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/ Geothermal and Geosciences Program 

IN+I'RCDUCTION 

The program of research, development and 
demonstration in geothermal energy and the geo- 
sciences in the Energy E Environment Division con- 
tinues to expand. New programs have been started of California. Also, a management document titled 
and new management responsibilities have been under- 
taken in the development of this important energy re- 
source and in the growth of fundamental information 
in the geosciences which will serve a wide range 
of energy requirements. 

geothermal energy program. One is resource assess- 
ment, which includes projects on geothermal explo- 
ration technology, airborne remote sensing surveys , 
and the geothermal assessment of lake bottoms. An- 
other major category is the development of field 
measurement techniques and modeling data analysis 
methodologies for various geothermal aspects, in- 
cluding land subsidence, variable flow rates in 
wells, nmrical modeling of cyclic storage, inter- 
pretation of data from wells at Raft River Valley 
in Idaho, and the development of a general thermo- 
dynamic computer code for simulating power plant 
cycles. The final category is organization and fractured rock systems. 

management. 
sponsibility for the ERDA Geothermal Component Test 
Facility (GCTF) at East Mesa in the Imperial Valley 

Geothermal Subsidence Research Program Plan is being 
prepared. 

An additional supporting project, the 
National Geothermal Information Resource (GRID) , 
is charged with assembling data on references for 
geothermal energy. By the publication of manuals 

project provides information to all padies in- 
terested in geothermal energy. 

The several programs in the geosciences form 
two main categories. One includes scientific 
studies in brine thennodynamics, earthquake pre- 
diction using radon, high precision mass spectrom- 
etry, properties of silicate liquids, and rare 
earth elements in lavas. Another category includes 
reservoir dynamics, properties of rock-fluid sys- 
tems, in-situ stress measurements andproperties of 
soils and soft rocks, and stress flow behavior in 

This year LBL assmed management re- 

There are three project categories in the and the operation of a computer data base, this 

ERDA GEUTHEBW COMpoNENT TFST FACILITY 

J. Angevine 

INTROIXJCTION 

On December 20, 1976, the ElUlA Geothermal Com- 
ponent Test Facility (GCTF) began limited opera- 
tion after 18 months of preparation. W F  is located 
on the East Mesa geothermal anomaly of California's 
Imperial Valley, 20 miles east of EL Centro. Orig- 
inally a project of the U. S. Bureau of Reclamation 
(USBR), the responsibility for organization and 
management of the Facility was delegated to the 
Lawrence Berkeley Laboratory by ERDA during the 
year. 

tion open to industry for full scale component 
tests, construction was started in 1975 by USBR 
under an interagency agreement carrying funding of 
$1,040,000 from ElUlA. LBL was asked by ERI1A's 
Division of Geothermal Energy to participate as 
technical advisor to USBR in May 1975. Original 
plans called for a concrete test pad, manifolds 
for brine from the existing three geothermal wells, 
a pipeline from one of the wells, a building for a 
chemistry laboratory and offices, a machine shop, 
a paved road and fencing. To provide for the 
necessary cooling tower, LBL wrote the tower specif- 
ications and freed additional funds for tower con- 
struction by refurbishing surplus tools which were 
then installed in the machine shop at no charge to 
the USBRconstmction budget. 

Conceived by LBL and USBR as the first loca- 

In April 1976 ERDA assigned responsibility for 
test operations and managanent to LBL. While con- 
struction proceeded under USBR contract, the 
management plans were developed at LBL. An LBL 
supervisor was employed to reside at the Facility 
and ultimately assume responsibility for the service 
to each experimenter. Protracted construction con- 
tract problems delayed opening the Facility to full 
operation, but limited work became possible on 
December 20 when two experiments were permitted to 
occupy the test area and begin setup work in prep- 
aration for testing in January 1977. 

As part of the LBL responsibility some pro- 
motional activities were carried out during the 
year to make the availability of the Facility known 
and to encourage use by industry. A display was pro- 
vided at the First National Geothermal Conference 
in Palm Springs and an extensive program of visits 
to industry was undertaken to discuss the potential 
for the direct use of geothermal energy. 

ACCOMPLISHMENTS DURING CAENDAR YEAR 1976 

At the beginning of calendar year 1976, the t 
scope of LBL's involvement with the Geothermal Com- 
ponent Test Facility included only technical ad- 
vice to the Bureau of Reclamation. LBL personnel 
conducted several site visits during this period. 
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In April the F3DA Division of Geothermal Ehergy 
requested that LBL accept responsibility for op- 
eration of the Facility experimental program. A 
Test operations Manager, Jack M. Angevine, was 
assigned to develop the program and on May 25 the 
first presentation of the proposed plan was made 
to  ERDA. Following numerous coordination trips to  
the Bureau of Reclamation Lower Colorado Region 
offices and several drafts, the plan was released 
by LBL for ERDA approval in October. The plan was 
further revised and submitted by ERIN to  the Bureau 
in December where it awaits final approval. 

In July LBL hired a Site Supervisor, Ron 
Phillips, to  reside a t  the Test Facility and to be 
responsible for al l  services tendered to  experi- 
menters. His duties until mid-December consisted 
entirely of monitoring the construction activities 
of the Bureau of Reclamation. 

Delays in construction under jurisdiction of 
the wlreau of Reclamation caused a s l ip  in com- 
pletion of the contracted portion of the Facility 
from October until  December. Several meetings were 
called by LBL to assist in expediting campletion 
and on December 20 the Facility was ready to accept 
two experiments for installation. A t  the end of 
December two major items remained to  be completed 
by the Bureau before unlimited operation could be 
attempted. The injection system had not been tested 
and only 11 of 24 required flexible joints were 
available for installation in the brine manifolds. 
A work-around plan was adopted to  provide brine to  
a t  least the two early experiments. Disposal of 
brine in the holding pond was being considered as 
an injection alternative to  allow limited opera- 
tion. 

Early in the year an educational and prom- 
tional effort was started to  acquaint industry with 
the Facility and to increase awareness of the poten- 
tial of geothennal resources. The f i r s t  major 
activity was a display and information booth a t  the 
F i r s t  National Geothennal Conference at  Palm 
springs. A continuing activity through the year was  
a presentation made a t  m r e  than 75 personal 
meetings with industry. Contacts were made and 
pursued with experimenters already under contract 
to ETWi and preparing to  use the Facility. 

ILavey and made to a broad spectnnn of energy con- 
The industry presentation was  prepared by Jim 

swners with emphasis on those w i t h  potential for 
non-electric uses. More than 100 contacts were made, 
over 75 of them personal visi ts .  Decision-level 
managers i n  the food processing, food machinery, 
sugar beet, chemical, paper/wocd pulp, horticulture 
and dairy industries were introduced to  geothermal 
energy and to the Test Facility. The entire west 
coast was covered from Seattle to  San Diego during 
this program. Basic introductory infonnation about 
geothermal energy including availability and 
economics was discussed w i t h  the participants. An 
extensive mailing list was compiled, and a brochure 
was distributed which resulted in articles in  five 
publications by the end of the year. 

under contract to  ETWi or already h l v e d  in geo- 
thermal research and 'development were placed on the 
Facility schedule. 
eight industrial finns, one university, and three 
national laboratories, The technologies under de- 
velopment are in corrosion resistance, mechanical 
energy comrersim, and both conventional and direct 
contact heat exchange. 

to  assume responsibility for the chemistry 
laboratory at  the Facility. Plans for implementing 
this responsibility were not complete a t  the end 
of the year. 

AC3MTIES PLANNED FOR CALEMlAR YEAR 1977 

'helve experimenters who were either already 

Included in  this group are 

In December LBL received direction from ERIN 

Early in the year a contract crew w i l l  be 
provided by ERIN to  work under supervision of LBL 
management on s i te ,  the Site Supervisor and a 
Chemistry Laboratory Supervisor to  be hired. 
Init ial  activities w i l l  consist of establishing 
operating procedures and physically arranging 
work space while serving the early experimenters. 
Some supplies, tools and equipment w i l l  be procured 
to provide the level of support necessary to serve 
experimenters as planned. 

possible with a l l  experimental space assigned to  an 
active experjplent and the ful l  capacity of the 
Facility in use. ' s  goal is achievable if the 
Facility is compl t 
end of February w i t h  % he injection system operating 
reliably and a l l  wells and supporting equipment 
behaving as planned. 

In April a ful l  fledged operation should be 

to  "turnkey" status by the 

'IHE INVESTIGATI(3N OF HEAT TRANSFER COEFFICIENTS OF 
BINARY CYCLE WORKING FLUIS 

* 
R. L. Fulton and B. W. Tliemat 

Recent assessments of the potential of geo- 
thermal energy resources have pointed to  hydro- 
thermal reservoirs as the most likely source of 
large amounts of geothennal energy in the next two 
or three decades. To take fu l l  advantage of this 

source of energy, the binary cycle w i l l  have to  be 
used, particularly with brines in the lower part of 
the temperature range or with brines of higher 
salinities. In the binary system, the brine is used 
to  heat another, or secondary, fluid used as the 



working fluid of a turbo-generator power cycle 
much as in an ordinary steam power plant. Depending 
on the brine temperature and other conditions, 
the secondary fluid may be water, anmonia, refrig- 
erants, light hydrocarbons, other fluids or appro- 
priate mixtures of fluids. 

Heat transfer equipment, principally tp heat 
and condense the secondary fluid, accounts for 
approximately half the capital cost of a binary 
cycle geothermal power plant. That this cost is 
significant is shown by the cost estimate for a 
10 M w  Experimental Power Generation Facility, 
prepared jointly by LBL and the Rogers Engineering 
Company, Inc., of San Francisco. The installed 
cost of the plant, excluding brine production and 
injection wells, was expected to be $12 million, 
of which the heat transfer equipment accounted for 
$6 million. On the same basis, the heat transfer 
equipment alone for a 50 Mw plant would cost about 
$30 million. In such cases, an inexact estimate 
of the heat transfer coefficients can have serious 
effects. If the coefficients used in the design 
are too high, the plant m y  fail to meet its per- 
formance guarantee'. If too low, the plant will be 
overdesigned and wptefully expensive. 

Despite the importance of heat transfer in 
binary cycle plants, there is a real shortage 
of good heat transfer data for isobutane and other 
candidate secondary fluids. This is especzally true for 
designs where the secondary fluid is in the super- 
critical region. Computer studies, LBL's GKYII44 
for example, indicate that operation in the super- 
critical region will be the most efficient. Heat 
transfer coefficients in this region should be 
experimentally investigated. , 

designed to provide experimental data on heat 
transfer coefficients of the various candidate 
secondary fluids. It will establish baseline data 
on film coefficients for several light hydrocarbons 
and mixtures of light hydrocarbons, refrigerants 
and mixtures of refrigerants, and rumnonia. Data 
w i l l  be gathered from the BFE for the ranges of 
heating and condensing temperatures that would 
be expected for geothermal power plant applications. 
Reliable baseline data of this type can pennit 
reductions of up to 20 per cent in the cost of heat 
exchange equipent for a binary cycle power plant. 
This could represent savings of $50 million on the 

Experiment (BFE) has been 

r the first five 50 I44 

ransfer coefficients. 
The brine-side coefficients are important, and are 
subject to degradiation f m  corrosion and scaling, 
but thl: secondary-fluid side coefficients should 
not be ignored. Good baseline data for the secon- 
&ry-fluid side will confirm that any degradiation 
of overall heat trarisfer rates in early binary 
cycle plants will be om brine-side problems. 

A fundamental question in present preliminary 
binary cycle plantdesigns c o n c e ~  the inclusion I 

of a secondary-fluid/secondary-fluid heat ex- 
changer (regenerator or economizer). Precise data 
on heat transfer coefficients for cooling the 
seco -fluid vapor will help plant desi 
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settle the questionof the regenerator. These data 
will be gathered early in the experimental program. 

The effects of secondary-fluid contaminants 
is another area in which design data are lacking. 
Direct contact between heating fluid and cooling 
fluid, as in proposed direct-contact brine to 
secondary-fluid heat exchangers, will introduce 
water and probably noncondensable gasses, such as 
carbon dioxide and hydrogen sulfide, into the 
secondary fluid. Some of this water will be dis- 
solved and some will be entrained. It will be 
necessary to determine the effects of water on the 
other heat transfer equipment in order to specify 
the amount of water that can be tolerated economi- 
cally. 

secondary fluid will either contaminate or be con- 
tained by turbine and pump lubricants. The effects 
of t h i s  contamination on heat transfer should be 
measured. Information should also be collected on 
the 'deterioration of lubricants contaminated by 
the secondary fluids. 

perimental apparatus was received from ERDA 
Division of Geothermal Energy in May, 1976. g>' the 
end of 1976 the experimental apparatus was approxi- 
mately 90% complete and checkout of the system had 
begun. 

Richmond Field Station. The experimental equipment 
consists of a stainless steel recirculating loop in 
which the secondary fluid is heated d e r  pressure, 
expanded to the condensing pressure, condensed, 
and then repressurized and pumped back to the 
heater. Because some of the fluids to be investi- 
gated are flarrnnable, the experiment is located out- 
doors and uses pnumtic valves and explosion- 
proof electrical equipment. 

The secondary fluid under investigation is 
heated inside a single tube by condensing steam 
on the outside of the tube. Thennocouples accurate- 
ly located in the tube wall are used to calculate 
the tube inner surface temperature. The munt of 
heat transferred is determined by collecting and 
measuring the quantity of steam condensate formed 
on the tube. The quantity of secondary fluid being 
heated is measured with a turbine flow meter, while 
the secondary fluid bulk temperature is measyred 
with a platinurn resistance thermometer. 

After passing through an expansion valve to 
the condensing pressure, the secondary fluid is 
brought to the condensing temperature in either a 
direct-contact desupaheater or a tube-in-tube 
counterflow heat exchanger. 

In addition, it is reasonably certain that the 

Initial funding for construction of the ex- 

The BFE is located at the University's 

The secondary fluid is then condensed on the 
outside of a single tube carrying cooling water. 
l'bbe wall surface temperature, amount of heat 
transferred, secondary fluid and cooling water f l o w  
rates are all determined with the techniques used 
in the heater. The condensed secondary fluid is 

the heater by a centrifigal booster pump and a 
positive-displac high pressure pump. 

hot well and then recirculated to 
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Signals from the 83 transducers in the BFE ably be the isobutane/isopentane mixture under 
consideration in the conceptual design of an 
EPRI-sponsored 50 Mw plant to be located at Heber, 
California . 
FOOTNOTE 

will be recorded on a Kaye Model 8000 datalogger 
with 129 channel capacity. The datalogger, p e -  
matic controls and other instrumentation are 
housed in a trailer located next to the BFE. 

on isobutane in the first quarter of 1977. The 
next secondary fluid to be investigated will prob- 

The BFE schedule calls for taking initial data * 
Sea Water Conversion Laboratory, University of 
California, Berkeley, Richmond, California. 

GEOTHERMAL EXPLDRATION TEBINOLOGY 

N. E. Goldstein, T. V. McEvilly, H. F, Morrison, H. A. Wollenberg 

1mlllJcr10N 

A program for the evaluation of exploration 
techniques to locate and assess potential geo- 
thermal resource areas in north-central Nevada was 
continued in 1976. During the year field imresti- 
gations were conducted at specific sites within a 
large area of elevated crustal heat flow, known 
as the Battle Mountain high heat-flow area. Geo- 
logical, geochemical and geophysical investigations 
were completed around Leach Hot Springs in Grass 
Valley and Kyle Hot Springs in Buena Vista Valley, 
Pershing County. Open File kportslr2 were issued 
describing the investigations in Grass and Buena 
Vista Valleys, respectively. 

heat-flow measurements,3 geochemistry of trace 
elements and radioelements of spring waters and 
spring deposit material, and the following geo- 
physical techniques: 

1. Gravity 
2. Magnetics 
3. Self potential 
4. Electric-field-ratio tellurics 
5. Magnetotellurics 
6. Biopole-Dipole resistivity 
7. Dipole-Dipole resistivity 
8. Seismological studies 

The parameters studied at each site included 

a. Teleseismic P-wave delay 
b. Microearthquake monitoring 
c. Seismic ground noise 
e. Active seismic refraction and reflec- 

tion. 

The gravity surveys were conducted under the 
direction of Professor Roswitha Grannell, Wiforn- 
ia State University, hng Beach, and these data 
were reduced with the assistance of the U. S. 
Geological Survey, Menlo Park. The active seismic 
surveys were conducted by a cmerical -contractor. 
All other geophysical surveys were conducted by 
LBL/UCB personnel using, in some cases, special 
equipment, techniques and analyses developed at 
LBL and the University of California. 

The program is sponsored by the Division of 
Geothermal bergy, ERDA for the purpose of 
assisting industry by (1) helping to define the 
physical properties and characteristics of geo- 
thermal systems in the Northern Basin and Range 
mince, (2) establishing the reliability, 
efficiency and utility of exploration tools and 
(3) refining or developing new techniques for ex- 
plorat ion. 

HIGILIW AND SIGNIFICANT FINDINGS IN 1976 

A. Gravity and-Mametics 

tural infomation were conducted at the sites. At 
both Grass and Buena Vista valleys the known hot 
springs areas show subtle gravity highs which are 
interpreted as due to densification of near-sur- 
face valley sediments by precipitating hot spring 
deposits. A detailed interpretation of the small 
gravity anomalies was begun to determine the 
approximate sizes of the hydrothermal deposits. 

Gravity and ground magnetic surveys for struc- 

B. Self Potential 

A large negative self potential (SP) anomaly 
(-300 to -570 mv) was found paralleling the 
western margin of the East Range, the mountains 
which form the eastern border of Buena Vista 
Valley. Because of the unusually large amplitude, 
width and continuity of the SP effect, it was 
possible that the anomaly might relate to either 
thermoelectric or streaming potentials arising 
from hydrothermal activity. Subsequent detailed 
geophysical, geological and heat flow holes re- 
vealed that the source of the SP effect is prob- 
ably pyritic and/or graphitic zones in bedrock . 
of the East Range. This finding illustrated the 
potential problem of misinterpreting SP data, and 
showed that caution must be exercised in dealing 
with SP anomalies occurring over valley fill. These 
may be due to pyritic and graphitic zones at 
shallow depth in underlying bedrock. 

C. Electric-Field-Ratio Tellurics 

LBL was the first to apply the little-known 
method of E-field-ratio tellurics to geothermal 
exploration. Since our early efforts to use and 



describe th is  technique, the method is now used 
routinely by the U. S. Geological Survey and 
industry. Natural telluric fields are measured 
by means of a tripole electrode array (two co- 
linear dipoles with one c m n  electrode) that is 
advanced along a survey line. The electric fields 
between each pair of electrodes are ratioed to 
yield the relative amplitude of the E-field in the 
direction of the survey line. The telluric signal 
is filtered at two frequencies, 8 and .OS Hz, to 
provide some measure of depth discrimination. 

Over the active Kyle Hot Springs, the E-field- 
ratio technique gave a sharp, single data-point 
low at both frequencies, suggesting the presence of 
an electrically conductive channel feeding the 
springs. However, over deposits of an inactive 
spring nearby, the method showed enhanced re- 
sistivity, suggesting that this conduit has been 
sealed to large depth by precipitated hot spring 
material. 

being carried out to assist with data interpreta- 
tion and a report is being assembled (Beyer, in 
preparation). 

Theoretical analysis and ccnnputer modeling is 

D. Magnetotellurics 

The magnetotelluric system uses a'SQUID 
(Superconducting, quantum interference detector) 
ndgnetometer for magnetic field sensing. This de- 
vice was developed by Professor John Clarke, 
Physics Department, University of California, 
with funds supplied by the Extramural Program of 
the U. S. Geological Survey. Ixlring 1976, repeat 
measurements were made at Leach Hot Springs (Grass 
Valley) to acquire long period data, out to 1000 
seconds, for determination of deep crustal struc- 
ture. Our present emphasis is in data analysis 
techniques. 

E. Resistivity 

The resistivity work includes various con- 
trolled source methods  for obtaining near-surface 
res is tivit ies ; namely, bipole - dipole, dipole -dipole, 
and an inductive (frequency domain) method. 

and applied to the interpretation of dipole-dipole 
data collected in Grass and kens Vista Valleys. 
The program uses the finite difference approach 
and contains very efficient algorithms which permit 
fast and efficient operation. The program can 
accommodate two-dimensional models for dipole-di- 
pole, bipole-dipole, Schlrnnberger and down-hole 
electrode arrays. An important feature of the pro- 
gram is that the user can introduce very large 
models, commensurate with the width of a typical 
Basin-and-Range valley, 15 to 20 miles. The first 

During 1976 a computer program was ccnnpleted 

ort dealing with the 

Frequ&cy domain electromagnetic soundings 
were conducted in Grass Valley using a combination 
of equipment originally designed for other pur- 
poses. The data gathered were of high quality and 
were interpreted by means of curve matching. The 
results compared well with those from other re- 
sistivity measurements, demonstrating the usefulness 
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of EM de th sounding. A progress report on the ex- 

preparation. This experiment marked the first 
actual field testing of a digital superheterodyne 
signal averager used to process the conditioned 
signals. 

F. Seismological Studies 

were inconclusive because of the lack of activity 
during the recording period. However, surveys in 
Grass Valley led to the discovery of three areas 
of microearthquake swarms south of Leach Hot 
Springs. First motion analysis indicated a right- 
lateral movement associated with microearthquakes 
on the east flank of the Gold Bank hills. The 
northeast-trend of thezones of microearthquakes 
suggests the presence of a northeast-trending fault 
system in the Panther canyon area. The eastern-most 
zones of microearthquakes match an area of high 
heat f l o w  near Panther Canyon of the Sonoma Range, 
which forms the east border of Grass Valley. The 
possibility of a previously undisclosed hydro- 
thermal system in this area was investigated by 
means of additional heat f l o w  measurements, and 
these data will be presented in a joint LBL-U.S. 
Geological Survey report which is in preparation. 

periment P was produced and a final report is in 

Microearthquake studies in Buena Vista Valley 

Propagation studies gave some of the most in- 
teresting results regarding the size of geothermal 
systems. Relative times of arrival, amplitude and 
spectral content of teleseismic and distant man- 
made seismic events were studied at both Grass 
Valley and at The Geysers, in California. At Leach 
Hot Springs in Grass Valley there was direct 
evidence for a sinter deposit which produced a 
P-wave advance of 150 milliseconds and an enhance- 
ment in frequency content and amplitude of the wave 
train. At The Geysers clear evidence was found for 
both P- and S-wave amplitude attenuation at sta- 
tions within the vapor-dominated field. A separate 
report on The Geysers experiment is in prepara- 
tion.6 

G s were conducted in 
Grass Valley to investigate the spatial distribu- 
tion of the ambient background microseisms, in 
amplitude and frequency, plus parameters such as 
propagation directions and apparent velocities. 
Noise level anomalies were found associated with 
surface hydrological activity at the hot spring 
and in the center of the valley, presumably associ- 
ated with the thick low-velocity surficial mater- 
ials. Hot spring activity produces seismic energy 
in a frequency band from 3 to 15 Hz; most of the 
high frequency energy is severely attenuated 1 lan 
fran the source. Ground-noise levels reflect thick- 
ness of valley sediments and were found to agree 
with the results of other geophysical methods. A 
paper on the ground-noise studies is being pre- 
pared7 and work continues on high-resolution wave- 
number analysis to obtain information on apparent 
velocities and direction of coherent seismic waves. 
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NLMERICAL SIMJLATION OF RESEKVOIR CXMJACMON IN 
LIQUID WMINATELI GE(31HERMAL SYSTDE 

M. J. Lippm, T. N. Narasimhan and P. A. Witherspn 

1 m m m 1 o N  

The production of fluids from geothermal sys- 
tems may result in ground surface displacements 
due to the lowering of pressures in the reservoir 
and surrounding rocks. These displacements may 
not only affect installations directly related to 
the geothermal field (e.g., well casing, steam 
transmission lines, power plant) but also nearby 
roads, buildings, and irrigation canals. Therefore 
it is important to foresee the magnitude and lo- 
cation of the so-called "subsidence bawl" as soon 
as adequate data on the geologic structure, 
stratigraphy, rock properties, and proposed de- 
velopment program become available. 

The objectives of this project, started in 
September 1975, are: 

1. Develop ccnnputer codes to calculate ground 
displacements in water saturated porous systems 
under non-isothermal conditions caused by pore 
pressure changes; 

characteristics of a system, for locating and 
managing production and injection wells to minimize 
pressure reductions and ground deformations. 

These programs and guidelines would be appli- 
cable to water dominated geothermdl systems which 
at the present time in the U. S. have the largest 
potential for developing geothemal energy for 
electrical and non-electrical uses. 

AccoMpLIS€&5NIS FOR 1976 

2. Develop guidelines, based on the geologic 

An improved computer program was developed to 
calculate the effects of fluid production as well 
as reinjection on' the vertical deformation of water 
dominated geothermal fields. This mathematical 
model simulates the transport of heat and water 
through porous media, including the vertical dis- 
placements produced by effective stress changes. 

The promam named "CCC" (Conduction-Convection 
and Consolidation) is based on the nunericalmodels 

SaAFFl for mass and heat transport thmugh sat- 
urated porous media, and TRUST2 for one-dimensiunal 
isothermal consolidation. The code can simulate 
one-, two- or three-dimensional, heterogeneous, 
isotropic, non-isothermal systems. Deformation 
parameters may be non-linear and non-elastic; the 
thermal and hydraulic properties can be temperature 
and/or pressure dependent. 

~n integrated finite difference method3 is 
used to solve the energy and fluid flow equations. 
In integral form the flow equation for a slightly 
compressible fluid (e.g., water) is given by: 

and the energy equation is given by: 

I f 

where, t is time, p fluid density, e void ratio, 
K fluid compressibility, u' effective stress, 
P pore pressure, V-volune, k intrinsic penneabill 
ity, I.I viscosity, g gravitational acceleration, n 
outward unit normal on surface S, Q mass injection 
rate per unit volume, (pc) heat capacity per unit 
volume of the solid-fluid r%xture, c fluid specific 
heat capacity at constant volume, 6% difference be- 
tween the mean temperature within the volume ele- 
ment and that on the surface elanent ds, I)arcy 

' 
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Fig. 1. Plot of void ratio (e) versus effective 
stress (a') for hypothetical caprock and 
reservoir materials. (XBL 7611-7860) 

velocity, and q heat injection rate per unit 
volume. 

vertical deformation of the geothermal system is 
simulated based on the one-dimensional consolida- 
tion theory of Terzaghi. The void ratio at each 
nodal point is camputed by using "e-log uVtr curves 
CFig. 1). According to the preconsolidation and 
effective stresses at the point, the program cal- 
culates the void ratio by using either the virgin 
curve (of slope 
a w e s  (of slopeCE,) . The model neglects the hys- 
teresis between swelling and recompression curves. 
While the pore volume changes with effective stress, 
the solid .volume is defined to remain constant; the 
thermal expansion of the rock skeleton is not 
sidered. Because of the one-dimensional nature 
the consolidation model, the pore volume change 
caused by the void ratio changes are directly re- 
flected in a vertical deformation of the individual 
volumetric nodes. 

restricted to those of the reservoir and neighboring 
saturated formatiuns which .releas 
age to canpensate, partly or wholly 
withdraw. These vertical displac 
not be directly expressed at the ground surface. 
The external loading of the overburden, caused b 
the vertical deformation of the deeper geothermal 
system, may result in displacements at the surface 
that may be different in magnitude and direction. 

computation of vertical and horizontal displacements 
at the ground surface itsexf. 

Concurrent with the mass and energy flaw, the 

) or swelling-recompression 

bl€bture versions of this model will include the 

The flow and energy equations (1) and (2) are 

a. the second order equation of state for the 
interconnected by: 

fluid 

where, 13 and yare coefficients of thermal 
expansion, and PO and T are the refer- 
ence density and temperatgre, respectively, 
for the fluid; 

b. the Darcy velocity used in the convection 
term of the energy equation; 

c. the temperature and/or pressure dependence 
of certain parameters. 

Because of these interrelations, equations 1 
and 2 are solved alternatively by interlacing their 
solutions in time; this is shown schematically on 
Fig. 2. The flow equaticm solves for P, Vd and 
e assuming that the temperature dependent properties 
of the fluid and rock remain constant. Then, the 
- energy equation is used to obtain T assuming that 
Vd and pressure dependent properties remain con- 
stant. Since the temperature varies much more slowly 
than the pressure, much smaller time steps have 
to be taken in the flow cycles than in the energy 
cycles (Fig. 2) in order to compute pressure varia- 
tions accurately. 

FLOW CYCLES 

f l t 3 - t , 5 + 7  - 
0 h 

TIME 

k2+4+S+,8- 

ENERGY CYCLES 

Fig. 2. Interlacing of flow and energy calculations. 
(XBL 7611-7862) 

A number of simplified geothermal systems were 
studied to determine the effects of reservoir and 
caprock heterogeneities on the resulting .cCnrpac- 
tion, as well as the effects of different produc- 
tion-injection schemes. The preliminary results ob- 
tained were summarized in a paper presented at the 
Second International Symposium on Land Subsidence.4 
It was shown that: 

1. Resemir heterogeneities may cause the 
largest compaction to occur away fran the 
producing wells and not at the wells them- 
selves; 

2. Even when all produced water is reinjected, 
some amount of deformation can be expected; 

3. When the systems are normally consolidated, 
it may be necessary to have rates of rein- 
jection that are larger than the produc- 
tion rates in order to minimize the effects 
of consolidation; 



4. Campaction of water dominated geothermal 
systems with large temperature differences 
and complex fluid flow patterns will be 
difficult to s w a t s  using isothermal 
models. 

PLANNED AC'I'IVITIES IN 1977 

1. If adeqmte data became available the application 
of program CCC to actual geothemal system 
(e.g., Wairakei, New Zealand, or Cem Prieto, 
Mexico) will be attempted. 

compute horizontal as well as vertical grtnmd 
displacements. 

3. The effects of geological heterogeneities will 
be further studied using three-dimemianal mod- 
els with non-uniform caprocks and differently 
shaped lenticular stmtures, intercalated in 
the reservoir. 

2 .  Modifications will be made to the program to 

a 
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RESOLTS OF RESERVOIR EVAUIATICN TESTS, 1976 
FAST MESA FIELD, CALIFORNIA 

D. G. McEdwards, T. N. Narasimhan and.P. A. Witherspoon 

1NrRomcr10N 

To assist the U. S. Bureau uf Reclamation 
in the evaluation of the East Mesa Geothenndl 
Field, located at the southern end of California's 
Imperial Valley, the LBL Geothermal Group conducted 
reservoir tests at the field for a four-month 
period form January 2 to April 19, 1976. The field 
is used by the Bureau as a design testing facility 
for desalinization and electrical power generation 
processes which attanpt to mine the energy con- 
tained in water at 350% that exists in the sedi- 
ments below 4000 feet. The well tests serve to de- 
fine the permeability and storage characteristics 
of the deep water-bearing rocks and to elicit in- 
formation about reservoir structure. This informa- 
tion is imperative for a judicious management of 
the available geothennal resouxe. This report 
presents the findings of the reservoir well tests. 

PHYSIOGRAPHY AND GEOLOGY 

The East Mesa Field is located 20 miles east 
of El Centro, California, in the Imperial Valley 
(Fig. 1) which is part of a large structural fea- 
ture known as the Salton Trough, a sediment-filled 
depression forming the landward continuation of 
the East Pacific Rise and the Gulf of Califomia.1 
The East Pacific Rise is one of several geological 
sutures in the crust of the earth along which ad- 
joining crustal plates move apart, causing thinning 
of the crust and upward moment of molten rock. 
This crustal extension is responsible for the fom- 
ation of the Salton Trough and the Gulf of Califor- 
nia, and provides the heat source for the several 
geothennal resource areas in the Imperial Valley. 

As a consequence of this crustal extension many 
faults occur within the Valley, trending generally 
in the northwesterly direction. The major active 
faults close to the field are the San Andreas, 
located approximately 20 miles from the East Mesa 
Field on the eastern margin of the Imperial Valley, 
and the Imperial Fault, located approximately 15 
miles to the west of the field. Three local faults 
have been mapped within the field itself. 

The Imperial Valley is a broad depression, 
approximately 60 miles wide at the geothermal field 
location. It trends northwest to southeast be- 
coming wider toward the Mexican border. It is about 
60 miles long and is bounded on the east by the 
Chocolate Moun?ziins, which rise to an average ele- 
vation of 2000 feet, and on the west by the Fish 
Creek and Coyote Mountains which attain a local 
average elevation of 3000 feet. Salton Sea, with 
an average surface elevation of about-230 feet, 
occupies the northern part of the valley. A greater 
part of the valley south of Salton Sea lies below 
sea level and benefits from the All American and 
Coachella canal systans of the Colorado River. The 
East Mesa geothermal field occurs in the mrirri- 
gated desert lands located in the southeastern part 
of the Imperial Valley, about 10 miles to the east 
of the agricultural town of Holtville. 

At East Mesa, the reservoir rocks are essenti- 
ally flat-lying, poorly consolidated, late Pliocene 
to late Pleistocene, deltaic sandstones, siltstones 
and clays believed derived from the Colorado River, 
and comprise a total thickness of over 10,000 feet 
on top of crystalline basement rock. A preQminantly 
clay strata sequence approximately 1900 feet thick 
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Fig. 1. hcation map of the East Mesa Geothermal 
Field, Imperial Valley, California. 

(XBL 765-2871) 

caps the reservoir and hence no surface evidence 
of geothermal activity is seen. Within the field, 
three supposedly vertical intersecting faults have 
been mapped1 (Fig. 1). It is thought that one or 
more of these faults and/or their intersection may 
act as vertical channels that allow hot water to 
rise from depth and cooler water to return to depth 
in a convective cycle. This comrective regime is 
believed to be sustained by heat derived from the 
tectonic processes associated with the proximate 
East Pacific Rise. The surface heat flow is about 
five times that of the earth's average. 

'ZHE WELL FIELD 

_. ~ I 

The Bureau of Reclamation has drilled five 
wells to an average depth of 6000 feet, tapping 
geothermal fluids under artesian conditions with 
average well head pressures of about 70 psi 
map of the East Mesa Well Field is shown in' 
Fig. 2 while details of the wells are given 
Table 1. 

DEScRIPT1Ct-l OF TESTS 

b interference tests were conduct 
Mesa during 1976. These tests involved removing 
fluid from one well (the production well) at a 
constant rate and monitoring the induced pressure 
changes in a neighboring well (the observation 

Fig. 2. Layout of the East Mesa Geothermal Well 
Field, Imperial Valley, California. 

(XBL 771-7309) 

well). Temperature surveys of four wells were also 
nm in conjection with the well test (Fig. 3). 
Details of the theory of well testing and the method 
of analysis are presented by Narasimhan and 
Witherspoon3 elsewhere. Specific methods used at 
East Mesa to control and measure fluid flow at the 
production well and to record pressures in the ob- 
servation well are discussed below. 

Since the geothennal wells at East Mesa are 
under artesian conditions, well flow could be 
achieved by simply opening the well head valves. 
Rn&onmental concerns regarding the disposal of 
produced hot water limited test production flow 
rates to about 100 gpn. Flow rate was controlled by 
means of an orifice plate with a 3/4 inch diameter 
aperture. In addition to regulating flow, the 
orifice plate also helped to maintain sufficient 
back messures to Drevent steam formation within 

- 

, the well. Temperatbre and pressure information at 
the well head during production was obtained by 
means of a bourdon tube and thennocouple arrange- 
lrrent placed upstream of the orifice plate. Once 

I past the orifice, a portion of the fluid flashed 
to steam and the rate of flow of the remaining 
liquid portion was measured by passing the liquid 
through a weir box arrangement w i t h  a clock driven 
water level recorder. Total flow was calculated 
using the liquid flow rate and the fractional part 
of total flow converted to steam at the recorded 
well head temperatures and pressures. 
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Fig. 3. Temperature Profiles in wells 6-1, 8-1, 
and 31-1, East Mesa Geothermal Field, Imperial 
Valley, California. (XBL 765-2872) 

The pressure changes in the observation 
wells were measured using a sensitive dcrwnhole 
quartz crystal pressure gauge capable of resolving 
pressures to within 0.01 psi. The gauge was placed 
downhole at an a propriate aepth dictated by the 
temperature pro8le of the well and the tapera- 
ture limitations of the tool. Pressure information 
from the gauge was fed electronically to panels 
located in a house trailer on the surface. The 
surface equipment provided both strip chart and 
printed digital paper tape records in units of 
psi. Pressure data accurate .to 0.01 psi could be 
monitored at intervals as small as one second. 

The first interference test consisted of 
placing the pressure tool in well 6-1 at a depth 
of 1100 feet and recording, at ten minute inter- 
vals, the pressure changes caused by flowing well 
6-2, 1500 feet distant, at a rate of 90 gallons 
per minute for 11 days. At the end of 11 days, 
well 6-2 was closed and pressure buildup in 6-1 
was recorded for an additional six days. While the 
pressure drop in well 6-1 was sufficiently large 
to pennit analysis, simultaneous pressure reading 
taken in well 8-1, 2300 feet away, and at a 
1500 foot depth, did not show any such drop in 
pressure. 

31-1 and well R38-30, the latter drilled by a 
private company (Republic Geothermal) on leased 
acreage. The pressure tool was placed in R38-30 at 
1500 feet and well 31-1, located 1250 distant, 
was flowed at 130 gpm for 10 days. After 10 days 
the well was closed and the build-up pressures 
in R38-30 recorded for an additional.7 days. 

The second interference test involved well 

2 Table 1. East Mesa Well Data (after Mathias 1. 

Bottom Producing Lower Casing 
Depth Temperature Interval o,d. 

Well 
feet meters "c "F feet meters inches 

6201- 1890- 
399 '04 7982 2433 6-1 8015 2443 

4790- 1460- 
340 188 5959 1816 6-2 5958 1816 

5007- 1526- 
315 lS7 6004 1830 5-1 6004 1830 

7 

7-5/8 

7-5/8 

7 - 5/8 4948- 1508- 
354 6001 1829 

309 lS4 6175 1882 

8-1 6001 1829 

7-5/8 5420- 1652- 31-1 6175 1882 

4890- 1491- 
N'A N/A 8890 2710 R38-30 8890 2710 7 
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Fig. 4, Water pressure data from well 6-1 showing the noise level in the 
measurements. 

RESULTS AND 1NERFWiTATIOP.I 

lected from 6-1 is shown in Fig. 4. It can be 
seen from this figure that the pressure data is sub- 
ject to considerable background noise. It is not 
definitely known if this noise is caused by the in- 
strument-cable system or by natural phenomena such 
as microseismic activity. 

The interference test between wells 6-2 and 
6-1 indicated that the pressure data fmn the 
latter had a noise level of about 0.5 psi about the 
mean, while the maxirmpn pressure change induced 
at 6-1 by the production at 6-2 was only about 
0.7 psi over 11 days. In order to remove the effects 
of the noise on the pressure data and to enable 
meaningful interpretation of the response of the 
reservoir to the fluid withdrawal at well' 6-2, a 
non-linear regression technique was applied to the 
data collected from well 6-1. A portion of the mean 
curve calculated is shown in Fig. 4. 

Analysis of the drawdown data f r m  the first 
interference test indicated that in the region of 
wells 6-2 and 6-1, the transmissivity and the stora- 
tivity parameters of the reservoir could be r 
sented by Id+ = 11,200 millidarcy feet and 
$Or = 5.7~10-~ feet per psi, where k is pe 
ity, H is reservoir thichess, 4 is porosity, and 
C is the combined compressibility of water and 
rock. The second interference test revealed that the 
reservoir is probably more permeable in the regia 
of wells 31-1 and R38-30, yielding a MI value of 
~ ~ , S O O  millidarcy feet and' 4a = 2.1~10:~ feet 
per psi. The differences in the resemir param- 
eters obtained from the two tests suggest that the 
geothennal reservoir may be heterogeneous. The cal- 
culated parameters indicated by the tests are in 
substantial agreement with the earlier- tests con- 
ducted by the Bureau of Reclamation and with the 

lues calculated from syn- 

two interference tests are 

A segment of the water pressu 

9 

In Figs.. 5 and 6, the 

shown plotted on a log-log p per and fitted, using 
a curve matching te~hnique4,~ to the analytical 
solution (Theis curve). 

Bramination of the difference between the 
theoretically expected pressure variation and the 
actual pressure variation from the two tests as 
seen from Figs. 5 and 6 lead to two hypotheses 

- 
(XBL 765-2876) 

concerning the structure of the reservoir. Within 
distance limits of 200 to 1700 feet from well 601, 
depending upon direction, there exists a recharge 
boundary of sane nature, such as a zone of greatly 
increased permeability or a vertical fault plane 
that acts as a fluid conduit. Again, near R38-30, 
within 1100 to 2400 feet, depending upon direction, 
a barrier boundary exists. This barrier boundary 
may be a fault that is inpervious to flow or it 
may be a zone of greatly decreased penneability. 
It seems reasonable that the three near-vertical 
faults crossing the site play the role of such 
hydrologic boundaries. Further testing is needed 
to develop a more complete picture of t 
tural character of the reservoir. 

MICROSEISMS 

A few hours before the first flow test began, 
a pressure anomaly of 3 psi above noise level was 
recorded in well 8-1 (Fig. 7). Concurrent pressure 
records in well 6-1 did not contain this anomaly. 
The Bureau of Reclamation maintains a seismic net 
at the site, and a check of the seismic net records 
revealed a small .seismic event had< occurred at 
about the same time as the pressure anomaly. This 
suggests a probable microseismic origin for the ob- 
served anomaly. That the disturbance was picked 
up at 3-1 snd not 6-1 suggests the presence of an 
energy absorbing boundary between the two wells. 
It is interesting to note here that a fault mapped 
by carnbsand Hadley in 1973 runs between the two 
wells. 

These observations give promise to the de- 
velopment of a new reservoir testing technique. A 
record of passive downhole pressures, recorded at 
small time increments, and the correlation with 
concurrent microseismic data, may be amenable to 
analysis regarding resemir structure, pemea- 
bility and other parameters, Little is known about 
the influence of microseisms on pore pressures 
because until recently sensitive pressure tools 
that could measure pore pressures rapidly with high 
resolution and over extended time periods have 

PLANNED m M T I E S  

valuable preliminary data on the physical param- 
eters and geometry of the geothermal reservoir at 

The tests so far conducted have yielded 
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Fig. 7. Water pressure data from wells 8-1 and 
6-1, with the former showing an anamalous, 
3 psi  peak. (XBL 765-2875) 

East Mesa. Further tests are planned for early 
1977, and it is hoped they w i l l  provide an im- 
proved picture of the geothermal resource. 

REFERENCES 

1. 

on the Decelopment and Use of GeotheGl 
Resources, Vol. 3, San Francisco, California, 
b y  20-29, 1975. 

2. K. E. Mathias, The Mesa Geothermal Field, A 
F’relimhry Evab t ion  of Five -Geoth e m 1  
ells i t ted for  ication, Proceedings; &E& Nationsh&siun on the 

Development and Use of Geothermal Resources, 
San Francisco, May 20-29, 1975. 



13 

I I 1  I I I I  I I -. .  
160.- - 

3. T. N. Narasimhan, and P. A. Witherspoon, LBL 
Annual Report, 1975, University of California, 
Lawrence Berkeley Laboratory, Berkeley, 
California. 5. J. G. Ferris, D. B. ibowles, R . H .  Brown, 

and Freeze, R. A,, Interpretation of Aquifer 

Gas Storage for Water Pumping Tests, 
American Gas As socaition, New York (1967). 

and R. W. Stallman, Theory of Aquifer Tests, 

Survey (1962). 
4. P. A. Witherspoon, I. Javandel, S. P. Ne-, Water Supply Paper 1536-6, U. S. Geol og1cal . 

INI'ERPRETATION OF PRELIMINARY PWIXICTION-INERFEREN(=E RRGE 3, 
W RIVER VALLEY, IDAHO, JUNE 1976 

T. N. Narasimhan and D. G. McEdwards 

I IO - - 
I I I I I I I I 

IrnrnION 

1975,l a third well, RRGE 3 was drilled and'cm- 
pleted in Paft River Valley, Idaho by May, 1976. 
Subsequently the Idaho National Engineering 
Laboratory carried out further production-inter- 
ference tests in June 1976 to obtain more data on 
reservoir perfonnance. Thisreport is an interp- 
retation of the data collected by the INEL during 

' the aforesaid test. According to the data provided 
by INEL, the details of the test are as follows: 

Following the reservoir testing activities of 

Producirlg Well : RRGE3 

hation: 193.5 hours, from 
1230 hours on June 8 
to 1400 hours on 
June 16, 1976. 

- abut 152 gpm and 
Production Rate: Variable; started at 

ended at about 137 gpm. 

The producing well, RRGE 3, was monitored ' 

with a Hewlett-Packad downhole pressure gage with 
the instrument positioned below 5,000 feet; pre- 
sunably opposite the sand face. RRGE 1 and RRGE 2 
were used as observation wells. RRGE 1 was\mni- 
tored with a klett-Packard downhole pressure 
gage set at approximately 1,000 feet below ground 
level. On RRQ 2 well-head pressures were re- 
corded with a surface pressure gage of the same 
accuracy as the downhole gages. 

The average pressure at the location of the 
instnrment within RRGE 3 declined from about 2453 
psi at the conanencement of production to about 
2390 psi at shutdown for a total drawdown of 63 
psi. In RRGE 1, the average presures at the lo- 
cation of the instrument declined f r o m  about 
498.8 psi at the star t  to abut 498.3 psi at the 
time of shutdown for a total drawdown of about 
0.5 psi. The well-head pressures at RRGE 2 fluc- 
tuated around an average of about 128.5 psi and 
no significant trend of pressure decline in the 
data was discernible 'during the period of produc- 
tion. 

INTERPRETATION 

to drawdown and buildup data collected f r o m  RRGE 3 
and drawdown data collected from RRGE 1. 

The interpretation presented below relates 

Drawdown Data, RRGE 3 

s The drawdown from RRGE 3 are consider- 
ably affected by fluctuations in the production 
rate during the first 60 hours. Figure 1 shows the 
production rate from RRGE 3 as a function of time. 
Attempts ,to interpret the data by conventional 
type curve techniques pmved futile since the per- 
turbations introduced by the variable discharge 
were too strong. A general t ique of inter- 
preting the data was developed resulting in a 
computer program capable of analyzing well test 
data with arbitrarily variable discharge. Using 
this new technique, the data from RRGE 3 was 
analyzed in two different ways. The first analysis 
pertained to the drawdown data collected during 
the first 18 hours after the start of production, 
since early drawdown should be relatively free 

, f r o m  boundary and other ,effects. The second 
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Fig. 1. FWX 3 Production history. @I% 773-642) 
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Fig. 2. RRGE 3 Production test-drawdown analysis 
by variable discharge method. (XBL 773-646) 
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Fig. 3. RRGE 3 Production test-drawdown and buildup 
analysis by variable discharge method. 
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Fig. 4. RRGE 3 Buildup analysis-schematic defini- 
(XBL 773-638) tion of APinj ection. 

analysis related to all the drawdown data and part 
of the build-up data, with the assunption that no 
boundary effects were present. 

A log-log match of the observed drawdowns 
and those computed by the variable discharge model 
during the first 18 hours of production is pre- 
sented in Fig. 2. Computations based on this match 
indicate kH of about 12,000 millidarcy feet in the 
vicinity of RRGE 3. Since RRGE has 3 legs of dif- 
fering lengths and orientations, it is not pos- 
sible to evaluate the effective well radius; 
hence one cannot reliabl compute @X. Hawever 

that the effective radius of RRGE 3 is about 36 
feet. 

assming a @(31 of 1x10- 5 ft/psi, it is estimated 

A log-log match of the entire drawdown data 
plus part of the build up data with those computed 
by the mathematical model is presented in Fig. 3. 
As seen from this figure, the match is very rea- 
sonable after about 20 hours of production. Computa- 
tions based on this match have indicated a kH of 
about 6400 millidarcy feet. Assuming a 4CH of 
1x10-3 ft/psi, the effective well radius is about 
29 feet. 

Build-up Data, RRGE 3 

In order to interpret the build-up data fran 
RRGE’3, the following procedure was used. Shutting 
down the well was treated as effectively equivalent 
to superimposing an injection well on the produc- 
tion well cmencing at the time of shutting down. 
The rate of injection was set equal to an average 
rate obtained by dividing total production during 
the test by the total duration of production. This 
average rate worked out to be about 135 gpm. 

As shown schematically in Fig. 4, the build- 
up due to injection, referred to as APineectiOn, 
is the difference between the observed prkssure and 
the extrapolated production pressure. The conven- 
tional technique of curve-matching was employed 
to analyze the build-up data, AP. LI, and 
the results are shown in Fig. 5. t%&?u€a&ons in- 
dicate a kH value of about 5500 millidarcy feet 
for the reservoir in the vicinity of RRGE 3. This 
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Fig. 5. RRGE 3 Production test-buildup analysis. 
(XBL 773-644) 



15 

analysis yields an effective radius of about 65 
feet for RRGE 3. 

Drawdown Data, RRGE 1 

The pressure data collected from RRGE 1 was 
masked by significant high frequency noise with 
the amplitude in excess of about 0.7 psi at times. 
The cause of the noise is not horn exactly, but 
it is likely that the noise may be related t o  the 
instrument-cable system. Nevertheless, on plotting 
the observed pressures at 10-minute intervals it 
was possible to discern the cyclic fluctuations 
caused by earth-tides as well as an overall de- 
clining trend caused by the production of RR!Z 3. 
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Fig. 6. RRGE 1 Interference test-analysis by Theis 
method. (XBL 773-643) 
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Fig. 7. RRGE 1 Interference test analysis by 
variable discharge method. 

(XBL 773-645) 

To interpret the data, the first step was to 

the period of the test. Cur 
compute the changes in the earth's gravity at the 
Raft River site dur 

indicated that the gravity wave tends to lag be- 
hind the pressure wave by about 45 minutes. Using 
the calculated values of gravity as a guide, the 
mean-line of pressure variation was first drawn 
through the observed data by eye judgment. Using 
this average line and making allowances for the 
difference in phase between the gravity and pres- 
sure data, pressures corresponding to zero gravit- 
ational effect were read off from the mean-line 
referred toabove. These pressures were then used 
for interpretation. 

log-log match of the observed drawdowns with the 
Theis type curve. Although the match is not very 
good, the fit does yield reservoir parameters 
(kH - 101,000 millidarcy feet and 
$CH = 1.23~10-3 ft/psi) which ap ear reasonable in 

The same data were analyzed with the help of 
the variable discharge computer technique of Tsang 
et a1.2 The match obtained with the computer is 
presented in Fig. 7 and computations indicate a 
kIi of about 222,000 millidarcy feet and a 
4CH of 1.654~10-3 ft/psi, which agree remarkably 
with values of MI = 228,000 millidarcy feet and 
$Gl - 1.19~10-3 ft/psi, obtained during an earlier 
interference test between RRGE 2 and RRGE 1.1 
For convenience of canparison, the results of 
interpretation are summarized in Table 1. 

previous experience P at the Raft River site had 

As a first approximation, Fig. 6 shows a 

the light of previous howledge. P 

DISCUSSION 

Although the variable discharges encountered 
and the noise present in the data from RRGE 1 tend 
to undermine the confidence one has in the com- 
puted values of kH and $CH, the interpretatians 
do enable us to make certain reasonable qualitative 
judgments on the nature of the Raft River geo- 
thermal reservoir. 

Both the drawdown and the build-up data from 
RRGE 3 suggest that the reservoir has very limited 
permeability near RRGE 3, yielding a IbI of about 
6,000 millidarcy feet, which is about an order of 
magnitude less than that computed from the earlier1 
production test at RRGE 3. On the other hand, there 
is reasonable certainty that the production at 
RRGE 3 indeed created measurable pressure changes 
at RRGE 1, leading to a kH of about 100,000 milli- 
darcy feet in the region between RRGE 3 and RRGE 1. 
This estimate of kH compares favorably with the kH 
value of about 2 0,000 millidarcy feet, calculated 
from the earlie 3 interference test between RRGE 2 
and RRGE 1. 

An 'interesting fact is that the surface pres- 
sure gage at RRGE 2 apparently failed to pick up 
the effects of RRGE 3 production. Whether this 
implies the existence of some discontinuity between 
RRGE 3 and RRGE 2 is not quite clear. Further long- 
duration interference tests will be necessary to 
establish the nature of continuity between RRGE 3 
and RRGE 2. 
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TABLE1. SUWWYOFTESl'REsULTs 

RRGE 2 

Name of  Test 

47,000 2.91 x lo-' 
Drawdon Theis tf ru=l ft. 

Production-Interference 
Test, June.1976 

RRGE 1 

Pmductlon Test, RRGE 2 
Septe1rbw.1975. 

Interference lest ,  
October ,1975 

Drawdown Theis 228.000 1.19 x lo-'  

RRGE 3 

Drawdon I (0-18 hours) I Variable M'scharge I 
I 

Their 

12,000 

6.4'30 

5.5w = 65 feet i f  - lo-* f t lps i  
Build-up 

Drawdown Theis 101,Wo 1.23 x lo- '  
RRGE 1 

Drawdown Variable Discharge 222.000 1.65 10-3 

While it is apparent that the reservoir has 
limited permeability near RRGE 3, the geological 
conditions that have caused this decrease in 
permeability are not well understood. The fact 
that a regionalcontinuity apparently exists be- 
tween RRGE 3 and RRGE l, as evidenced by the pres- 
sure response observed in the latter, leads to an 
inference that the decrease in permeability reflects 
local heterogeniety in the reservoir near RRGE 3. 

Overall, the present test confirms that the 
reservoir extends for over a mile southeast fran 
RRGE 1. 

PLANNED ACTIVITIES 

A fourth well, RRGE 4, is expected to be 

drilled by April 1977 for purposes of reinjection. 
&re reservoir tests are planned following the 
completion of this well. 
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CYCLE STUDIES AT LBL USING PROGRAM GEOlllM 

W. L. Pope, H. S.  Pines, M. A. Green, and J. D. Williams 

~ L U ~ I O N  

LBL is developing a general thedynamic 
process computer code, ~~(mp11.1,2,3 This code has 
developed thrcugh firding f rom the U. S. Energy 
Research and Development Administration, Division 
of Geothermal Energy (ERDA-DGE); its principal use 
is for the conceptual design and optimization of 
geothermal power plants. However, because of its 
versatility, it can also be used to design and 
optimize fossil fuil plants, nuclear and solar 
plants, ocean thermal gradient plants, and hybrid 
combinations of the above. This report describes 
the GEOlW code structure and development and some 
of the studies this group has conducted with GE0lI-M 
for ERDA and the Electric Power Research Institute 
(EPW 

A primary objective of the LBL cycle studies 
p u p  is the doarmentation of GEUIHM with a user's 
manual. This will be accomplished with a series of 
in-house sponsored User-Training Sessions (be- 
ginning in the s m e r  of 1977) for industry repre- 
sentatives who have expressed interest in the use 
of the code. Interest in GEOlMM is growing. The 
Bechtel Corporation has been using an earlier 
version of the code, and Pacific Sierra Research 
Corporation is accessing GEUl'€JM via remote terminal 
from Santa Monica, California. 

A secondary objective of the group is to pro- 
vide ongoing support to ERIZA-DGE and EPRI by con- 
ducting technical and economic evaluations of con- 
tractor proposed geothermal plants and subsystem. 
This support requires that GEGll-N becapable of 

I 
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modeling geothermal power cycles of arbitrary con- 
figuration for a variety of candidate working 
fluids (for binary and hybrid cycles) and fluid 
mixtures, for general environmental properties, 
site specific resource conditions, and new process 
component developments. 

DESCRIPTION OF THE (XIDE 

Design Flexibility 

GECYMl is being developed along similar lines 
as other thendynamic cycle programs, for example, 
GEOCOST, d loped by Batelle Pacific Northwest 
hbratoryTtut emphasis at U L  is towanl a more 
flexible and efficient code with strong them- 
dynamic or technical characterization of process 
elements. 

simulator for a mber of reasons: 

into fundamental building blocks. These blodcs may 
be arranged in many different ways to simulate 
virtually any type of flash, binary, total flow5 
or hybrid geothermal system. 

2. The calculation of the fluid themdynamic 
properties is separated from the thermodynamic 
process calculation. This factor facilitates the 
development of new process models and the packaging 
of a separate fluid properties program. 

\.is 

GEUIHM is a versatile thedynamic cycle 

1. The thedynamic processes are modularized 

W 

3. The program is fast. Cue to recent improve- 
ments in all of GEoIIM's iterative convergence 
routines, a typical geothennal power plant cycle 
calculation requires only about 75 milliseconds of 
camputation time on the CDC 7600 computer. 

velopnent , the theTmodynarm ' c  cycle generator can be 
used like a function generator which can be driven 
by a mathematical optimizer routine which optimizes 
the design of the cycle with respect to any user- 
specified criterion. This single step optimization 
mode reconciles the manyindividual thermodynamic 
and cost parameters of the system, generating an 
o p t h  total system design. 

4. In the most recent phase of GEUl'€M's de- 

5. GEUlHM's major disadvantage is its size- 
over 90 subroutines and 8000 Fortran statements. 
Since the program is so flexible, facility in the 
use of the input-output routines requires an 
initial orientation period. A fully docmented 
user's manual is forthcoming. 

The thermodynamics process routines of 
GFUlMM can be used to simulate various types of 
power plant components. These include turbines, 
pmps, fans, flash tanks, heat exchangers, cooling 
towers, condensers, steam boilers, etc. The pro- 
gram will design these components in sufficient de- 
tail so that a reasonable cost estimate can be 
made. 

1. Resource Conditions 
2. Thermodynamic Cycle 
3. hate or Optiminble Parameterr 

Optimum PlantDetign 
State Panmetera X. 
Objective Function F(X1) 

PASSIVE DESIGN MODE DYNAMIC DESIGN MODE 

Fig. 1. A schematic flow diagram of GE0lI-M operating in passive and dy- 
namic modes (solid flow lines are passive design mode; dotted flow 
lines are dynamic design mode). (XBL 766-2935) 
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Since the process routines are modularized, 
new equipment models can be added. For example, 
the program currently models four types of counter 
f low heat exchangers with overall coefficient, U, 
as input. ?&re recently, subroutines have been 
written and tested for the detailed design of can- 
plex exchangers:6 general multipass, cross f l o w  
shell and tube types with typical unmnercial shell 
side leakage characteristics.7 This design technique 
will be expanded for condensers and boilers and 
incorporated into GE(Yl€lM early in 1977. 

The greater part of the GEUM4 program is 
devoted to the calculation of working fluid t h e m -  

c roperties. G E W  uses several equations 
to describe the properties of over 

30 pure substances. Most recently we have pro- 
grammed an NaCl brine properties model developed 
by Pitzer and Silvesterll of UC which is valid for 
temperatures in excess of 3OO0C and dissolved soild 
concentrations up to 300,000 ppm. 

Thermodynsrm 'c Cycle Design: The Passive Mode 

according to the logical scheme depicted in the 
simplified flow diagram (Fig. 1). The user spec- 
ifies the following input data: rescurce and sink 
conditions, net power production constraint, the 
configuration of the thermodynamic cycle, and the 
thermdynamic efficiency and cost factors for the 
various components in the plant. GE(Yl'HM also re- 
quires a set of thennodynamic cycle or 'state' 
parameters which provide the mininunn information 
necessary in order to calculate the thenno- 
dynamics of the entire plant. 

Fig. 2 is completely specified by the following six 
state parameters: (1) turbine inlet pressure, 

of dYnami state i 9 1 0  , s 

Gl3TI-M designs a geothennal power plant 

As an example, the simple bi-fluid cycle in 

System state parameters 

@Turbine inlet T. @Pinch point 
@Turbine inkt I? @Rnch Doint 

(2) turbine inlet temperature, (3) condenser 
exit temperature (assuring saturated liquid), 
(4) the pinch point temperature difference across 
the brine heat exchanger, (5) pinch point tempera- 
ture difference across the water cooled condenser, 
and (6) the cooling tower approach to wet bulb 
temperature. 

required input data, the thermodynamic process 
and fluid property routines which constitute the 
heart of program GEOTHM will design the plant to 
satisfy the net power production constraint. In 
designing the plant, the program calculates and 
prints out a set of system design performance fac- 
tors such as cycle efficiency, resource utilization, 
fluid mass flows, heat exchange areas , equipment 
p e r  requirements, and the associated costs of 
this equipment. Since for fixed efficiency and 
cost factors, the final plant design is completely 
detennined in GJ3Yll-M by the user-dictated set of 
system state parameters, the program is defined to 
be operating in the "passive design mode." 

Thennodynamic Cycle Optimization: The Dynam ic 
beSlgn Mod e 

mode permits,* program to serve as a function 
generator w b c h  is steered by an optimizer routine 
which optimizes the design of the thermodynamic 
cycle with respect to that particular function. 
This is achieved by introducing the optimizer 
routine as a feedback loop modification of the 
passive design mode. 

by inputing a first-guess set of system state 
parameters, now called optimizable parameters. The 
user must also specify which one of the system's 

Given the system state parameters and other 

The logical structure of the passive design 

The user initiates the optimization process 

@Condensing T. @Wet bulb approach AT. 
Secondary 

fluid 

Condensate 
pump 

Geothermal 
reinject ion 

well 

AT. 
a T. 

circulation 
Pump 

80 OF 
wet bulb 

I 

Fig. 2. Simple binary geothennal power plant cycle. (XBL 768-3899). 



particular design performance factors is the ob- 
jective function to be minimized or maximized. The 
optimizer then steers the program in an iterative 
fashion and conrputes an improving sequence in the 
set of optimizable parameters which rapidly con- 
verges upon the optimum system design. When the 
optimizer routine directs the program to design and 
optimize the system, GED"FN is defined to be op- 
erating in the "dynamic design mode." 

fonnance factors can be singled out as the objec- 
tive function to be minimized or maximized by the 
optimizer. Some example thermodynamic objective 
functions include maximum cycle efficiency and 
maximwn resource utilization. -le cost objec- 
tive functions are minimum busbar cost of energy 
and minimwn plant capital cost. 

in the following manner. For a fixed set of 
efficiency and cost factors, the design of the 
simple binary plant in Fig. 2 is completely de- 
termined by the previously described set of six 
optimizable parameters, The set of all possible 

LJ 

Any of the thermodynamic cycle's design per- 

The dynamic design mode is best illustrated 
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designs for this plant can be described by a 
design surface in a 7-dimensional mathematical 
space correspunding to the six optimizable param- 
eFers ?n$ the objective function. For purposes of 
visualizmg this surface, four of the six optimi- 
zable parameters can be frozen at their optimum 
design values. 

plot illustrated in Fig. 3 was done the-above way 
and depicts possible turbine inlet conditions for 
the plant. The x and y axes represent the turbine 
inlet pressure and turbine inlet temperature re- 
spectively, while the z-axis measures the busbar 
cost of energy for a specific turbine inlet de- 
sign point on the design surface. Theoretically, 
there are an infinite number of possible turbine 
inlet conditions, each corresponding to a dif- 
ferent plant design, which define this continuous 
landscape-like surface. For all such designs, 
however, there exists a single unique optimum de- 
sign which minimizes the value of the objective 
function. This optimum design corresponds to point 
of minirmrm elevation on the design surface which 
on this plot, corresponds to the point of inter- 

The three dimensional computer generated 

Fig, 3. Energy cost design sur e for a 50 W e  binary cycle power plant- 
isobutane (Ref. 15). (XBB 769-8095) 

1 .  
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section of the two reference planes. 

to a particular point on the design surface, the 
optimizer calculates the local curvature of the 
surface in the vicinity of this point. Utilizing 
this information abut local surface curvature, 
the optimizer generates a sequence of steps along 
the surface which rapidly converge upon the opti- 
mum design point. This process is analogous to 
a stream with headwaters in the high country whose 
f low is guided by the combined forces of gravity and 
local topography to seek out .the lake at the bot- 
tom of the gravity potential well. Assuming that 
there is one unique global minimum elevation on 
this landscape, the water will always f l a w  into the 
same lake for any given point of origin. In a 
similar fashion, the optimizer will always converge 
upon the optimum design far any reasanable initial- 
guess design. Typically, only about 300 design 
points or cycle calculations are required for cycle 
optimization beginning frm an arbitrary first- 
guess design. 

becomes apparent when contrasted with standard 
multi-parameter optimization methods. These brute- 
force methods actually construct the entire design 
surface by canputing all possible design pemuta- 
tions in the n-dimensional design space and then 
amparing the values of their objective functions 
for the minimum value. To achieve the same resolu- 
tion as the design surface illustrated here, which 
was computer generated frmn a 30 by 30 grid60f 
design points, brute-force would require 30 sep- 
arate cycle calculations. This would require nearly 
1.75 years of canputation time on the CDC 7600 
computer, whereas the same optimization run with 
GE(yIHM takes less than 30 seconds. 

Typically, three of the six optimizable 
parameters - the heat exchanger and condenser pinch- 
points and the wet bulb approach temperature- are 
fixed at sme practical design value. Qily the 
turbine inlet and exit conditions are varied in 
order to bring the rnrmber of cycle calculations 
required by brute-force optimization to a manage- 
able level. By sacrificing these degrees of free- 
dom, the optimum design determined by brute-force 
cannot be the true optimum design for the total 
system. The complex nature of the interacting 
thedynamic and cost relationships which govern a 
total system design is vividly reflected in the 
texture of the design surface. 

APPLICATIONS 

Given a first-guess plant design corresponding 

"%+efficiency of this optimizationdl mode 

LBL Support for EPRI 

k i n g  the s m e r  of 1-76, the LBL cycle 
studies group was asked to do an evaluation of the 
first '"roof of Concept" danonstration plant pro- 
posed for initial exploitation of the vast U. s. 
hydrothermal resources. This was a 50 W e  bina 
cycle geothermal power plant conceptual design1 
for the Heber reservoir proposed by the Ben Holt 
Company to EPRI. This evaluation came at a very 
opportune time because it allowed us to test the 
recently developed optimization algorithm on a 
binary cycle of great practical significance. 

3 

LBL adopted the following self-imposed ob- 

1. Verify Holt's design objective (i.e. min- 

2. Investigate plant and energy cost reduc- 

jectives for the review:13 

kt.j 
imum energy cost? maximum yield?); 

tions through multi-parameter optimiza- 
tion; 

investigated by Holt. 
3. Perform sensitivity studies in areas not 

Initially passive mode calculations were per- 
formed to allow us to check the accuracy of our 
cmputer model vs. Holt's. The agreement was excel- 
1ent.The dynamic mode was then used with maximum 
yield as the objective function using 3 parameter 
optimization. We found that Holt's baseline binary 
design clearly had maximum energy yield as a de- 
sign basis - by our calculations, Holt's design 
was within 0.3% of maximum achievable yield for his 
assmed exchanger pinch point delta T's. 

Then with our direct and indirect cost fac- 
tors normalized to Holt's, we found that with 6 
parameter optimization, the overall 50 W e  plant 
cost could be reduced by about 13% ($3.7M). This 
had the canpanion benefits of about an 8% reduc- 
tion in the busbar energy cost without affecting 
cycle efficiency, and only an 11% reduction of 
energy yield (Kwhr per lb of brine flow).  

Finally, our sensitivity studies indicated 
that the plant capital cost and energy cost of . 
the proposed design would be significantly affected 
by more conservative asswnptions regarding the ex- 
changer cost per unit area and/or the design well 
flow rate. molt had assuned pumped wells, shafts 
driven from the surface, to achieve about a 45% 
increase in f low over free flowing wells at the 
Heber site.) 

C h  study of the Holt design was later re- 
viewed by principals within EPRI, and we have been 
asked to include hydrocarbon mixture routines to 
GEUlHM's fluid properties package for similar fol- 
law-on perturbation studies in the fall of 1977 
when Holt's next design study is completed. 
Starling's hydrocarbon mixture properties 
routines14 will be adapted to GEOTl-Bl in the sumner 
of 1977 for this work. 

IBL Support for ERDA 

Intrigued by these initial optimization 
successes on the Holt design review and the ex- 
ceedingly complex trade-offs conducted by GEUl'I-M 
in optimizing binary cles in seven dimensional 

capacity to produce the 3-D isometric plots of 
the energy cost surface (Fig. 3). The unique cap- 
ability of GEUl€lM to produce such plots at low 
cost w a s  recognized by Clifton B. McFarland of 
ERDA-DGE, and we were subsequently asked to gen- 
erate similar 3-D plots of busbar energy cost as 
a function of resource temperature and resource 
utilization efficiency, nw,16 for various stan- 
dard geothermal processes. 

A brief study of the energy cost, resource 

space, Pines and Green Y 5 used GEUEM's output 
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utilization efficiency, and resource temperature 
(EC-RUE-E) surface for simple binary cycle plants 
was ~0nducted,l7 and the results were presented to 
the third meeting of the "Centers of the Analysis 
of Thermal-Mechanical Energy Conversion Concepts" 
panel headed by Joseph Kestin. 

Figure 4 is an EC-RUE-RT surface for a 
typical 50 Ne, binary cycle power plant with pure 
isobutane as the working fluid. Plots of this type 
are quite general and useful for developing cost 
effective design criteria for all energy cycles. 
Resource utilization efficiency, qm, as defined 
here is a ratio of the resource energy extracted 
in the process to the maxirmw available energy, 
and d i k e  a Carnot Efficiency, qpu has physical 
meaning for all thennal processes 111 which the 
resources are limited--in other words, all pro- 
cesses. 

The LBL cycle studies group has been di- 
rected by ERM-DGE18 to continue this work with 
high priority, and our plans for other fluids and 
geothermal processes will be detailed to Prof. 
Kestin's panel whenitmeets at LBL in 

LBL Support to ERIlA Contractors 

H. S. Pines and GE(mM are currently collab- 
orating with engineers fran Pacific Sierra Research 
Corporation in the conceptual design and optimiza- 
tion of a large geothermal, preheated, coal fired 

1977. 
I .  

power plant suggested to help meet future energy 
needs of the city of wlrbank, California. 

SlRN4RY 

cations for which program GEOlIlM can be used. The 
application of the program is by no means limited 
to the cases described, nor is it limited only to 
geothennal power cycles. IY is expected that pro- 
gram GEUllW can be applied to a host of t h e m -  
dynamic systems which use a variety of working 
fluids to generate mechanical power, refrigeration, 
or transfer the- energy fmn one place to an- 
other. Program GEUM4 is growing; its development 
is not canrplete. This report represents program 
c;EoTIM as a photograph represents a growing child. 
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GEOlHEWAL SUBSIDENCE RESEARM - LEAD PROGRAM MANAGEMENT 

T. L. Simkin 

INTROWCTION 

The purpose of Lead Program Managanent is to 
take a major research issue such as potential geo- 
thermal land subsidence, and develop a canprehen- 
sive research program to discover means to assess, 
control and mitigate impacts to an acceptable de- 
gree. Such research would support the research 
needs of the Ehergy Research and Development 
Administration. 

The individual research projects formulated 
for this program were prepared so that research 
may be contracted to selected capable organiza- 
tions. Thus, the research projects are described 
in the form of outlined scopes of work within a 
document which will be publicly available. This 
docwnent will be produced as an LBL report and 
will be entitled "Geothennal Subsidence Research 
Program Plan.11 The Research Program Plan includes 
a description of the total integrated geothermal 
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subsidence research schedule, the major research 
categories and priorities for individual research 
projects to be undertaken. 

Two teams of professionals were used to de- 
velop the program plan. Cne team basically pre- 
pared the plan and the other reviewed and recom- 
mended changes. The first team consisted mainly of 
LBL personnel, and the second team came from in- 
dependent industry, academic and government organ- 
izations. 

Need for Research 

Development of alternative energy sources 
is moving ahead in a nwnber of fields including 
geothermal. Many opportunities are available for 
development of these resources. However, constraints 
have been identified that may actually restrict 
development. Geothermal energy is not without its 
own set of potential development problems. Removal 
or injection of geofluids from or into geological 
formations has been horn to induce seismic phenan- 
ena and land surface and subsurface deformation 
under certain conditions. The research program con- 
ducted by LBL focuses on the latter issue of land 
formation deformation, comonly referred to as 
"subsidence. 

may have major social, environmental and economic 
consequences. Hawever, varying degrees of subsidence 
occurring under controlled conditions may be en- 
tirely acceptable. 

The goal or objective of geothennal sub- 
sidence research is to control or mitigate po- 
tential geological formation displacanents associ- 
ated with geothermal development within acceptable 
limits. In this way, acceptable geothermal pro- 
grams will proceed wi,thout delays,and siting flexi- 
bility will be increased. 

Unexpected and uncontrolled land deformation 

Successful subsidence research will provide: 
The means for developers to build and oper- 
ate geothermal facilities within accepted 
degrees of potential land deformation, and 
The basis for policy makers to approve and 
monitor such facilities. 

INTEGRATED RFsmaI ACT 

ergy facility planning ahd development in the 
future will consist of the interaction of three 
major activities: 

The framework for success 

pitoring, 

- 

Integrated regional and site specific 
toring combined with advanced instrumentation and 
techniques to measure subsurface geological forma- 
tion moment will be used. Based on geologi 
information, models could predict the rate and 
degree of potential movement from-the resemi 
up to the land surface. Specific control metho 

e moni- 

S U ~  as well location and injection processes, 
m l d  be used. 

of monitoring, modeling and control programs, the 
facility development could be approved. Once pro- 
duction of geofluids started, the monitoring re- 
sults could be continuously compared to the limits 
anticipated in the model. Changes in the control 
process would then be directed by the results of 
such comparisons. 

SWMRY FWIEW OF RESE3RCI-l CATEGORI 

research encompassed by the total geothennal 'sub- 
sidence program are presented below. Detailed 
descriptions of the individual research programs 
will be found within the Research Program Plan t 
be issued by LBL and previously described in the 
Introduction. 

Based on the anticipated inter-relationships 

Svnnnary descriptions of the 

The major research categories are: 

1. Developnent of direct monitoring instru- 
mentation and techniques necessary to 

' assess differential vertical and lateral 
deformation at substantial depth within 
the reservoir and overburden; 

2. Development of a methodology W monitor 
vertical and horizontal ground movement 
in order to distinguish between subsidence 
directly related to a geothermal facility 
and subsidence caused by other man-induced 
phenomena, or natural stresses; 

3. Evaluation of the economic effects caused 
by varying degrees of geothermal land sub- 
sidence related to physical systems, 
such as structures, and environmental fac- 
tors, such as drainage patterns; 

estimating deformation at depth, such as 
geophysical techniques and instmentation; 

ence risk evaluations based on field related 
studies; 

subsidence models ; 

4. Development of indirect field methods for 

5 .  Development of case histories and subsid- 

6. Evaluation and ultilization of geothermal 

7. Investigation of the physical 

- 9. Development of reservoir operat 
that will minimize the adverse effects of 
land subsidence and maximize the production 
of geothermal energy. 

Each category requires one search 
projects depending on the scope o 
quired to meet the objectives. Wo 
projects within each category are organized based 
on recognition of several factors, including: 

1. Specialist organizations will be selected 
to perform complete projects. 

re- 
s or 
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2. Projects will be scheduled so that results 
from one project will be available to 
other related projects . 

Six research projects are anticipated to be 
initiated in FY 1977. The completion of the total 
R & D program as outlined below is scheduled for 
FY 1980. 

Research Project Abstract 

Category 1. Development of Direct Monitoring 
Instrumentation and Techniques Necessary to 
Assess Differential Vertical and Lateral 
Deformation at Substantial Depth. 

Present methods for measuring or assessing 
differential canpaction at depth in a well are 
limited. The need is great to improve capabilities 
for the anticipated depths and hostile environ- 
ments of geothemal formations. 

Research Objective: Develop the capability 
to measure vertically between two points in a 
geological formation at substantial depths. Mea- 
surements will be made d e r  the hostile conditions 
of tenperature, pressure, salinity and potential 
for corrosion that exists in geothermal reservoirs. 
Accuracy desired is 0.05 foot per 100 feet of in- 
terval distance. There is a desire to measure lat- 
eral movement, but the current emphasis is direc- 
ted toward vertical deformation. 

Pro'ect 1. Assess. the state-of-the-art and 

Present capability for measuring differentia 

reccannen + concepts for prototype development. 

compaction or expansion at depth is limited. How- 
ever, the capabilities of available instrunents 
will be evaluated and means for upgrading these 
capabilities will be investigated. A survey of 
instrumentation suppliers and researchers will be 
conducted to identify opportunities for using 
advanced instrunentation technology. New measure- 
ment concepts will be identified, if possible. A 
program scope of work will be prepared for each 
promising concept which will include recome&- 
tions for prototype development, field testing, 
and performance evaluation. 

1 

Project 2. Develop prototypes and conduct 
field testing. 

Prototypes will be developed for each of the 
most promising concepts. Labratory testing and 
calibration will be performed. The prototypes will 
be field tested and their performance will be 
evaluated. 

0 Category 2. Development of a Methodology 
to Monitor Vertical and Horizontal Ground 
Movement to Distinguish Between Subsidence 
Directly Related to a Geothermal Faciliv 
and Subsidence Caused by Other Man-Induced 
Phenomena or Natural Stresses. 

A geothermal developent program needs 
methodology guidelines appropriate for monitoring 
horizontal and vertical ground displacements 

associated with geothermal operations both at the 
surface and at depth, for the purpose of differenti- 
ating between subsidence resulting from a geo- 
thermal project and subsidence that may be caused 
by other activities of man or nature. Recent 
efforts have been initiated in th is  area. However, 
no general guidelines for acquiring and analyzing 
relevant baseline data are available. 

L) 

Research Objective: Provide methods and 
guidel'mes for planners to use for distinguishing 
between subsidence directly related to a geothermal 
project and subsidence caused by ~ t u r d l  or other 
phenomenon. A guideline cannot take the place of a 
detailed field investigation by a competent geo- 
logist. Thus, the emphasis is on developing infor- 
mation to a level suitable for plannners to use as 
guidance in developing or assessing the appropriate 
field investigations and monitoring programs. 
The research project in this category will be 
accomplished using two projects. 

investigations and monitoring programs based on 
available information. 

Project 1. Develop a methodology for field 

Several representative geologic settings will 
be identified. The topography, structure and rock 
canpetence of these settings will be investigated 
as they relate to requirements for specifying effec- 
tive field studies and monitoring programs. Infor- 
mation requirements will be determined for speci- 
fying the predevelopment condition of the land sur- 
face and for monitoring Over the lifetime of the 
geothermal development. Methods will be identified 
for acquiring field information of suitable 
quality and precision for perfonning interpretive 
analyses. 

Revise the methodology in the 
future+ on availability of advanced technology. 
(Note: FVoject 2 is scheduled to begin when Re- 
search Category 1 is nearing completion.) 

Pro'ect 2 

0 Category 3. Evaluation of the Economic 
Effects Caused by Varying De@s of Geo- 
thermal Land Subsidence Related to Physical 
!3ystems and Environmental Factors. 

Assuming that there are acceptable limits of 
subsidence, it follows there is need for evaluation 
criteria. A framework needs to be developed so in- 
ctustry and the public can understand the economic 
risks associated with geothermal subsidence. 

Research Objective: Quantify the costs 
associated with subsidence damage or subsidence 
effect mitigation to assist in determining the 
extent to which varying degrees of subsidence will 
be accepted. 

Project 1. Collect available information. 

Areas will be identified that have experienced 
or are experiencing land deformation. Methods will 
be developed to acquire infoxmation on damage 
costs and costs associated with mitigating measures. 
Questionnaires and interviewing techniques may be 
used, since a preliminary review of the available 



literature results in identification of only a few 
useful sources. The acceptability of subsidence 
and associated consequences will be investigated. 

Pro'ect 2 
tions h k c e . .  

M u a t e  the economic implica- 

damage costs and subsidence con- 
trol costs will be determined for several geothermal 
development scenarios based on factual information 
of areas known to potentially undergo geothermal 
production. The range econaanic risk will be assessed 
based on the experience developed in koject 1 
above. The critical issues will be identified as 
they relate to the acceptability of varying de- 
grees of subsidence in various settings. 

Alternative means for resolving the issues 
will be investigated as well as costs associated 
with alternatives. 

0 Category 4. Development of Indirect 
for Estimating Deformation at Depth. 

Instnnnentation is available, in sane cases, 
to measure sane reservoir properties. 

However, new instrumentation and/or tech 
niques to measure selected indicators of forma 
deformation is needed. Geophysical techniques 
would be considered and included in the "indirect 
fnethods" category. 

Research Objective: Develop the capability to 
measure geothermal reservoir parameters indirectly 
related to the displacement and differential com- 
paction occurring during geothennal production and 
injection of fluids and develop a methodology for 
estimating the degree of related deformation in the 
geologic structure. 

Pro'ect 1 Evaluate available methods and 
recarrpn + concepts for prototype instmentation 
or technique development. 

The available methods will be evaluated for 
estimating &€oxmation in the geologic structure 
based on measuranent of the rate of change in 
geothermal reservoir properties such as: density, 
fracture characteristics , tanperature, pressure 
and fluid composition. New methods will be de- 
vised, as required, for making these measurements. 
Concepts for prototype-instrumentation will be 
recamended for cases where available instrumenta- 
tion will not meet the performance requirements. A 
field testing program will be developed and methods 
devised for correlating data from the field tests 
with direct measurements taken of displacements 
in the geologic structure. 

Project 2. Develop and test prototypes. 

Prototypes will be developed and built, as 
required. Laboratory tests to verify the precision 
of the instmentation will be conducted. Direct 
and indirect field measuremmts will be correlated 
and the adequacy of 
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Category 5. Development of Case Histories 
and Subsidence Risk Evaluations Based on 
Field Related Studies. 

This research category includes required re- 
search based on the field related study. Included 
is a research project to selectively evaluate sub- 
sidence history based on specific case histories 
and the development of subsidence risk maps of 
specifically selected areas likely to undergo geo- 
thermal developnent . 

Project 1. Assess and document selected 
case h'lstories of land deformation attributed to 
geofluid extraction and injection. 

Case histories will be assessed and docu- 
mented in order to provide the developer and 
government planner with specific descriptions of 
actual land deformation as it relates to the ex- 
traction and injection procedures of geofluids. 
Case histories will not be limited to geothermal 
fields but rather encompass other forms of geo- 
fluid management, such as hydrocarbon and ground- 
water system. 

select&EZTal development areas, 

risk maps", the degrees of severity of potential 
subsidence will be mapped based on specifically 
selected indicators within major areas likely to 
undergo geothermal development. 

Pro'ect 2 

In a manner similar to the concept **seismic 

Develop subsidence risk maps for 

Category 6.  Evaluation and Utilization of 
. Geothermal Subsidence Models. 

In planning'the developnent of a particular 
geothermal reservoir, it is desirable to have the 
appropriate analytical tools available to estimate 
potential formation movements so precautionary or 
mitigating measures can be planned. Several mathe- 
matical d e l s  have been developed into predictive 
tools. However, the capability of present models 
to provide accurate predictive results has not been 
verified. 

Research Objective: Assess the adequav of avail- 
able conpputer models by apply'ing them to field 
situations and recamend future modeling programs 
that should be undertaken as part of the geothermal 
subsidence research. 

of Work: Select available subsidence models * an assess t e adequacy of the predictive capabil- 
ity. Subsidence models available to the Subsidence 
Research Program will be selected. These models 
will be those available for use by developers and 
public planning officials. Models that are proprie- 
tary in nature may not be appropriate for widespread 
use and will be selected only under special cir- 
nrmstances . 

A list of performance evaluation parameters 
will be selected. These parameters will provide a 
basis for camparing the overall performance of the 
various models selected for study. Parameters will 
include; input data requirements, degree of com- 
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plexity, expense of operation, and accuracy of re- 
sults. The models will be exercised and the results 
compared using actual historic data and simulated 
base data. Procedures will be developed for per- 
forming a study of sensitive input parameters for 
each model. The performance of each model will be 
evaluated including results of the sensitivity 
analysis. Recanrmendatim for future modeling re- 
search will be prepared, as required. 

Category 7. Investigation of the Physical 
Processes Subsidence. 

Subsidence computer codes and analytical 
instrumentation are based on theory regarding the 
physical processes of deformation. Developers and 
public planning officials will analyze geothermal 
development alternatives; evaluating the issue of 
subsidence and, at the same the, striving for 
maximum reservoir productivity, It is expected 
that research related to skeletal displacement will 
be necessary to predict accurately cumulative 
vertical and lateral movement at the land surface 
caused by the extraction of geofluids. 

Category 8. Laboratory Testing. 

The quantitative compaction or compressive 
characteristics of material from large depths in 
geothermal formations are for the most part un- 
knm. If it can be show that volume changes are 
negligible due to geofluid extraction, which m y  
well be the case for materials previously consoli- 
dated to pressures corresponding to a few thousand 
meters of overburden, then subsidence accompanying 
development and operation of such geothermal fields 
would be caused by other mechanisms. Cataclastic 
movement of fractured material might then be in- 
vestigated as the major contributor to deformation. 

Category 9. Development of Reservoir 
operational Policy. 
Research performed in the previous Cate- 

gories will provide knowledge and information re- 
garding the physical processes of subsidence, the 
means to estimate potential ground deformation, 
and the guidelines for judging the economic effects 
of varying degrees of subsidence. This knowledge 
and information needs to be applied directly to 
current and future goethennal reservoir operations. 
The research in this category will develop practi- 
cal reservoir management practices as guidelines 
for use by planners, developers and operations 
personnel and will provide the m e a n s  for applying 

the results of the total subsidence research pro- 
gram. 
Research Objective: Develop guidelines and pro- 
cedures for use by planners, developers and op- 
erators of geothennal projects. The guidelines and 
procedures will assist in developing and operating 
a geothennal reservoir in a manner that will tend 
to minimize the effects of subsidence and maximize 
the reservoir ultilization. 
Research Project 1. Acquire reservoir management 
'information and review current research results. 
Infomation will be compiled pertaining to present 
problems facing operators of geothermal projects. 
Problems may include: well spacing and location, 
injection techniques, and monitoring methods. A 
review of the results of research from the Geo- 
thermal Subsidence Research Program will be con- 
ducted. The adequacy of current research will be 
assessed as it relates to reservoir management 
issues based on operational problems. 
Research Project 2. 
and procedures for planners, developers and opera- 
tors of geothennal projects. The dynamics of the 
operations management decision making process will 
be identified. General principles for reservoir 
operations decision making will be identified. 
Opportunities for using management tools, such as 
computer models and monitoring systems, will be 
investigated. Guidelines and procedures will be 
developed for planners, developers and operators to 
use in maximizing the energy obtained from a geo- 
thermal reservoir while minimizing the effects of 
potential subsidence. 

0 Recmended Baseline Program for Monitoring 
Networks to Measure Vertical and Horizontal 
Ground Movement 

The following recmended program has not 

L 

Develop operational guidelines 

been included in the previous nine major research 
categories. However, the need for such bas- 
data development is great and a detailed program 
is outlined in the Research Program Plan to be 
issued as an LBL report. 

ently available for precise monitoring on the lad 
surface of vertical and horizontal ground move- 
ment. Today, at a relatively low-cost, high pre- 
cision networks can be surveyed to detect both 
natural and induced movement. Such monitoring net- 
works need to be developed at each producing and 
prospective geothermal field. 

Standard equipnent and techniques are pres- 

NLMERIC4.L MODELING OF CYCLIC STORAGE OF HOT WATER IN AQUIFERS 

C. F. Tsang, M. J. Lippann, C. 

INTw3wcTION 

The concept of hot water storage was sug- 
gested in 1971-1973 for the purpose of conserving 
large amounts of heat now wasted in generating 
electricity and reducing thermal pollution caused 

B. Goranson, and P. A. Witherspoon 

by discharge of this waste heat. In addition, suc- 
cess of this concept appears to be necessary to 
make large-scale total energy systems feasible. LJp 
until recently only very crude studies have been 
made of the feasibility and efficiency of such a 
storage system. 

c' 
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1 

Ixlring the middle of this  year, we developed 
a computer model at  LBL to numerically simulate 
cyclic storage of large amounts of heated water i n  
a typical aquifer system. The program CCC, which 
stands for compaction-conduction-convection, was 
designed to  simulate 3-dimensional transient flow 
of both fluid and heat in an aquifer. 

A C ~ L I ~ S  IXlRING THE CURRENT cALENIw\ YEAR 

in the project was  to  deter- 
mine the accuracy of the program, CCC, by simulating 
cases where analytic or semi-analytic solutions 
were available. Three different cases were studied; 
the results are quite satisfactory; and we are 
confident that the program CCC works properly. We 
then proceeded to  look in detail  at a particular 
aquifer storage system. Cyclic storage periods were 
determined appropriate for the storage system to 
be used with electrical generation turbine power 
plants. The idea was to  ut i l ize  waste heat from 
turbine exhaust for heat loads such as for dis t r ic t  
space heating and a i r  conditioning. Heat could be 
distributed to  users through heat manifolds inter- 
connected with the steam plant, underground storage, 
and users' dwell period covers the 

1. 90 days 
f o l l o ~  four p 

tion into aquifer 
system during summer months when heat 
loads are small and electrical demand high; 

Energy recovered vs cycle 
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Fig. 1. Energy recovered vs cycle. 2. 90 days rest during autumn months when 
heat loa roximately equal electrical (XBL 7612-4523) loads; 

3. 90 days production of stored energy 
during winter months when heat loads are 
high ; 

4. 90 clays of rest during spring. 

A cycle was termed as one 360 day period 
with one injection, one production, and two rest 
periods. The storage system is simulated for five 
cycles when energy recovery percentage is found to  
reach a limiting e€ficiency value as can be seen 
in  Fig. 1. For a case where the w e l l  penetrates 
half way into the aquifer, an efficiency as 
high as 94% energy recovery was obtained in the 
f i f t h  cycle. Sirmilation for the full-aquifer pene- 
tration case also showed energy recovery about 90%; 

This study shows that the possibility for storing 
large amounts of heated water in an aquifer is 
quite feasible. 

PLANNED ACTMTIES FOR NEXT YEAR 

We are a t  this time considering a sinrulation 
of storage for use in conjunction with a solar 
energy collection s y s t m .  We are also planning to 
perform a parameter study for determining effects 
of different cycle periods, temperature flow rates, 
and material properties. 

ANALYSIS OF WELL TESTS WI'IH VARIBLE DIS- 

C. F. Tsang, D. G. McEdwards, T. N. Narasimhan, and.P. A. Witherspoon 
"~ 

I 

data when the production well is modeled as a mn- 
tinuom line source of constant strength. Well test 
situations may arise, however, wherein the produc- 
ti& rate is not constant. For example, when col- 
lecting .samples f r u m  a geothermal well for chemical 
analysis, a step-wise increasing or decreasing flow 
rate of the production well is preferred. Another 
more immediate example is provided by a set of well 

' 
IIWRODUCI'ION 

' The conventional method of well tes t  analysis 
necessarily assumes a constant rate of discharge,of 
the'-producing well. The procedure involves matching 
a log-log plot of test data (drawdown versus time) 
to  a dimensionless log-log plot that reflects the 
anticipated analytical behavior of the well t es t  



28 

test data recently obtained at the Raft River Geo- 
them1 Field in Idaho and sent to LBL for analysis. 
This set of data reflects the effects of a marked 
variation in the discharge rate of the production 
well and is not cmpletely amenable to conventional 
analytical techniques. It was the proper analysis 
of this set of data that prmpted the research for 
a method of analyzing well tests with variable flow 
rates. The present paper presents a method whereby 
s~ch data can be handled. The research work began 
in 1976. 

ACCXNPLISHdENlS - 1976 
A method of analyzing well test data in which 

the flow rate varies arbitrarily in time has been 
developed. The variable flow is appraximated by a 
series of sequential straight line segments of 
arbitrary length and slope. The pressure response 
of each linearly varying production pulse at any 
time is derived analytically in tern of the ex- 
ponential integral. The total pressure drop as a 
function of time is obtained by a superposition of 
the reservoir responses attributable to each pro- 
duction pulse. 

To account for the influence of boundaries, 
an image well is used whose contribution is included 
simply in the foxmula by addition. The equations 
obtained are used to calculate drawdown values of 
a type m e  that correspond to a specified flow 
rate variation and a set of assumed reservoir 
parameters. With a set of initial guess values of 
reservoir parameters, a miltiparameter least- 
squares-fit computer routine is employed to compare 
well-test drawdown data w i t h  predicted type-curve 
values to search for the best set of reservoir 
parameters. Thus values for transmissivity, stora- 
tivity, and the image well distance are determined. 

Table. 1. Well tests analyzed by variable flow method. 

Both interference and production tests can be 
analyzed. In the latter case work is in progress 
to account for the influence of well bore storage 
and skin effect, also in a parametric fashion. 

The method has been applied to data from 
seven well tests to evaluate its utility (see 
Table 1). Three of the analyses involve theoreti- 
cally generated well test data and four analyses 
involve field data. The field data were from two 
well tests conducted at the East Mesa Geothermal 
Field in southern California and from two well 
tests conducted at the Raft River Geothermal Field 
in southern Idaho. The three theoretical cases in- 
volve well test data calculated assuming: 
stant discharge, (2) variable discharge in steps, 
and (3) exponentially decaying discharge. Three of 
the four field tests were constant discharge inter- 
ference tests. In two of these constant discharge 
tests the presence of a boundary was detected. 
The last remaining field test involved a discharge 
rate with 8 very wide fluctuation. 

In all of these cases, a solution was possi- 
ble and an unambiguous set of reservoir parameters 
was determined. In the three tests using generated 
data, the known parameters are reproduced. The 
analyses of the first three field interference tests 
yielded reservoir parameters consistent with param- 
eters obtained by the conventional type curve 
fitting procedures. In the last field case, of 
strongly varying discharge, which is difficult if 
not impossible to handle conventionally, the pro- 
gram has successfully yielded reasonable parameters. 
Figures 1 and 2 show respectively the theoretical 
case of exponentially decaying discharge rate and 
the analysis of the Raft River #3 production test, 
in which the flow rate varied markedly. In the 
figures, the circles represent observed drawdown 

[l) con- 

CASES 

Test Data 

Constant Discharge 
Stepped Discharge 
Exponential Decay Discharge 

Field Data 

East Mesa Well 6-1 
East Mesa Well 31-1 
Raft River No. 2 
Raft River No. 3 

Discharge 

Cons tan t 

0 

0 

0 
0 

Va ria b l  e 

0 

* 

0 

Barriers 

0 

0 
0 

0 

0 1 : 
0 

Type Test 

Interference 

0 

0 

0 
0 

Production 

0 
0 

0 
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Fig. 2. RRGE 3 Production test. (XBL 773-7924) 

data and the squares represent the best-fit draw- 
down values. 

PLANS POR 1977 

the analysis of field data obtained in  the LBL 
geothennal well testing program. Furthemre, the 
method w i l l  be extended to  include the effects of 
skin and well-bore storage which are important for 
short time data. 

Applications of the method w i l l  be made in  

GBYlEWU ASSESSMENT OF CALIFORNIA SI'ATE-OWNED 
SUBlMERGED LANIE USING HEAT-FUN -* 

P. Wilde,+ C. W. Case: ,' W. m,' 3 -  and F. Parks' 

In cooperation w i t h  the California State Lands 
Camnission, LBL has canpleted a study on the explor- 
atory evaluation of the geothermal potential of (c) Mono Lake. (70, stations - see Fig. 3). 
three state-awned lake bottans as a f i r s t  step in 
the eventual geothermal evaluation of state-owned 
submerged lands. This project had two goals: (If ' The novel feature of the LBL-State Lands 
a literature search on the techniques and theories probe is that the thermal conductivity as well as 
for examining the gtmthermal value of subn;ezged the thermal gradient can be measured in  place. 
lands1 and (2) deve lqen t  of an instnnnent padc- This is accomplished by taking advantage of the 
age for preliminary geothermal prospecting which self-heating properties of the measuring thenn- 
could be operated by State Lands personnel from a istors. Calibration work is continuing on the probes 
small boat on lakes. A modified oceanographic heat- in preparation for eventual developmat of a self-  
flow probe (Table 1, Figs. 1 and 2)was built  by contained package for use in the State's off-shore 
Special Projects and was  successfully operated in suhnerged lands. 

the field on three Cali 
Sea (54 stations); 

ia  lakes: (a) Salton 
(b) Clear Lake (89 stations); 
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Table 1. Characteristics of heat-flow probe. 
-IC PROBE LBL-STATE IANDS PROBE 

lko thermistors on rod probe, 

All stainless steel 

Six themistors, five on probe, one in 

Stainless steel outer jacket, internal 

outrigger type attach to 
core barrel; may have more 

the water 

fiberglass tube--cut-out of stain- 
less at thermistors, exposing fiber- 
glass 

m-deck read-out with interrogation of 
thermistors controlled by operator 

Two cables: stain cable to on-deck winch, 
and electrical cable to on-deck 

Relatively light, up to about 50 pounds, 
can be lifted by one person, raised 
and lowered by hand-cranked winch 

Thermal conductivity measured in place 
in vicinity of each thermistor 

Self -contained recording pack- 
age, no on-deck read-out 

Single strain cable connection 
between probe unit and 
surface read-aut 

Heavy, over several hundred 
p d s ,  m t  be raised and 
lowered with powered winch 

Thermal conductivity estimated 
or extrapolated by needle 
probe measurement of collect- 
ed bottom sample 

bination of probe and pressure 
case weight stand 

unit 

Weight essentially fixed by cam- 

Probe and pressure case single 

Weight may be trimmed by adding or sub- 

Probe may be detached and exchanged 

tracting slotted weights on the 

-- 

-idle cable attachment ( I of 3 )  

Water thermistor 
NEMA stainless 

Cable connector 

Fig. 1. Heat flow probe. ' (XBL 773-653) 
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W 
I I 

- 
cast epoxy sleeve - ,130 to ,160 diam. 

- ,094 to ,097 diam. 

EPOXY 

Thermistor with leads 

, S O 0  0.d. NEMA-G tube 

,625 0.d. stainless steel tube 

60° between holes, ,312 diam, 
L 5 holes in spiral pattern 

Fig. 2. Thermistor implantment details. 
(XBL 773-651) 

hi 

Fig. 3. Mono Lake stations. (XBL 773-631) 

FOOTNOTESAND REFERENCE address: Engineering Geoscience, University of 
California, Berkeley. 

%pecial Projects. 

1. C. W. Case, and P. Wilde, Methods for Geo- 

* 
Project funded by the Federal Energy Administra- 
tion/California State Lands Connnission through 
agreement U: 6028. 

'Energy 6 Environment Division. 

**California State ~ands emission, present 

thermal Reservoir Detection Emphasizing Sub- 
merged Environments : Lawrence Berkeley Lab. 
Rept. 4495 (1976). 

wrm EGGG, INC. 

H. Wollenberg 

l h  regions, Rocky Flats, Colorado and Imperial 
Valley, California, were covered by airborne remote 
sensing surveys, incorporating multi-spectral 
photography and thermal infrared sensors. Geologic 
guidance was furnished by LBL in planning the 
flights, obtaining "ground truth" during surveys, 
and evaluating the data. At Rocky Flats, an ERDA 
facility near Boulder, Colorado, geologic and hydro- 
logic features were discerned which may influence 
movement of surface and ground waters on to the 
site and plant fluids from the site. 
the Rocky Flats surveys and recommended further 
investigations were d scribed in a rewrt by Lackey, 

environmental impact statement for that site. 

Results of 

Jones, and Wollenberg f which was included in the 

The surveys in the Imperial Valley, described 
in detail in a report 
Jones, and Wollenberg,pwere in support of the ERDA 
(DBER) program of investigation of environmental 
effects of geothermal energy production. The 
purpose of the Imperial Valley flights was to 
obtain a set of baseline data prior to appreciable 
production of geothermal fluids. Multi-spectral 
photographs and thermal infrared data disclosed 
drainage patterns in the Salton Sea geothermal area 
which pre-date the filling of the Salton Sea as 
well as the present-day agricultural overprint in 
the extensively farmed region. These drainage 
patterns have a strong northwesterly "grain" which 
may be influenced by faulting. Sharp linear features 
were also observed on photographs, most likely 
associated with surface breakage from the 1975 

preparation by Lackey, 
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Brawley earthquakes. 

GEODOSE AND REACTOR SITE SURVEYS 

During FY1976 the Geodose data bank, which is 
the basis for characterization of rock types by 
their radioelement contents, gamma-ray exposure 
rates, and radiogenic*heat production, was expanded 
to include sedimentary and metamorphic rocks. The 
total number of entries now in the bank are: 
uranium, 1967; thorium, 1964; and potassim, 1442; 
permitting calculation of gannna-ray exposure rates 
and radiogenic heat production for 1417 samples. 

in support of airborne gamma radiametric surveys by 
EGEG, were evaluated for eight regions. They 
included: 
Big Rock Point, Michigan; Bridgman, Michigan; 
Baxley, Georgia; La Crosse, Wisconsin; Scriba, New 

The geologic settings of reactor site areas, 

the Arnold Reactor site region, Iowa; 

York; St. Lucie, Florida; and Trojan, Oregon. 
Reports covering these areas included brief 
descriptions of their geology, soils, vegetation 
and climate, as well as estimated ranges of gama 
radioactivity and recommended flight line orienta- 
tions. L 

1. 

2. 

J. G. Lackey, E. B. Jones, and H. A. Wollenberg. 
Surnnary of non-nuclear remote sensing at the 
Rocky Flats site and status of geologic and 
hydrologic indicators - July 1975 through 
December 1975; EGFG Inc. Technical Memorandum 

J. G. Lackey, E. B. Jones, and H. A. Wollenberg. 
Status report, photographic and thermal sensing 
of geologic and hydrologic features, Salton 
Trough, California, EGFG Inc. Technical Memo- 
randum, in preparation (1977). 

ASD-76-001 (1976). 

RESERVOIR DYNAMICS 

P. A. Witherspoon, C. F. Tsang, T. N. Narasimhan, M. L. Lippmann, and G. E. Assens 

INTRODUCTION 

The purpose of this long-range project is to 
provide theoretical and interpretive support to the 
investigation of geothennal systens for the develop- 
ment of geothermal energy. It is generally address- 
ed to the following objectives: 

Understanding the physics and chemistry 
of mass and energy transport in geothennal 
systems; 

Estimation of the useful life of a 
geothermal reservoir; 

Determination of the optimal rate of 
energy removal; 

Determination of the optimal distribution 
of production and reinjection points 
within the reservoir boundaries; 

Evaluating the effect of geothermal 
exploitation on environment; specifically, 
the subsidence of land surface due to 
fluid withdrawal. 

These objectives are being accomplished through 
the development of mathematical techniques and 
computer codes, incorporating thermodynamic, hydro- 
dynamic, and other physical and chemical principles 
to simulate the behavior of geothermal reservoirs 
(a) under natural conditions and (b) during exploi- 
tation. 
these systems and the effect of heat energy on 
temperature distribution within any producing 
reservoir are also studied. These studies will 
also eventually be able to identify the important 
field parameters which govern reservoir behaviors 

The convective and conductive nature of 

and determine how accurately they would need to be 
evaluated. Particular emphasis is being laid on 
hydrothermal systems which are most likely to 
provide the capacity of the ERDA mission goal of 
6000 MWe by 1985. 

opment of geothermal resources as an economically 
feasible energy source. 
with the overall LBL geothermal program. 
of effects of reinjection, subsidence, and other 
aspects within this project is of such a universal 
nature that 
many geothey 1 projects such as Raft River, Cerro 
Prieto, afkl East Mesa geothermal fields. 
mathematical models currently developed with 
special emphasis on hydrothermal systems can be 
easily extended to consider hot dry rocks and geo- 
pressure reservoirs. 

ACCOMPLISIMENTS DURING 1976 

This project is directly related to the devel- 

The study 
It is intimately coordinated 

ediate application can be found in 

The 

FY1976 represents a year of energetic expansion 
The most significant accomplishment of the project. 

is the development of a land’subsidence computer 
program which will be able to simulate the subsi- 
dence of land surface in the case of a liquid- 
dominated geothermal system. 
will help to estimate the environmental impact of 
a geothermal project. Another powerful computer 
code was developed to study geothermal reservoirs 
where the vapor and liquid phases of the fluid are 
equally important. The co-existence of liquid and 
vapor may be very important in a number of producing 
geothermal fields such as at The Geysers in northern 
California. The problem of reinjection has also 
been studied, and it appears that for many cases, 
under reasonable conditions, reinjection can be 
safely done without affecting the producing well 

Such an investigation 

L’ 



for possibly 30 years or more. A new concept of 
screening the producing well is also suggested that 
may inc2rease this nwnber by 50 to 100%. An economic 
feasibility study is being made on the implementa- '6, tion of the screening concept. On the more basic 
level, a new numerical technique, called the 
Explicit-Implicit Finite Element Method, has been 
developed which appears to be superior to current 
techniques. This may prove to be very significant 
in the next generation of calculations. More 
detailed descriptions of these accomplishments 
are given below. 

Numerical Modeling of Geothennal Reservoirs 

study the behavior of a geothermal reservoir given 
its physical and geological properties. 
extended our one-phase fluid and heat flow program 
for multi-dimensional geothennal systems to include 
presence of sources and sinks. This will enable us 
to handle either liquid-dominated or vapor-dominated 
geothermal systems both before and during exploita- 
tion. However, many geothermal systems are not 
one-phase systems. We have adapted the program 
of T. J. Lasseter which considers two-phase 
fluids. This powerful program is now being care- 
fully tested. A glossary of names used in its 
progrannning was compiled. Several errors were 
corrected and that part of the program which reads 
in properties of the fluid and of the porous matrix 
and transforms them into a table has been completely 
reconstructed. Initial application to the study of 
a vapor-doninated system has been made. Slight 
local heating up near the production well was 
observed, which may be due to numerical inaccura- 
cies. We are currently studying this problem in 
detail. 

Mathematical models are being developed to 

We have 
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Land Subsidence 

Geothermal fluid withdrawal can lead to reser- 
voir consolidation and land subsidence. In some 
cases, the effects of subsidence can be quite 
significant. For example, parts of the Wairakei 
Geothermal Field in New Zealand subsided 12 feet in 
as little-as 12 years, This poses important envir- 
onmental problems. Physically, this is because of 
the reduction in fluid pressure acconpanying fluid 
extraction, and the consequent increase in the 
effective overburden pressure 

the effects of production as well as reinjection on 
the deformation of geothermal reservoirs. The 
program combines the numerical method of Soreg for 
mass and energy transport with another method by 
Narasimhanz for one-dimensional (vertical) consol- 
idation. The model is multi-dimensional and solves 
for reservoir deformation in liquid-dominated, 
heterogeneous, isotropic, non-isothermal systems. 
Deformation parameters may be non-linear and non- 
elastic, while the them1 and hydraulic properties 
can be temperature and/or pressure dependent. 

used to solve the flow and energy operations, which 
are interlaced in time. Pore-pressures and tempera- 
tures are obtained, and the pressure changes are 
used to determine the volumetric and vertical 
deformations. 

Acomputer program was developed t o  simulate 

. 

An integrated finite difference technique3 is 

Reinjection 

Land subsidence and subsequent environmental 
problems can be minimized through injection of the 
heat-depleted water in the geothermal reservoir. 
However, reinjection creates a zone of relatively 
cold water.around each injection well that grows 
with time and eventually will reach the production 
wells. After breakthrough occurs, the temperature 
of the produced water drops and drastically reduces 
the efficiency o f  the whole operation. It is thus 
important to design the system of production and 
injection wells to prevent injected water break- 
through before a specified time, and to maintain 
the temperature variations within reasonable limits 
at the production wells after breakthrough. We have 
successfully adapted a simple two-dimensional, 
steady-state model that was developed by A. C. 
Gringarten and J. P. Sauty of Bureau de Recherches 
Geologiques et Minieres at Orleans, France. Various 
tests have been made on the program and we are 
satisfied that it is working properly. 
is able to handle any arrangement of injection and 
production wells including the effects of natural 
regional flow. 

This program 

Screening of F'roduction Wells from Effects 
of Reinjection 

In connection with the reinjection problem, 
we have developed a new concept of protecting the 
producing well from reinjection effects by means 
of one or more screening wells appropriately 
positioned in between. The basic idea is that by 
producing water from the screening wells, one can 
intercept the cold water and put it back into the 
injection wells. The physics of the idea has been 
worked out, and it is found that the time it takes 
for the cold, reinjected water to break through at 
the production well may be increased by as much as 
a factor of two. After breakthrough, the rate of 
temperature drop at the production well will be 
less when screening wells are used. The opt- 
positions and pumping rates of screening wells can 
be calculated for any distribution of production 
and injection wells. However, we have not yet made 
an economic feasibility study including the cost of 
drilling the extra screening wells. 
A New Numerical Method for the Solution of 
the Diffusion Method 

Among existing techniques, the Finite Element 
Method (FEM) and the Integrated Finite Difference 
Method (IFDM) are two powerful integral fomla- 
tions used to solve the diffusion equation numeric- 
ally. Although these two methods have conceptual 
similarities, each method has some special features 
which give it distinct advantages in handling 
certain classes of problems. 
analysis of their conceptual 
to a hybrid approach combining the special advan- 
tages of both the techniques. We call this new 
technique the Explicit-Jmplicit Finite Element 
Method. Based on this, a powerful computer program 
called FLUMP has been developed to solve diffusion- 
type problems. As part of the theoretical basis of 
this work, the stability and convergence of the 
numerical equation and the convergence of the inter- 
active scheme have been proved, 
the program has been verified by solving a number 

The validity of 
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of problems with hown solutions. The program 
presently considers only two-dimensional or axially 
symnetric flow regions, but it can be extended to 
general three-dimensional problems using block 
isoparametric elements. This new technique and 
program should be of interest in fields of heat 
conduction, ground water flow, and chemical 
engineering. 

PLANNED ACTIVITIES FOR 1977 

(1) Further improvements will be made on the 

Simulation of both vapor-dominated 
computer program handling two-phase fluid and 
thermal flow. 
and liquid-dominated systems will be attempted. 

(2) Our land subsidence program will be 
checked against available analytical and experi- 
mental results. Attempts will be made on actual 
field problems. 

on the reinjection problem in collaboration with 
C. R. Scheier and his group at UCLA. 

(3) An economic feasibility study will be made 

(4) The concept of the screening well will be 
applied to a study of optimal methods for a given 
distribution of geothermal production and injection 
wells. 

(5) Due to the limitation of manpower and 
funding, the further development of the new explicit 

and implicit finite element method will be tempo- 
rarily suspended. 
the possibility of extending the method to convec- 
tive transport will be made. 

(6) hring the second half of FY77, a new sub- 
project will be started to study the double diffu- 
sion of heat and salt in porous media to gain an - 
insight into the instabilities that occur when a 
fluid at a certain temperature and salinity is 
injected into a reservoir with a different tempera- 
ture and salinity. 
reinjection problem and is also important in the 
space-heating problem of hot and cold water storage 
in underground reservoirs for reuse after a few 
months. 

However, exploratory study of 

u 

Such a study is related to the 
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PROPERTIES AND BEHAVIOR OF ROCK-FLUID SYSTEMS AT 
HIGH TEMF'ERATURES AND PRESSURES 

W. H. Somerton 

BACKGROUND 

The objectives of this project are to develop 
methods of and equipment for measuring the proper- 
ties and behavior of rock-fluid systems at environ- 
mental conditions of pressure, temperature and 
fluid saturation which may be encountered in 
geothermal power development and thennal recovery 
methods applied in the extraction of fossil fuels. 
These data are needed in the interpretation of well 
logs in relation to zonal evaluation, in the study 
of fluid and heat flow in relation to subsurface 
reservoir management, and in prediction of well 
bore stability and possible surface effects assoc- 
iated with fluid withdrawal from the reservoir. 
Another objective of the project is to develop 
models and correlations which will permit the 
prediction of thermal, fluid f low,  electrical, 
and mechanical behavior of rocks under a wide range 
of environmental conditions. 

Methods of measuring the desired properties 
and equipment capable of making such measurements 
to temperatures as high as 200°C and pressures of 
1000 bars were developed through earlier projects. 

Support for this project from the Lawrence Berkeley 
Laboratory began in FY1974. 
work has been co leted on a new test facility 
capable of measu all of the desired properties 

tures as high as 5OOOC and pressures to 1250 bars. 
Construction work on this new facility awaits 
receipt of funding. 

temperature rock properties research. The existing 
test facilities have been moved into this space and 
are being used to continue testing' of methods and 
to generate additional data on a widening variety 
of rock-fluid systems. 

ACWLISHMENTS DURING 1976 

Preliminary design 

concurrently on RY the ame test specimen to tempera- 

New laboratory space has been provided for high 

I 
1 

Plans for this period are outlined as follows: 

(1) Continue to seek funding for the new 

( 2 )  Modify the sonic equipment to increase 

I 
1 

test facility; 

signal strength and perfect the stacked 



crystal method for concurrent measurements 
of P and S wave velocities; 

measurements of permeability and formation 
resistivity factors using laboratory sand- 
stones and cores from geothermal areas if 
available ; 

(4) Complete development of the multi-fluid 
thermal conductivity model and complete 
the liquid-solid contact resistance study. 
Continue development of the thermal 
conductivi X probe. Continue study of 
convective eat transfer in porous media. 

(3) Continue the development of concurrent 

Accomplishments in the Above Areas were as follows: 

have been made with several major oil company 
research centers regarding the possibility of 
grants-in-aid to help support construction of the 
facility. 
from three companies and more are expected. 

(2) Sonic velocity measurements: Test equip- 
ment has been modified and tests on three laboratory 
sandstones are nearing completion. Both P and S 
wave velocities are being measured over a pressure 
range of 100 - 650 bars, temperatures from 25' to 
175OC and brine saturations from 0% to 100%. 
results agree with earlier single crystal test data 
over the same ranges of variables. 

(3) Permeability and formulation resistivity 
tests: 
haseen improved to the point that satisfactory 
results are now being obtained. A dynamic method 
has been developed in which penneabilities are 
measured during sample heating which is done at a 
constant rate of about l.S'C/minute. When the top 
temperature is reached (about 190°C), tests are 
continued at isothermal conditions. Other variables, 
such as salinity of the injected water, can be 
investigated at this constant temperature condition. 
Results of one successful test have been pub1ished.l 
Reduction in permeability to distilled water with 
increase in temperature was about 40%. 
reductions occurred as KC1 was added to the flowing 
water reaching about 70% at the limit. Formation 
resistivity factors were measured after the addition 
of KC1 showing an increase in the order of 33% from 
previously measured room temperature values. 

No progress was made on other properties in 
this group, thermal expansion and compressibilities, 
because of the large amount of effort and time 
required to obtain satisfactory permeabilit 
electrical resistivity factor results. 

(1) Funding of new test facility: Contacts 

Encouraging responses have been received 

The 

The high temperature permeability equipment 

Further 

(4) Thermal properties tests: The thermal 
conductiv'itv SDhere-DaCk model was completed and 
tested agaikt- experinental results. bod agreement 
was obtained in most cases. Knowledge of the quartz 
content of the sand or sandstone was necessary for 
good agreement since quartz dominates in determining 
the rock solids conductivity. The model predicts 
thermal conductivity of multi-fluid saturated media 
of known porosity. 

kd 
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The work on liquid-solid thermal contact 
resistance was completed. 
resistance, if it did exist, was very small for 
wetting phase fluids. 
measurable contact resistance value was obtained, 
but even it was found to have a negligible effect 
when included in the sphere-pack model. 
matters are discussed in greater deta-1 in a 

paper in preparation. 3 

equipment has been modified so that studies of 
convective heat transfer effects can also be made. 
This apparatus makes possible the study of natural 
and forced convection in fully liquid saturated 
systems and the VCC (vaporization-condensation- 
capillary) effects in liquid-vapor saturated systems. 
Natural convection is studied by reversing the 
direction of heat flow from vertically downwards to 
vertically upwards. 
by monitoring inlet and outlet temperatures of the 
flowing fluid as well as utilizing the top and 
bottom heat meters and guard heating. Preliminary 
results have been obtained which seem reasonable 
and compare favorably with literature values. 

It was found that contact 

For non-wetting fluids, a 

These 
recently completed Ph.D. dissertation k and in a 

Existing steady-state thermal conductivity 

Forced convection is studied 

Little progress was inade on the them1 concluc- 
tivity probe method which is to be used in the new 
test facility. Bench-top tests showed the method 
to be practical and worthwhile developing for the 
new apparatus. 

The most significant accomplishments are 
sunnnarized as follows. P and S wave velocity 
studies with the two-crystal method confirm earlier 
results which showed a significant reduction of 
both velocities with increase in temperature. 
From these data, the effect of temperature on the 
"intrinsic strength'' (%/ ), and thus borehole 
stability, can be evaluat 3 . The effects of vari- 
able fluid saturation on P and S wave velocities 
confirm that the ratio Vs/V should be a good 
indicator of liquid-gas confacts. Correlation of 
measured velocity values with changes in porosity 
under different pressures and temperatures cannot 
be made until the new test facility is available. 

effects of temperature, pressure, and salinity on 
permeability and formation resistivity factors. 
Large reduction in permeability and increase in 
formation resistivity factor with increased temper- 
ature have con€irmed earlier results. 
salinity of the flowing fluid has been shown to 
cause additional non-reversible reductions in 
permeability, but little effect on formation 
resistivity factor. A systematic study of these 
variables can now be made within the limits of the 
existing equipment. 

The thermal conductivity d e l  has pr 
be very useful for the prediction of the 
behavior of milti-fluid saturated porous 
Knowledge of the quartz content of the rock, its 
porosity and condition of fluid saturation makes it 
possible to estimate thermal conductivity with good 
accuracy. 
accumulated thermal conductivity will make further 

Successful tests were completed s 

Change'in 

Further testing against all of our 



refinements possible. 

PLANNED ACTIVITIES FOR 1977 

Measurements of P and S wave velocities will 
be continued on additional rock types within the 
range of variables possible with the present equip- 
ment. 'Analysis and interpretation of findings will 
be presented in an MS thesis soon to be completed. 
Efforts will be made to correlate these findings 
with changes in porosity under the same environ- 
mental conditions. 

Measurements of permeability and formation 
resistivity factors will be run on porous rocks 
ranging from pure quartz sandstones to limestones 
to establish the effects of increased temperature. 
Ionic concentrations of mono- and bivalent salt 
solutions will be varied systematically in an effort 
to explain the observed phenomenon. 
potentials may be measured if this would be useful 
for the analysis. 

The thermal conductivity model will be tested 
against our large accmulation of t h e w  data. 
Suitable modifications and simplificatib will be 
made so that the resulting equations may be used 
for reliable predictions of thermal conductivity 
of a variety of-Gck types under a wide range of 

Streaming 

environmental conditions. Work will continue on 
convective heat transfer, relating the magnitude 
of this effect to measurable properties of the 
system. u 

If time pennits, additional work will be done 
on the development of the needle probe method for 
measuring thermal conductivity and on further 
development of methods for measuring thennal 
expansion and rock compressibilities appropriate 
to the new rock-properties test facility. 
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'IHERMODYNAMICS OF HIM TEMPERATURE BRINES 

* t K. S. Pitzer, L. F. Silvester and P. Z. Rogers" 

INlTU3DLJC"ION 

An understanding of brines is essential for 
the technical utilization of many geothermal 
resources. Consequently, in 1975 a study was begun 
of the solution thermodynamics of brine systems, 
both simple and complex, weak and strong, covering 
a wide temperature and pressure range, and combin- 
ing both modeling and experimental work. 

thennodynamic data on simple electrolyte systems 
using equations developed by Pitzer and co-workers.14 
The goal of the modeling was to provide a compact 
set of equations capable of reproducing at various 
temperatures and pressures the existing data within 
experimental error up to practical concentrations 
(-6M) in terms of parameters having physical 
significance. The modeling equations for NaCl(aq1 
solutions were integrated into GEOTHM, an LBL 
compute program for modeling geothermal power 

The program to measure heat capacities arose 
because of inadequate literature data on electro- 
lyte systems. The experimental program has two 
goals; (1) to supply data on simple and complex 
electrolyte systems previously unreported, plus 
extending existing data to higher temperatures and 

The initial work involved analysis of existing 

plants. 5 

pressures both along and away from the liquid-vapor 
saturation curve; and (2) to provide a data base 
for checking and refining various models. 

relate directly to electrolyte systems common to 
geothermal brines, the results are applicable to 
such areas as biological fluids, battery electro- 
lytes in aqueous and nonaqueous solvents? plating 
baths, waste effluents, materials corrosion from 
electrolyte system, and marine chemistry. 

Though the modeling and experimental work 

PROGRAM IN FY 1976 AND TRANSITION QUARTER 

Planned activities of fiscal year 1976 covered 
three areas of modeling: 
moderately soluble electrolytes, and moderately 
weak electrolytes - plus the design and start of 
construction of a flow calorimeter-densitometer. 

strong electrolytes, 

A flow design was chosen over the conventional 
Dewar calorimeter since in a flow system (1) no 
vapor space exists which eliminates the need for 
solvent loss corrections, (2) high pressures may be 
easily confined to capillary tubing and readily 
varied, and (3) solutions may be continuously 
changed while maintaining high temperatures and 
pressures. 

L' 



Work completed on the high t 
sure-flow calorimeter-densitomete 
on the f l o w  and pressure systems to 700 bars, tests 
on the temperature bath to 3OO0C, and the initiation 
of design and construction of the calorimeter's 
electronic monitoring instrumentation. 

Modeling of strong electrolytes centered on 
the thermal and voluwtric properties of NaCllaq) 
solutions. The osmotic-activity coefficient data, 
enthalpy data, and heat capacity data on vapor 
saturated NaCl(aq) solutions taken from various 
sources were fitted to a thirteen parameter equa- 
tion. The equation reproduced the osmotic data to 
f 0.005 for canpositions of 0-6M from 0-300°C, 
enthalpy data to f 5-10 cal/mole for compositions 
of 0-5M from 28-100°C, and heat capacity data to 
f 0.5 cal/mole-OK for compositions 0-24 from 
25-2OO0C. Details of the model, data analysis, 
tabulated and graphical displays of the Gibbs 
energy, enthalpy, heat capacity, partial molal and 
excess thermodynamic quantities for compositions 
of 0-6M from 0-300°C are given elsewhere.6 

Volumetric data on vapor saturated NaCl(aq) 
solutions, supplied by the LBL GRID program, was 
evaluated from 0 to 200°C. A model, incorporating 
the Born charging equation, capable 8f reproducing 
the experimental values of and ii2 from 0-200°C 
was developed. 

Modeling work on 
lytes involved evaluation of literature data on 
calcium sulfate systems for both pure solutions 
and mixtures. The aim was to study the temperature 
dependence of the modeling parameters for 2-2 
electrolytes. From the 2 5 O C  dat , a calcium 
sulfate dihydrate Qp (2.53 x 10-5, molal scale) 
consistent with data on pure and mixed solutions 
was determined.. At other temperatures, only 
mixture data was available which proved inade 
for fixing the modeling parameters. 

lytes resulted in equations originally developed 
for strong electrolytes being extended to solutions 
involving dissociation equilibria. Various 
sulphuric acid and phosphoric acid systems were 
analyzed. 
ambiguities formerly inherent in determining 
dissociation constants of weak acids in the pK 
range 1-3; the analysis gave a pK of 2.146 (molal 
scale, 25OC) for phosphoric acid. The model gave 
excellent agreement with experimental data on pure 
phosphoric acid solutions to 6M, and for phosphate 
buffer solutions. The rk 

rately soluble electm- 

The modeling work on moderately weak electro- 

An improved analysis avoided the 

canpleted and published. "s - 

thermal and activity data from 0 to 55OC. Superb 
agreement with solution data at each experimental 
temperature was obtained using an analysis which+ 
explicitly includes appropriate parameter3 for H 
interaction with I$O- (the daminant anion at high- 
concentration as we 4 1 for dissociation of Hso4 
to H+ and SOi 1 . The completion of the sulphuric 

. .- , 
i' 
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acid work is scheduled for fiscal year 1977. 

PLANS FOR CALWDAR YEAR 1977 

'he scope of activities for calendar year 1977 
for the experimental program includes final calori- 
meter-densitometer assembly, materials testing under 
experimental conditions, and obtaining data for 
simple and complex electrolyte systems. 

O f  particular interest will be obtaining data 
on those systems nomally labeled strong electro- 
lytes at room temperature but which show evidence 
of association at higher temperatures. The aim is 
to find under what conditions, if any, the solution 
thermodynamic properties may, or may not, be 
adequately treated without resorting to association 
equilibria. 
electrolyte systems, which are virtually nonexistent 
away fran room temperature, will be of prime impor- 
tance in unraveling what factors influence mixture 
properties. 

with the experimental program, both from the point 
of data analysis, and in suggesting systems and 
conditions for further study. Modeling will cdntinue 
on strong and weak electrolyte systems using the 
available literature data, particularly the sulphuric 
acid, bibsulfate systems, and the combining of the 
thermal and volumetric data for NaCl(aq) solutions 
into a single equation of state. 
NaCl(aq) model will be transformed to a constant 
volume standard state system which allows predic- 
tions off the vapor-saturated liquid line. This is 
very important as a basis for applications of geo- 
thermal or geochemical interest. 

In addition, acquiring data on mixed 

The deling work will be closely integrated 

Finally, the 
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IN-SITU STRESS -: SEISMIC WAVE VEJJXITY 

T. V. McEvilly and C-Y. Wang 

INTRODUCTION 

A field technique for mmitoring in-situ stress 
variations within the earth's crust is being evalu- 
ated ahng with laboratory investigations of measur- 
able physical property changes of crustal rocks 
under conditions of temperature and stress, approp- 
riate to in-situ conditions. 
utilizes a mechanical source (VIBROSEIS~) of 
coherent programable seismic waves and a special 
recording system. Two vehicles with operators can 
conduct repeated measurements of travel times of 
seismic waves reflected from discontinuities to 
depths of over 20 km in the earth. Stress varia- 
tions should be evident in variations of times 
resulting from stress-induced velocity changes. 
In the laboratory, changes in physical properties 
of rocks typical of those being sampled in the field 
are measured for a variety of stress fields and pore 
water conditions appropriate to tectonic conditions 
within the earth. Seismic wave velocity, electrical 
resistivity, and crack formation are monitored with 
transducers and radiography/electrostatic imaging. 
Sane aspects of the research have been supported in 
part by the USGS earthquake studies program. Work 
in FY75 was directed to initial design and fabrica- 
tion of equipment. A well-developed and simple 
method of precise monitoring of in-situ stress 
variation within the upper tens of kilometers of 
the earth would be a major accomplishment in envir- 
onmental monitoring. 
geological hazards and the safety of structures, 
effects of reservoir depletion in geothermal or 
petroleum exploitation, and the prediction of 
earthquakes are some environmental areas where 
in-situ stress change monitoring would be of value. 

ACmLIsHMENTS DURING 1976 

The field study 

Applications to questions of 

It was found mid-year that the special purpose 
field velocity-monitoring equipment was, in fact, 
capable of making repeated measurements of veloci- 
ties within the crust to depths of some 25 km with 
an uncertainty of 1-2 ms (approximately 0.02% 
precision). It was seen that, over periods of 
weeks, no changes in velocity were observable on 
either short-term (tidal periods of 12 hrs) or 
secular time scales at a monitoring site near the 
active San Andreas fault in central California. 
An order-of-magnitude hprovement in monitoring 
precision was found possible through equipment 
modifications made in the sumner of 1976. 
trials conducted in the fall confirmed that we now 
have the capability of measuring variations in 
seismic wave travel-times through the earth's crust 
with a repeatable absolute accuracy of 0.1  - 0.2 ms 
for a total pathtime of about 8 sec, i.e., a reso- 
lution of changes as small as about 0.002% in 
average velocity. This advances the state of the 
art by two orders of magnitude and provides a 
.relatively simple field system of velocity change 
monitoring. 
searching for systematic variations in an area of 
hm stress variations associated with earthquakes 
in central California. 

Field 

Such a development will now pennit 

Investigation of the physical process in rocks 
undergoing mechanical instability has been carried 
out in two directions. In one direction we have 
investigated (with Professor Richard Goodman) the 
change of electrical resistivity and pore-water 
pressure in granite undergoing stick-slip sliding. 
Clear variations of these parameters have been found 
to associate with stick-slip instability; the sense 
of variation has been found to depend upon the 
constraints on the flow of water, namely whether 
water is ree to move in and out of the rock 
specimen.5 It showed that in the "drained" condi- 
tion (i.e., water is free to move in and out of the 
specimen), resistivity decreases by a few percent 
with increasing shear stress on the specimen; the 
minimum coincided with a sudden release of shear 
stress, accompanied by an inmediate return of 
resistivity. This sequence of changes bears some 
similarity to those observed in the field associated 
with some earthquakes. Pore-water pressure, on the 
other hand, increases with increasing shear stress, 
with inmediate decreases occurring simultaneously 
with sudden stress releases. In the undrained 
condition (i.e., water is not free to move in and 
out of the specimen) the senses of variation of 
both resistivity and pore-water pressure reverse 
direction. Based upon these observations, models 
have been constructed for the physical process 
occurring in rock during the stick-slip instability. 

Another direction of investigation has been 
developing a new method for "directly" examining 
the generation and growth of cracks in stressed 
rocks.3 This method combines radiography and 
electrostatic imaging to define the internal 
fractures and has been successfully applied to 
some fine-grained rocks. 

PLANNED ACTIVITIES FOR 1977 

Upon repair of the VIBROSEIS (damaged in an 
accident in October 1976), we will continue monitor- 
ing velocities adjacent to the San Andreas fault in 
San Benito County, California, where seismic activ- 
ity and fault creep are ongoing and, consequently, 
stress changes are expected in the crust. 

The modeling of physical processes during 
stick-slip instability will be continued and its 
relevance to processes occurring at earthquake 
sources will be sought. 
of the gouge material invariably found in natural 
faults will be investigated and its effect on fault 
mvement studied. 

The mechanical properties 

We plan to take radiographic images of a 
stressed sample at several different angles and, 
using these multiple images, to construct a 3-D 
picture of the internal crack, thus surmounting the 
present 2-D limitation in our radiographic study of 
internal cracks. 

patterns from the cracks, using piezoelectric 
transducers mounted at various positions on the 

We plan to pick up the elastic wave radiation 

Lf 
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specimen. In conjunction with a radiographic image 
of the internal crack, the radiation pattern will 
enhance our understanding of the rupture process of 
rocks. 
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NATIONAC GEOIHERMAL .INFORMATION RESOURCE (GRID) 

S. L. Phillips 

DlTRODUCTION 

The National Geothermal Information Resource 
(GRID) of the Lawrence Berkeley Laboratory is 
sponsored by the U.S. Energy Research and Develop- 
ment Administration to develop a comprehensive 
cumpilation of worldwide literature and data design- 
ed to assist in the research and development of 
geothennal energy for both electrical and non-elec- 
trical uses. Included in this compilation is site- 
dependent and site-independent material related to 
geothermal exploration, reservoir engineering, 
energy utilization, physical chemistry; as well as 
to environmental, legal, and economic aspects of 
geothermal energy. 
maintains computerized data bases which provide the 
basis for in-depth literature reviews and critical 
evaluations of the status of data by GRID'S techni- 
cal staff. In addition, computer-produced biblio- 
graphies and data tabulations are generated from 
the data bases. 

1974 with funding provided from the Division of 
Physical Research. 
the Division of Physical Research, the Office of 
Technical Information, the Division of Biomedical 
and Environmental Research, and the Division of 
Geothermal Energy. In addition to ERDA funding, 
GRID is funded by the Electric Power Research 
Institute for a study of brine treatment. 

following aspects of computer data handling: 

The GRID information resource 

The GRID program was initiated in Fiscal Year 

Currently GRID is supported by 

In 1975, emphasis was placed mainly on the 

(1) Applying Berkeley Data Base Management 
Systems (BKY-BDMS) to GRID for 
storage and retrieval; 

(2) Compiling and storing data files on 
computer tapes; 

(3) Developing lnethods for information and 
numerical data extraction from the 
literature; 

(4) Developing input formats; 

(5) Establishing exchange programs with ex 
ing computer data centers. 

1-14 ACcaMpLISHMENTS DURING 1976 

A bibliography has been completed dealing with 
the basic properties of aqueous NaCl, KC1, and CaCl2 
solutions. Numerical data covering viscosity of 
sodium chloride solutions at elevated temperatures 
and pressures have been extracted from reports 
contained in the bibliographic file. The viscosity 
data have been tabulated and work has begun to 
develop equations which will closely fit the exist- 
ing data. 

A brine chemistry data file was established 
jointly with the LBL Geochemical Engineering Program. 
Gnnputer formats and programs were developed for 
handling the data. This file contains numerical 
data on the chemical composition of brines produced 
from selected U.S. geothermal wells. Coverage will 
be extended to include the Cerro Prieto geothennal 
field in Mexico. 

A file on ground subsidence was established to 
include ground subsidence resulting from mining 
operations and petroleum production, as well as 
subsidence associated with geothermal reservoirs. 
A report reviewing data on subsidence in relation 
to geothermal energy production has been issued.l 

hydrogen sulfide is nearing completion. Information 
included in this file covers; environmental effects 
on plants and animals, monitoring methods and instru- 
mentation, H2S recovery processes, and abatement 
procedures. 

Papers dealing with exploration of the East 
Mesa KGRA (Known Geothermal Resource Area) have 
been collected and a bibliography nearly completed. 
The East Mesa bibliography is a sample file for the 
larger worldwide exploration file. 

The files on physical chemistry of sodium 
chloride, brine chemistry, ground subsidence, 
environmental effects of hydrogen sulfide, and the 
exploration file on the East Mesa KGRA were made 
available for computer search and retrieval at the 
request of interested users. 

A study of brine treatment, funded by the 
Electric Power Research Institute, was conducted 

A bibliography on the environmental effects of 
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as part of the GRID program. Brine treatment deals 
with the chemical and physical methods that are 
being used, or might be used for handling geothermal 
fluids to control the formation of scale by silica, 
calcite, or sulfides and to minimize the effects of 
corrosion in pre-utilization, Utilization, and post- 
utilization stages of geothermal p e r  production. 
A draft report was prepared. 

GRID data were exchanged with the U.S. Geolog- 
ical Survey data base in Reston, Virginia, and with 
the Geothermal Research Institute data base in 
Pisa, Italy. 
PLANNED ACTIVITIES FOR 1977 

Compilations on silica solubility, magma, and 

Existing compilations will be kept current 
non-electrical uses of geothermal energy will be 
made. 
and coverage expanded as needed. 

Reviews will be written covering important 
aspects of geothermal energy exploration and 
utilization; environmental effects of hydrogen 
sulfide, exploration at East Mesa KGRA, and others. 

Data evaluation activities (e.g., viscosity of 
NaCl, silica solubility) will continue; a review of 
the findings of various exploration methods at the 
East Mesa site is in progress; and work is continu- 
ing on the bibliography of worldwide geothermal 
exploration. 
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RAWN AS AN EAWIHQUAKE PREDIOR 

A. R. Smith, H. A. Wollenberg, D. F. Mosier 

PROJECT DESCRIPTION 

Russian and Chinese experience suggests that 
fluctuation of radon-222 in groundwater can be used 
as an earthquake predictor. The objective of the 
LBL program is to evaluate this mechanism, and to 
develop techniques and instnnn n ation to accurately 
measure small fluctuations in 52&n in groundwater, 

AcCCMPLIStMENE IN 1976 

(1) Evaluation programs included sampling of 
well waters in the Oroville area, which is experi- 
encing aftershock activity following the 1 August 

1975 earthquake of magnitude - 6. Subsequent y- 
spectrometric analyses indicate some correlation 
between aftershocks and 222Rn fluctuations in water 
from - 200 feet-deep bedrock wells. The statistical 
significance of these apparent concordances is being 
tested, taking into consideration the spatial as 
well as temporal distribution of the aftershocks. 
Discussions have been held with geologists and 
physicists at Chic0 State University to formulate 
a program wherein the bulk of the field work, and 
later the analytical work, will be conducted by 
that University, possibly under an NSF grant. In 
the meantime, active efforts are being made to 
obtain some interim fimding from the Butte County 
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Board of Supervisors. 

(2) Instrumentation to continuously monitor 
222Rn, based on components available at LBL, was 
initially tested on site in Berkeley, then installed 
with the cooperation of the USGS at a well in San 
Juan Bautista on the San Andreas fault. This 
location is within the area of stations where the 
USGS is evaluating other geophysical parameters as 
earthquake predictors. The continuous monitoring 
system has been operating steadily for nearly 3 
months, No significant local earthquakes have 
occurred during that period. 
data shwed a marked periodicity which may be 
related to earth tides. 

on 22&n on soil-gas and deep aquifers, well samples 
were collected and alpha-track detectors emplaced 
at the Nevada Test Site, in conjunction with 
schedules of underground .nuclear explosions. This 
project was done in cooperi)tion with Lawrence 
Livermore Laboratory and USGS personnel. Results 

the well sampling indicate no clear response of 
?jf2~n in deep aquifers to ground shaking from under- 
ground tests. O f  several tests monitored, only one 
(the closest to the detector array) had apprec- 
iable effect on fluctuations in soil-gas9z2Rn 

* I  

Gamma-ray count-rate 

effects of ground shaking 

contents. 1 

(4) act prototype well-water monitoring 
system, based on an NaI (TR) scintillation detector 
and y-ray spectrometer, was designed and assembled. 
The systemwill be field tested in FY77. 

The concept of a y-ray monitoring system 
described, and early results of the Orovil e sampl- 
ing project were reported by Smith et al. ,a and 
were described at the Fall 1976 Annual Meeting of 
the American Geophysical Union. 

PLANNED ACTIVITIES FOR 1977 

(1) &-going continuous monitoring at San Juan 
Bautista, with site support from USGS ; 

(2) Operation of prototype y-monitoring system; 

(3) Formulation of proposal to NSF with Chic0 
State to conduct area water sampling and 
radiometric analyses in the Oroville 
region ; 

(4) Preparation of a report sumnarizing the 
Oroville and San Juan Bautista projects, 
including statistical analysis of Oroville 
data. 

If fmding levels pennit, two research studies 

(1) Development and proof of concept of a 
stem to monitor fluctuations in the 

may be started: 

z2Rn content of natural gas from deep 
resemirs, at the wellhead; 

(21 Evaluation of the concept of tracing the 
history of fluctuations of 222Rn in seismic 
areas by analyzing contents of radon- 
daughter elements in tree rings. 
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IN-SITU PROPERTIES OF SOILS AND SOFI' ROCKS 

J. K. Mitchell,* T. L. Brekke: and W. N. Houston t 

I I NrRO~IoN 

I Recent studies ah surveys have identi 
I need for reliable and impruved techniques for in- 

situ detennination of the engineering characteris- 
tics and properties of soils and soft rocks as one 
of the most important geotechnical problems at the 
present time. Accurate characterization of below 
ground conditions is essential for success and 
economy in underground construction and the utili- 
zation of underground space. Data on subsurface 
conditions are imperative for the analysis of 
problems such as subsidence and ground water 
pollution that may result from the extraction 
(and possible reinjection) of underground fluids. 

I 

. 

Until recently the primary means for gathering 
soil and rock data was through sampling and testing 
of so-called %ndisturbed" samples. Limitations to 
this approach, arising from such problems as sample 
disturbance, the difficulty of preserving or re- 
establishing in the laboratory the in-situ environ- 
mental conditions, and changes in sample properties 
owing to unloading and exposure have been recognized 
for some time. The severity of these limitations 
has become particularly evident as the volume of 
offshore and underground construction has increased, 
hence the emphasis on in-situ testing. 

Accordingly, the primary objective of this 
research is to identify, develop, and implement new 
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and promising approaches for the determination of 
soil and rock properties in-situ. 
objective is to develop methods and practical 
laboratory and field procedures to establish the 
durability and susceptibility of property changes 
of soft rocks after unloading and/or exposure to 
environmental changes. 

The project was started during Spring 1976, 
and work has been focused on the first objective, 
although some separately funded research bearing 
on the second objective has been in progress 
concurrently. 

ACCCWLISHMENE DURING 1976 

A second related 

Although our ultimate goal is the development 
of new, innovative, and improved techniques for 
characterization of subsurface profiles and proper- 
ties, emphasis thus far has been on the in-depth 
review and evaluation of existing methods. For any 
field problem it is necessary to  how the soil or 
rock types, the location of the boundaries between 
them, and the location of the groundwater table. 
In addition analyses of the fluid flow, stability, 
and stresses and deformation in the ground require 
knowledge of permeability (hydraulic conductivity) , 
strength, in-situ stresses, and volume change 
characteristics.' 

In-situ test methods presently used for deter- 
mination of these properties have been studied. 
They include: 

(1) permeability tests by pump-in, pump-out, 
and piezometer methods, including both 
steady state and transient conditions 

(2) the Standard Penetration Test 

(3) cone penetration tests of various types, 

(4) the Vane shear test 

(5) the borehole direct shear test 

(6) pressuremeter methods 

(7) methods for determination of in-situ 

including both static and dynamic methods 

stress 

(8) load bearing tests 

(9) screw plate tests 

(10) down-hole and cross-hole seismic methods 

(11) hydraulic fracturing methods 

As a result of these studies a report has been 
drafted which presents a description of the methods, 
an assessment of the suitability of each for deter- 
mination of different geotechnical parameters, and 
their potential for further development. Extensive 
references are also listed. 
report should serve as a definitive starting point 
for anyone interested in the subject. 

Preliminary study has also been made of several 
less direct approaches t o  the deduction of properties 
in-situ; methods which if further developed might 
prove very useful in practice. Generally these 
involve applications of geophysical methods to the 
determination of the geotechnical properties of 
soils and soft rocks. 

LJ 
When completed, this 

They include: 

(1) nuclear methods -surface and subsurface 
(2) remote sensing approaches 
(3) electrical resistivity 
(4) dielectric measurements 
(5) gravimetric methods 
(6) magnetic methods 
(7) themmetric methods. 

A preliminary experiment has also been done to 
explore the possibility that soil type identifica- 
tion (e.g., sand, clay) can be made on the basis of 
acoustic response during steady penetration by a 
cone penetrometer. 

PLANNED ACI'IVITIES FOR 1977 

The results indicate that it can. 

Activities planned for the forthcoming year 

Completion and publication of the previous- 
ly described state-of-the-art report on 
in-situ measurement of soil properties; 

Further study and evaluation of the suit- 
ability and potential for remote and geo- 
physical measurements to provide data, from 
which quantitative measures of the mechan- 
ical properties of soils and soft rocks 
may be deduced; 

Further study of the usefulness of acoust- 
ical measurements during cone penetration 
tests as a basis for determining soil type. 

Fol'NOTES 

Professor of Civil Engineering. * 
+Associate Professor of civil Engineering. 
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STRESS FLUW BEHAVIOR OF FRACTURED ROCK SYSTEMS 

R, L. Taylor, P.A.Witherspoon, and H. M. Hilber 

1N"RODUCTION AND ACCOMPLISHMEWS DURING 

We directed our attention to physical systems 
which can be approximately described by the partial 
differential equations of elastodynamics. Examples 
of such systems are frequently encountered in 
structural and geotechnical engineering. Consider, 
for example, a system of deformable fractured rock. 
In order to study the behavior of this sys.tem, an 
Initial Boundary Value Problem has to be solved. 
This is done most conveniently and economically by 
employing numerical techniques, such as the Finite 
Element method, which can be implemented into 
computer programs. Here we assume that the spatial 
domain of the considered physical system is discre- 
tized by the Finite Element method. Consequently 
the Initial Boundary Value Problem is replaced by 
an approximating Initial Value Problem, consisting 
of a set of second order differential equations 
(equations of motion) plus some initial conditions. 
Solutions to the equations of motion are most 
conveniently obtained by computational techniques. 
In this work we consider methods which are specific- 
ally designed for solving systems of second order 
differential equations by employing a discretization 
of the time domain and generating approximate 
solutions in a step-by-step fashion. 

Equations describing the dynamic behavior of 
the physical s stems considered here, are, in general, 
characterized gy the fact that their frequency 
spectrum is spread out over a relatively large 
domain of the positive real axis. 
only linear problems have been considered. Hence, 
each frequency is associated with a mode of vibra- 
tion, and the solution of the equations of motion 
can be viewed as the superposition of all individual 
modal response histories. 

of interest. 
unconditionally stable algorithms is generally 
preferred over conditionally able algorithms. 

the size of the time step employed be inversely 
proportional to the highest frequency of the 
discrete system. 
limitation as accuracy in the lower modes can be 
attained with time steps which are very large 
compared with the period 

For unconditionally s 
step may be selected indep 
considerations and thus can result in a s 

f computational effort. 

ddition to being 
when only low mode respons 
often advantageous for an 
form ipation to &pout 

of the higher modes. 
commonly used which possess 

these pro erties are Houbolt's method,l the Wilson 
6-methdj and the Newmark family of methods 

In our study 

In many applications only low mode response is 
For these cases the use of implicit 

Conditionally stable algorithms require that 

In practice this is a severe 

ajg 

restrictp to parameter values of y > 1/2 and B > 
(Y + 1/21 /4.3 

The Newmark family of methods allows the amount 
of dissipation to be continuously controlled by a 
parameter o er than time step. For example, set 

dissipation, for a fixed time step, is increased 
by increasing y. On the other hand, the dissipative 
properties of this family of algorithms is consider- 
ed to be inferior to both the Houbolt and the Wilson 
methods, since the lower modes are affected too 
strongly. 
adequat ly damp the highest modes; see Bathe and 

B = (y+ 1/2) 4 /4 and y>1/2; then the amount of 

(It seems all of these algorithms 
Wilson. s ) 

tional stability. It is recommended l9 that 0=1.4 

example, it is suggested 4 that to integrate a mode 

In the Wilson method, 6 must be selected 
greater than or equal to 1.37 to ma' tain uncondi- 

be employed as further increasing 6 reduces accuracy 
and further increases dissipation; but even for 
6 = 1.4 the method is mor highly dissipative. For 

accurately, 100 time steps be taken per period, 
whereas the generally employed rule-of-thumb is 
ten steps per period for nondissipative algorithms. 
From this we conclude that the Wilson method is 
generally too dissipative in the lower modes, 
requiring a time step be taken that is smaller 
than that needed for accuracy. 

Wilson's and does not permit parametric control over 
the amount of dissipation present. Thus despite its 
shortcomings, the Wilson method is considered by 
many to be the best available unconditionally stable 
one-step algorithm when numerical dissipation is 
desired. 

Houbolt's method is even more dissipative than 

Since it seemed that the commonly used uncon- 
ditionally stable, dissipative algorithms of struc- 
tural dynamics all possessed some drawbacks, a 
research effort was undertaken to see if an improved 
one-step method could be constructed. The require- . 
ments of the desired algorithm were delineated as 
follows: 

' (1) It should be itionally stable when 
app1,ied to  li roblems ; 

which can be controlled by a parameter 
other than the time step. 
no numerical dissipation should be possible; 

(3) The numerical dissipation'should not affect 
the lower modes too strongly. 

We have been able to develop an algorithm 

(2) It should possess numerical dissipation 

In particular, 

which achieves the above requirements and its 
properties are described in Ref. 4. 

family of algorithms which contains the Newmark 
family. A new form of dissipation, called a-dissi- 

We defined and analyzed a three-parameter 
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pation, was introduced by way of these algorithms. 
The new one-parameter family of methods which is 
advocated here is a subclass contained in the 
three-parameter family. 

The unfavorable algorithmic dissipation 
possessed by the Newnark family was demonstrated. 
Furthemre, we showed that a-dissipation is similar 
to linear viscous damping and,in itself,is ineffec- 
tive in the higher modes. The dissipation of our 
new algorithms, which consists of a combination of 
a positive Newmark y-dissipation and negative a- 
dissipation, was shown to have jmpmved character- 
istics. 
new family are presented and its algorithmic damping 
ratio and relative period error are shown to compare 
favorably with those of the Wilson and Houbolt 
methods. 

Results of a stability analysis of the 

CONCLUSIONS 

A new family of unconditionally stable one- 
step algorithms for structural dynamics has been 
developed which possesses improved algorithmic 
Qmping properties that can be continuously 

controlled. 
It was shown that there are members of the new 
family which are mre accurate in the lower modes 
than the Wilson method, yet are more strongly 
dissipative in the higher modes. The new methods 
involve commensurate storage when compared with 
the Newmark and Wilson methods and are no more 
difficult to implement. 
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COAL PARTICULATE PROCESSING 

D. W. Fuerstenau* 

Processing of fine coal particulates is 
expected to play an increasingly important role in 
the nation's wealth and econmic survival. At 
present, coal finds cannot be satisfactorily 
recovered by the conventional methods of extraction. 
Therefore, the aim of this research project has 
been to explore new technologies for their effic- 
ient and economic recovery. 

BACKGROUND 

Coal is one of the oldest sources of energy, 
and it will be the major domestic energy source in 
the United States for the next several years. 
Therefore, we must develop means not only to use 
efficiently the higher grade deposits, but also to 
utilize the vast tonnages of the lower grade, high 
sulphur coal deposits (especially in the Eastern 
United States). 
utilization of coal is the undesirable emission of 
sulphur dioxide gas into the atmosphere on burning 
(e.g., in power plants or coking processes), which 
must be minimized. Such emission is due to the 
notorious presence of pyrite (FeSz) in association 
with coal and shale minerals in natural deposits. 
Although sulphur is also present in coal in the 
form of organic conpmnds, only'pyritic sulphur 
can be removed by mineral processing methods, such 
as froth flotation and leaching. 

One of the major problems in the 

OaJEcTIVE 

The objective of this research project has 
been to explore new methods for improving the 
selective removal of pyrite from coal by froth 
flotation. 
inducing a hydrophilic character to coal particles 
through the adsorption of hydrophilic polymers. 
order to effectively remove pyrite from coal by 
physico-chemical methods, a thorough investigation 
of the characterization of surface-chemical, elec- 
trochemical properties and solubility of pyrite in 
aqueous envirunments must be made. 

h e  such method is based on selectively 

In 

ACCOMPLISHMENTS DURING 1976 

It has long been knm that coal possesses an 
inherent floatability (hydrophobicity), which varies 
with the rank of coal - maximum hydrophobicity being 
for medium- and low-volatile bituminous and semi- 
anthracite coals. It was thought that the hydro- 
phobicity of coal could be reduced by the adsorption 
of hydrophilic polymers such as polyacrylamides , 
starch, etc. Polyacrylamides, which are widely 
used in many industries and easily available, were 
experimented with first. 
anthracite were used in all the experiments. In 
order to find the optimum amount, type and condi- 
tions under which polymers can render coal particles 

"Pure" natural samples of 

Lj 
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hydrophilic, adsorption isotherms of these polymers 
were determined. Using a nephelometric method for 
measuring very small amounts of commercial polymers 
of high molecular weight (> 106), the calibration 
curves for Magnifloc 905N, Separan NPlO, Methocel 
F4Mand Purifloc N-17 have been established. The 
adsorption isotherms of these polymers on minus 
37-micron anthracite particles at pH 7.6 in the 
range 1 - 100 mg/l, showed that approximately 90% 
of polymers were adsorbed on coal. The high mlec- 
ular weight Magnifloc @07) was adsorbed slightly 
more than sparan (106). 

Flotation of Coal 

The modified Hallimond tube flotation experi- I 

ments were carried out to determine the effect of 
polymer adsorption on the flotation of pyrite and . 
f@e anthracite particles. Though our preliminary 
results are not really conclusive, it was confinned 
that polymers do reduce the flotation recovery. 
The flotation of coal was also decreased as the 
suspension pH was changed away from 6.7, in both 
the acidic and basic direction. Surprisingly, the 
flotation recovery of both pyrite and coal behave 
very similarly with regards to pH, even in the 
absence or presence of polymers. However, it was 
expected that xanthate collector (which is used to 
induce hydrophobicity on pyrite) would still adsorb 
selectively on pyrite, thus resulting in the 
flotation and separation of pyrite from the polymer- 
coated hydrophilic coal particles. A number of 
polymers, such as polyacrylic acid, polyethyleni- 
mine, Methocel and combinations thereof, besides 
polyacrylamides were also investigated and the same 
trends in coal recovery were observed. 

Electrokinetic Studies on Coal 

The drop in flotation recovery of coal with 
pH has been explaiped in the literature in terms 
of adsorption of H and OH- ions in the acidic and 
basic pH ranges respectively. We conducted electro- 
phoretic mobility measurements on coal in aqueous 
salt (NaNO3) solutions using a Zeta-Meter, The 
results showed that coal particles were negatively 
charged throughout the pH range 3.5 to 10.0, which 
confirmed the view that a zero point of surface 
charge is not a criterion far coal hydrophobicity, 
as advocated in the literature. Our electrophoretic 
mobility curves were similar to those reported by 
Campbell and Sun. 

Contact Angle Studies on Coal 

In order to investigate the effect of polymers 
on the hydrophobicity (and therefore the floatabil- 
ity) of coal, contact angle measurements were made. 
The equilibrium contact angles were measured on 
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well polished coal samples in aqueous polymer 
solutions by contacting free air bubbles at differ- 
ent locations on the surface of coal samples, using 
the. contact angle goniometer. Because of the non- 
homogeneity of coal samples, about 20 to 30 readings 
of the contact angles were made for each condition 
of pH and polymer concentration, and the statistical 
average was taken as the represatative one (with a 
maximum variation of, 5 degrees). The Yesults 
indicate that t e adsorption of high molecular 

were not very effective in reducing the contact 
angle and hence satisfactory flotation depression 
was not achieved. However, Methocel F4M, a cellu-' 
lose derivative (molecular weight 90,000) was far 
more efficient and a substantial reduction in 
contact angle could be achieved with less than 200 
mg/l of polymer. 

The contact angle mea s also ccmfinned 
the pH effect on flotation. That is, the contact 
angle is reduced as the pH is shifted either direc- 
tion from neutral pH. In the presence of Methocel, 
the drop is even faster a?d at about 166 mg/l and 
pH of 9.1 the contact angle is essentially zero 
which is promising indeed. 

Methocel F4M, which also contains some hydrophobic 
groups, suggests that the mechanism depends on . 
either molecular weight or the presence of hydro- 
phobic groups which interact with the hydrophobic 
surface of coal so that hydrophilic groups are 
oriented away from the surface. 

PLANNED A(;TMTIES FOR 1977 

weight (106 - 10 b/ ) polymers like polyacrylamides 

The success of the low molecular weight polymer, 

@ur plans are to complete the work reported 
here in order to provide background infomation for 
achieving efficient depression of coal by hydro- 
philic or partially hydrophobic polymers during 
flotation processing. Further experiments to 
delineate the important parameters influencing coal 
depression are therefore needed. Mre importantly, 
we plan to direct the work towards the characteri- 
zation of surface-chemical, electrochemical, and 
dissolution behavior of pyrite in aqueous environ- 
ments, because better understanding and more effec- 
tive control of pyrite removal from coal is essen- 
tial. In view of the rather meager published work 
on pyrite characterization and behavior, we plan to 
conduct a systematic investigation on this important 
aspect of pyrite removal. 

Chairman, Department of Materials 
Science and hgineering, University of California, 
Berkeley. 
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HIGH PRECISION MASS SPECl'RCME'IRY 

M. C. Michel 

INTRODUCI'ION 

One of the long-range goals of our geosciences 
research program is to learn more about the composi- 
tion and nature of the earth's mantle through the 
study of volcanic flaws. Xenoliths (melted' inclu- 
sions) in these flows hay represent materials char- 
acteristic of the mantle, with minimal modification 
during ascent. 

The interest in the earth's mantle arises from 
two sources, 
energy production-usable sources are rare compared 
to the potential resource that may be available if 
adequate methods for prediction are developed, and 
2) many valuable comercia1 minerals and ore bodies 
are of geothermal origin. A n  understanding of basic 
heat transport and chemistry of the mantle and its 
interaction with the crust may facilitate the 
discovery of such widely scattered but potential 
abundant resources. 

1) the use of geothermal heat in 

As part of the interest in the mantle, we 
began a program in 1975 to achieve the capability 
of making state-of-the-art Rb-Sr geochronological 
measurements. We also planned to make isotopic and 
chemical measurements by mass spectrometry on rare 
gases in volcanic xenoliths. 
projects was made in early 1976, but due to funding 
problems the rare gas work was terminated, and the 
emphasis of the work was shifted. After consider- 
able reflection and advice of an outside review 
group, it was decided to emphasize the development 
of a reliable very-high-precision mass spectrometric 
technique for the critical 87~r/86~r ratio, using 
the special capabilities of the LBL 5-foot-radius 
isotope separator. 
apply to other areas of research, and in geoscience 
should hasten the use of other parent-daughter 
isotope pairs forl$ychn3010gica1 measurements, 
particularly the sm/ Nd pair. It should also 
improve our ability to search for isotopic anomalies 
due to admixture of, for example, the products of 
neutron induced fission in a geological setting. 
This could be pertinent to the problem of nuclear 
waste disposal. 

isotopic dilution aspects of Rb-Sr geochronology 
were pursued during 1976 but will be de-emphasized 
for the near future. 
mass spectrometry became available in the fall of 
1976 and work is now proceeding. 

ACCOMPLISfMENTS DURING 1976 

Progress on both 

This work, if successful, will 

. 

Work toward the chemical separation and Rb 

Funding for the high precision 

The rare gas measurements required reactivation 
and some modification of an older, bakeable, 6-inch- 
radius mass spectrometer. We had successfully oper- 
ated this instrument and had designed and started 
fabrication of a complex gas release and purifica- 
tion system when the decision to terminate this 
phase of the work was made. 
results are available, but we have simplified 
techniques and have ideas for technical improvements 

No experimental 

which we can apply to future work. 

The Rb/Sr geochronology is split into two 
Tarts; the actual high precision isotopic measure- 
ments on Sr, and the chemical analysis of both Rb 
and Sr in the geological s Because the 
total variation of the 87 Sr/ ??' Sr ratio in most 
samples is only a few percent, high precision is 
necessary to differentiate between samples. Signif- 
icant differences in geological context can result 
in isotopic ratio differences of only one part in 
104 or less. At the inception of our wor reliable 

rarely published, and only one laboratory demonstra- 
ted ay analytic capability as precise as a few parts 
in 10 . 

As one increases the precision of the isotopic 
measurements, the chemical analysis precision of Sr 
and Rb must also increase since made from isochron plots of 87 Sr/ %g Sr versus Rb/Sr 
chemical abundance ratios. The appropriate preci- 
'on in &/Sr is less than that required for 87sr/ 

%r, but the demands increase together. Since 
most practical chemical methods fail at about the 
1% level, isotopic dilution analysis by mass 
spectrometry is the usual solution. We therefore 
modified our 12-inch-radius mass spectrometer for 
use as an isotopic dilution machine for Rb (Sr can 
be measur by 'sotopic dilution simultaneously with the @Sr/ 88 Sr measurement),, and appropriate 
techniques were developed to detect and measure Rb 
in various reagents and vessels in order to check 
the sources of contamination from the processing. 
We easily achieved the ability to detect sub-pico- 
gram quantities of Rb in solutions of as much as 
several milliliters. 
most operations were usually considerably higher. 
Taking into account the size samples likely to be 
available, and the limit of 0.3% precision set by 
the mass spectrometer data readout (improvable only 
at considerable cost), a "background" of 50 - 100 pg 
of Rb seemed tolerable as an upper limit. Although 
there have been problems, a method for doing this, 
without clean-room techniques, has been developed 
and tested thoroughly with blank runs. With rare 
exceptions, the contamination levels are below the 
chosen limits, although in the absence of completely 
protected laboratory space there are occasional 
events somewhat above our desired limits. These 
should present no problem for most work and the 
means for further reduction is obvious, but costly, 
and can be justified only by a more vigorous 
research program. 

sequential and repetitive measurement of the two ion 
beam intensities and the results averaged. Because 
the best ion sources have unavoidable intensity 
fluctuations, this method has precision limits that 
are obviously related to the rapidity with which 
the sequential measurements can be made and how 
constant the ion beam is at the time of measurement. 
The method is adaptable to computer control. As 
simultaneous collection of the two isotopes, which 

reports of data precise to one part in 10 $9 were 

erences are often 

However, "backgroundvt Rb from 

The 87Sr/86Sr ratio is normally determined by 
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\requires a large radius mass spectrometer, would We have concluded that a precision of one part 
result in some improvement, our 5-foot-radius in 105 can be attained through careful attention to 
isotope separator was adapted to make such measure- noise elimination and other electronic techniques. 
ments. We are testing these ideas and plan to achieve a 
indicate that a precision of - 6 parts in 10s is reliable system for measurements to this level of 
relatively easily attained. The limitations seem precision during 1977. Also, we will learn if any 
to be purely electronic in the readout process. ion-optical or other non-readout limitations exist, 
Measurement times are quite short (- 10 - 15 min) and we should be able to test the reliability of 
so that sample preconditioning and pumpdm are 
critical factors for sample analysis. normally used in Sr/Rb work. 

the feasib'lity of extension to a precision of - 1 
PLANNED ACTIVITIES FOR 1977 

The results with crude readout techniques, 

..the internal linear fractionation correction 
Preliminary work on 

part in 10 & should be done in this fiscal year. 

ELIMINATION OF 248& AS A POSSIBLE PROGENITOR OF 
CXWNACEOUS CHONDRITE FISSION XENON 

D. A. Leich an4 S, Neimeyer 
' a n d  

M. C. Midel? 

It has been suggested by various authors that 
spontaneous fission of 248011 may be responsible, 
at least in part, for the heavy-isotope anomalies, 
known as the CCF component, in xenon extracted fran 
carbonaceous chondrites. 
hypothesis, we have measured the isotopic spectrum 
of xey fission products from a 97% isotopically 
pure 2 bn sample. The products of spontaneous 
fission of 248& were found to be mixed with the 
products of heavy-ion induced fission reactions. 
The latter cmponent was produced in a prior use 
of the 248011 sample as a target for a heavy-ele- 
ment synthesis experiment. Fortunately, the in- 
duced-fission component accounts for only - 10% 
of the observed Xe yields, and its composition can 
be estimated sufficiently well to allow a fairly 
precise determination of the isoto ic composition 
of xe from spontaneous fission of j480II. 

The da ta  also allow two other estimates of 
the spontaneous fission yields, the first from a 
small amount of xenon released at 500°C from the 
alminum foil enclosing the sample, and the second 
from a reheating performed following a one-month 
accumulation of new fission products. After fairly 
large corrections for incomplete decay of pre- 

In order to test this 

cursors to 131Xe and 132Xe, these independent 
estimates of the spontaneous fission yields are in 
reasonable agreement with the estimates based on 
the initial outgassing of the sample, corrected as 
described for the induced-fission component. The 
test estimate of the composition of Xe from spontan- 
eous fission of 248~31 is as fo1lows: 

134Xe/13%e = 1.966 L 0.015, 132Xe/13%e = 0.81 

+. 0.03 and l3lXe/l36Xe = 0.49 f 0.04. 

These results are totally inconsistent with any 
of the various estimates of the CCF composition, 
implying that if spontaneous fission of 248011 con- 
tributed at all to the CCF component, the contribu- 
tion was relatively minor. 

FooTNoTEs 
* 
Physics Department, University of California, 
Berkelw. 
'Energy 6 Environment Division, Lawrence 
Berkeley Laboratory, Berkeley, California 

MODELING OF THERMAL RECOVERY OF OIL FRCM WICK, 
DIPPING PETRDLELM RESERVOIRS 

W. H. 

INTROWCTION 

The principal objective of this project is to 
develop a mathematical model for the thermal re- 
covery of oil from thick, dipping petroleum reser- 
voirs in which gravity override is a major problem. 
Gravity segregation between injected air and reser- 

Somerton 

voir oil usually occurs in the in-situ combustion 
process, often giving rise to premature break- 
through of the air into producing wells. The ineffi- 
cient utilization of oxygen which results necessi- 
tates early termination of the burn and thus fail- 
ure of the project. 
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Thermal recovery processes, involving heat 
and mass transfer in porous media, are complex and 
are difficult to describe physically and mathemati- 
cally. Development of a mathematical model based 
on fundamental concepts of mass and heat transfer 
would seen to give the greatest hope of under- 
standing the roles of the many variables involved. 
The gravity override phenomenon is probably con- 
trolled by many variables such as the ratio between 
horizontal and vertical permeabilities, o i l  vis- 
cosity and its change w i t h  temperature, rate of 
a i r  injection, magnitude of heat losses of sur- 
rounding beds, reservoir thickness and dip, well 
spacing distance and patterns, etc. The mathmati- 
cal model currently being developed w i l l  be used 
to study the interrelationships between these 
variables and their effects on the performance of 
the in-situ combustion process. 

is to provide supporting infomation for testing 
and applying the model. Heat transfer data, 
knowledge of the effects of temperature on physical 
properties involved in the m o d e l  and reliable com- 
bustion data are required for this p u p s e .  A l l  but 
the combustion data are now being generated in the 
present laboratories. Reliable combustion data w i l l  
require additional funding to  construct an adia- 
batic combustion tube. 

The mathematical model w i l l  be tested with 
field data from such projects as the Cities Ser- 
vice Bodcau Field Trial. However, because of limited 
instmentation possible in field projects, a large 
scale laboratory tes t  facil i ty w i l l  be required to 
test  the model completely and to  evaluate fully the 
effects of the variable factors. Additional funding 
w i l l  be required for this purpose. 

1975, but the first funding was received for 
FY 76. The initial phase of the work consisted of 
reviewing the published literature on field case 
histories and theoretical models describing the 
in-situ canbustion process. 

A second very necessary part of this project 

This project was f i r s t  started in Spring, 

ACCWLISMENTS DURING 1976 

Review of the published literature con- 
firmed the importance of gravity override in  many 
in-situ cambustion field projects and showed the 
lack of an adequate theoretical basis to study the 
problem. 

The plan for this year was to  develop a 2-D 
mathematical model to  simulate the in-situ com- 
bustion process in a thick, inclined o i l  reservoir. 
By varying the magnitudes of different parameters 
in the model, the interrelations between the vari- 
ables and their effect on the canbustion process 
would be studied. 

Laboratory experiments were also planned to  
provide a basic understanding of the heat transfer 
m e c h a n i s m s  in  porous media in  the presence of 
&tiphase fluid saturation and flow. 

mass transfer process were formulated and ex- 
pressed in f ini te  difference form. The main sub- 
routine for solution of these equations was de- 
veloped based on SIP (Strongly Implicit Procedure). 
The subroutine was tested for a two-liquid imnis- 
cible displacement problem, for which the solution 
was known, and satisfactory results were obtained. 
Work was started on testing the routine for a gas- 
liquid displacement process in which gravity over- 
ride could be expected. Preliminary results again 
indicate that the solution technique is successful. 

apparatus was modified to pennit the study of 
natural and forced convection in porous media. W i t h  
careful guard heating it is possible to  make a com- 
plete heat balance in  the system and thus the unn- 
bined modes of heat transfer can be studied. Pre- 
liminary results show that this apparatus w i l l  pro- 
vide useful data relating heat transfer character- 
istics to  the physical properties of the system. 

PLANNED ACTIVITIES FOR 1977 

model of in-situ combustion during 1977. A param- 
eter study w i l l  be made to evaluate the effects of 
the variables l isted earlier. The model w i l l  then be 
used to  optimize the controllable variables such 
as we1 spacings and patterns, rates of a i r  injec- 
tion, h production scheduling for the producing 
wells. EZorts w i l l  also be made to tes t  the model 
against actual field results. 

provide basic data on flow and heat transfer prop- 
erties. Final designs w i l l  be completed for the 
adiabatic combustion tube and the large scale lab- 
oratory test  facil i ty in preparation for anticipated 
funding in FY 1978. 

The basic equations describing the heat and 

Existing steady-state thermal conductivity 

It is planned to  carrplete the mathematical 

Laboratory experiments w i l l  be continued to  

HIGH-TEMPERATURE PROPERTIES OF SILICATE LIQUIDS: APPLICATIONS 
TO ?HE EQUILIBRATION AND ASCENT OF BASIC MAWI 

* 
I. S. E. Cannichael, J. Nicholls, F. J. Spera, 

B. J. Wood,* and S. A. Nelson 

High- temperature heat content measurements to  derive partial molar heat capacities of SiOZ, LJ 
have been made on a series of s i l icate  liquids, 
which in conjunction w i t h  published data, are used 

Ti02, Al 03, FezO3, FeO, MgO, CaO, Na$l and 
K20 in  ?de temperature range 1200-165 K. Only 
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appears to be conpiositionally dependent, and 
the Fe+2 est evidence suggests that there i s  no ex- 
cess heat capaciv a. = a). In combination with 
calorimetric data ~IKI the effect of pressure on 
the fusion temperature of solid compounds, a con- 
sistent set of enthalpy, entropy and volume data 
have been derived for the liquid compounds 
CaMgSiz06, NaAISi,$)s, KA1Si30s, Fe2Si04 and Ti02. 

using activities (relative to a liquid 
S state) calculated at 1 bar for a range of 
laws, the equilibration pressures and tempera- 
tures of laws with a lherzolitic source material 
are calculated, and for basanites indicate 22-25 
kbar and 1310-1360?2. The regular solution fonrm- 
lation used- in these calculations gives 
estimated errors of 40°C and 5.7 kbars when cm- 
pared to experimental equilibria. It is suggested 
that one of the thermal responses of ascending 
alkali basalt magma to engulfing cooler lherzolitic 
nodules could be the precipitation of megacrysts, 
and the calculated equilibration pressures and 
temperatures of the Segacryst assemblage (16-20 
kbar, 1220-1240 "c) are in accord with this. 

as the last stage in a sequence of chemical and 
thennomechanical instabilities is pointed out. 

The importance of v i  volcanic eruptions 

Equations expressing the conservation of energy, 
mass and momentum on a macroscopic scale are given. 
The high Rayleigh numbers appropriate for even the 
relatively small magma volumes of erupted alkali 
basalts indicate turbulent flow-regimes with char- 
acteristic thermal convection velmities of the 
same order as nodule settling velocities. There is 
a significant partial melting effect in the mantle 
sumunding an ascending diapir if buoyancy is a 
significant force acting to drive the magma up- 
wards. The effect of latent heat and convective 
heat losses on the thermal budget of a rising 
diapir has been calculated and shows the assmption 
of adiabaticity is often unwarranted -- even for 
rapidly ascending magma. Finally, mass transfer 
rates due to convective diffusion have been cal- 
culated for all the major components in a basic 
silicate liquid. Integral mass exchange depends 
inversely on the ascent rate and is quite small for 
the rapidly ascending alkali basalts. 

FooTNoTEs 
* 
Department of Geology, University of Calgary, 
Alberta, Canada 
'Department of Geology, University of Manchester. 

AssE!WENT OF THE OFF-SHORE (xaERcIAL SAND AND GRAvEk m I A L  ON 
THE CENTRAL CALIFORNIA CONTINENTAL SHELF 

P. Wilde' and W. B. N. Berry' 

Sand and gravel are the second most valuable 
non-petroleum mineral cmodities produced in 
California. In 1973, sand and gravel accounted for 
a dollar value of $162,290,000 or 21% of the value 
of minerals produced in the state.1 However, the 
growth of metropolitan areas, which, on one hand, 
increases the demand for sand and gravel as aggre- 
gate, on the other hand, produces situations which 
inhibit or will eventually prevent utilization of 
many land based aggregate resources. The recogni- 
tion of potentially valuable sand and gravel bars 
and banks will provide planners for the future with 
reasonably accessible, recoverable sources of 
aggregate with which to meet the needs of the urban 
areas around San Francisco and San Jose. If the 
potentially useful sand and gravel deposits are 
identified at this stage of long-range pl-, 
then appropriate consideration of the ecological 
consequences of mining these deposits m y  be con- 
sidered before the real need exists. This project 
concerns the identification of sand and gravel 
deposits in the Central California near-shore areas 
that m y  be considered for their comercia1 po- 
tential. 

The University of California hseum of 
Paleontology has among its collections a group of 
about 3,000 samples taken from the California con- 
tinental shelf and beach areas north of Point Con- 
ception. Many of these samples (hereafter referred 
to as the HEL collection) have been examined for 
grain size distribution. We will use the HEL col- 
lection and the data concerning marine sediment 
grain size to compile maps showing the distribution 
of grain sizes on the Central California off-shore 
and permitting the analyses of this distribution. 
?he maps will also help in defining bodies bearing 
sand and larger particles of mercial value. 

ACCOMPLISMJiWS W R I N G  1976 

As of 1 January 1977, approximately 3/4 of 
the HEL collection has been checked for punching 
errors against an initial computer compilation and 
the sediment descriptions placed in a standardized 
format. The initial computer compilation (un- 
checked) has been programed for map displays, and 
preliminary maps of sediment location, median grain 
size, and sorting coefficient have been produced 
for a selected off-shore strip (see Fig. 1). 
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Fig. 1. Selected off-shore strip. (XBL 773-7925) 

The project objectives for 1976-77 were to (A) 
insure that the HEL collection is stored in an 
orderly manner and that the information in the 
computer base correlates with the actual sample 
locations and descriptions, and (B) display four 
grain size parameters: (1) median grain size, 
(2) sorting coefficient, (3) skewness, and 
(4) kurtosis, for stations in the collection where 
sufficient grain size analytical work has been done. 
The purpose of these maps is a preliminary delinea- 
tion of the potential econgnic off-shore sand and 
gravel deposits. 

At the end of the project year we will have: 
I. A corrected computer print-out catalogue 

of the HEL collection including HEL stations in 
consecutive order; position in latitude and longi- 
tude; sampling device; sampling time in hours, day, 
month, year; depth; location- intertidal, shelf, 
beach, etc. ; sediment description; key to publica- 
tion of data; and field number. Raw grain size data 
will be in an additional section of the catalogue 
by consecutive HEL number weight of sieve catch in 
grams; by standard mesh number; millimeters, and 
phi units. 

11. A strip-map atlas showing locations of 
stations and individual maps of the grain size 
statistics; median grain size, sorting coefficient, 
skewness, and kurtosis for the Central California 
off-shore also will be produced. 

1977-78 OBTE~TIVES 

Under the current Sea Grant project (WCZ-37), 
grain size information from the analysed samples is 
being filed in a computer for processing and gen- 
eration of computer-plotted maps showing mean grain 
size, sorting coefficient, skewness, and kurtosis. 
For the Sea Grant project year 1977-78, it is pro- 
posed to (1) complete size analyses of the samples 
in the HEL collection not yet sieved, (2) up-date 
the grain size maps generated in 1976-77 with this 
new data, and (3) produce a map showing the cmer- 
cia1 value of the analysed samples in dollars per 
ton based on grain size/price schedules for San 
Francisco Bay Area aggregate. From such a map, areas 
of potential interest for commercial extraction may 
be identified for environmental impacts. All the 
data obtained from sample analyses are being pro- 
cessed using computers for eventual retrieval in 
user-specified formats (maps, charts, listings). 

FOUINTES AM) FEFERINCE 
* 
Project funded by Department of bunerce/Sea 
Grant (WCZ-37). 
'Energy 6 Ehvironment Division. 
*Department of Pa meum, 
University of 
1. F. F. Davis and J. R. Evans, Mineral Production 
in California, Calif. Geol. 21, 128 (1974). 

C€MPILATIONS OF MARINE GEOLOGIC AND OCEANOGRAPHIC DATA OFF ?HE 
WEST COAST OF ?HE UNITED STATES 

* 
P. Wilde, T. E. Chase: and W. R. Normark' 

Recognizing that the rational utilization on adequate but also readily accessible infohnation, 
LBL in co-operation with the U. S. Geological Survey 
and other marine data sources on the west coast 

and management of the energy resources in or 
transported through the marine environment depend 
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Fig. 1. Oceanographic data off central California 370 to 40" north in- 
cluding the Delgada Deep Sea Fan. 

California) to 49"N (U. S, - Canadian border) in 
3" segments. 
sheets, the Monterey and Delgada sheets (see Fig.1 

Farmeter Mmterey and m- for Delgada base chart), are complete. The bathy- 
metric base is a Mercator projection 3000 series, 
which will encourage their use at sea. Depths are 
given in corrected meters and the contour interval 
is 100 meters. Supplementary maps and charts, at 
smaller scale, serve as indices to data available 

X on gravity, magnetics, etc. (see Table 1). Other 
types of data not representable on maps include 
sub-bottom profiles and columnar sections from the 

Table 1. Sqplanentary maps and charts. The first edition of the two southern 
5M)oscrics Prqv~ed ROpOsed 

M@ regioasl mrthmk 

ELiP sites X 
epicenters X 

Gecmorphic featurn X 
X 
X 

Bfzgnctics 
F'hysical Cceanogmphic stations X 
sedilnent stations X 
Sh-bot- profile tracks X 

X 

Wave directicm @ruposed) X categories ; (1) published papers and books, 
CoDlperCiol fish catch X (2) reports of limited circulation, and (3) aca- 

demic theses. Sources of navigational information Geostmphic flnr @&nthly) X 
wan thiclmess of rurfaca layer @&nthly) 

X and lists of charts and maps available are in- 
cluded. Temperaam X 

150 Meter 19 year lean 0 X to provide a vehicle of convenient size which can 
&iLity X X be revised and modified as new information is Temperahve received and which summarizes the pertinent marine 

Pressure system geologic and oceanographic data for a given area, 
with reference to the original data that can be 
used both as a planning document for upcaning 
cruises and as a working chart during shipboard 

FOOTN(JTES AND PUBLICATIONS 

E%nr 

EE =-2g%lY.) X Deep-sea Drilling Project. References are listed by 

15okte-r & $ g p Y )  
X 

X The major objective of this compilation is 

X X 
X 

X 

sea cmditirms (seasonal) X operations. 
SIrfaCe Qprents (seasonal) X 
slpfacewirds (Kascmal) X 
storm tracks X 

X 
X 

&hate 
profiles (N-S) (E-W) 

salinity 
Tenperaam 
 steric 8ncZlsly 

* 
Energy & Environment Division. 

are produc- a series of one sheet compilation 
charts. These charts are map base presentations of 
bathymetric, marine geologic, and oceanographic data 
providing s m r y  references to such data available 
within about 400 Ian. of the west coast of the 
United States. A series of five charts will cover 
the west coast from 34"N (Point Conception, 

' U. S. Geological Survey, Pacific-Arctic Branch, 
&do Park, California. 
T. E. Chase, W. R. Normark, and P. Wilde, 
Compilations of Marine Geologic and 
Oceanographic Data off the West Coast of 
the United States, Geol. Soc. American Ann. 
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Mtg. Denver (1976). 

P. Wilde, W. R. Nonnark, and T. E. Chase, 

Oceanogra hic Data off Central California 

Pub. 92 (1976). 
37" to 4 8 North, Lawrence Berkeley Lab. 

RARE EAR'I€l AND (31HER "RACE EJZMENIS IN HISTORIC M O W  LAVAS* 

+ * H. Bowman,+ M. F. J. Flower and H.-U. sclrmincke 

Rare earth elanent (REE) and other trace 
element campositions of 16 lavas from all historic 
and 2 prehistoric eruptions on 5 islands of the 
Azores Archipelago show notable intra- and inter- 
island differences. Fe enrichment and llcgnpatiblell 
elemmt depletion due to fractional crystalliza- 
tion have been superimposed on variations estab- 
lished in the source area. Fractianation of 
La/Sm, U/Th, K/Na and "large ion lithophile" (LIL) 
element abmdances are probably related to variable 
fusion of a source periodotite whose LIL element 
distribution cannot be exactly specified in view 
of its possible heterogeneity. Relative light-REE 
enrichment in basalt appears greatest on the 
rpotassic'l island S o  Miguel, the more sodic island 
Fayal and one lava frcan Pico, and least in basalts 
from the "sodic" islands Terceira, S o  Jorge and 
Pia. This variation is matched by most other LIL 
elements, although P shows unexpected enrichment in 
Terceira lavas, otherwise the least LIL elanent- 
enriched and most heavy-REE-enriched. Upper mantle 
phase chemistry is probably critical in establishing 
the patterns. In particular, P-REE covariance may 
reflect phase stabilities of apatite and (P-bearing) 

garnet in the upper mantle. Distribution patterns 
of REE in the historic lavas are similar to those 
of basalts fran the Atlantic median rift at the 
crest of the Azores lplatformll. Transition to 
light-=-depleted rift-erupted basalts to the 
southwest is believed to be step-wise with in- 
creasing water depth, possibly indicating retention 
of a light-REE-rich phase in the residue from par- ' 
tial fusion as intersection of geotherm and per- 
idotite solidus occur at lower pressures. The 
source mantle for the Azores basalts is probably 
light-REE- and LIL element-enriched but we find no 
evidence so far to suggest its arrpl'acanent by 
thermal lplume'l activity. 

FcnnmEs 
* Journal of Volcanology and Geothermal Research, 1 
(1976). 
'Lawrence Berkeley Laboratory, 
University of California, Berkeley, California. 
'Institut fiir Mineralogie der Fbhr-lJniversitZt, 
Bodnnn (Federal Republic of Germany). 
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INI'ROIIUXION 

Controlled Thermonuclear Research Program 

Ihe Plasma physics and Controlled-Fusion 
Research Program a t  the Lawrence Berkeley Laboratory 
is divided into five projects: 

1. Plasma Production and Heating Experiments 
2. Plasma Theory 
3. Atomic Physics Studies 
4. Tor~nac Project 
5. Neutral-Beam Development and Technology. 

A l l  of these are parts of the coordinated 
program of EXDA's Division of Magnetic Fusion 
Energy. The Tonnac Project is in  addition parti- 
a l ly  supported by the Electric Power Research 
Institute. 

The projects are l isted here in the order of 
increasing magnitude, as regards manpower and 
budget at  LBL. By far the largest is the Neutral- 
Beam Development and Technology Project. I t  is 
carried out as a joint  program with the Lawrence 
Livemre Laboratory, and in fact it is admin- 
istered through LLL and handled as a subcontract 
t o  LBL. We are including it here for completeness 
sake, but we are restricting our report t o  the 
work done a t  LBL. Only very brief summary state- 
ments are made because a description of this  pro- 
ject appears i n  the annual report on magnetic 
fusion energy issued by LLL. 

i n  the U.S. as w e l l  as abroad, and the current and 
future mirror confinement experiments a t  Livemre 
depend on powerful and intense, lau-divergence 
beams of neutral hydrogen (or deuterim) atoms for 
the production of their  hot plasma. I t  is there- 
fore not surprising that the neutral-beam injector 
problem has been given the highest priority within 
the Development and Technology category of the MFE 
program. 

In 1976 a large new test stand and associated 
power supplies were c d s s i o n e d ,  capable of 
handling beam pulses of 20 A ion current and 0.5 
sec duration. An accelerating voltage of 70 kV was 
reached. Eventually the ion energy is schedul-ed t o  
reach a value of 120 kV, the design figure for the 
Toroidal Fusiori Test Reactor a t  Princeton. The 
presently tested pulse length of 0.5 sec is ade- 
quate, and the entire approach proved to be 

Present and future large tokamak experiments 

pramising enough, so that LBL was  selected to  de- 
velop, build, and test the prototype injector sys- 
tem for the TFTR. 

Ihe remaining four projects l isted above have 
the following unifying features: Both Plasma 
Production and Heating Experiments and Atomic 
Physics Studies are largely serving the function of 
basic support for the neutral-beam work. ?he first 
is concerned primarily with the inprovement of our 
understanding of ion sources and similar matters of 
relevance to  the neutral-beam injectors. In 1976 
the effort concentrated on the development of com- 
puter models for the source, and on diagnostic 
work needed to  supply experimental input data for 
these models. The atomic physics is aimed a t  
supplying missing data on fundamental processes, 
such as certain charge-transfer cross sections or 
negative-ion production mechanisms. The most 
striking result here was  a surprisingly large nega- 
tive ion yield for D+ passing through Cs vapor at  
energies belaw 1 keV. 

The theoretical effort has been diversified, 
but as in  previous years the enrphasis has been on 
nonlinear processes i n  plasmas, of interest to  con- 
trolled fusion because of their  relevance to  
plasma heating schemes. 

A substantial fraction of the Plasma Theory 
is carried out in  support of the Tormac Project. 
The la t ter  is our only direct contribution to  the 
magnetic confinement problem i n  controlled-fusion 
research. The Tormac, short for toroidal inagnetic 
cusp, is one of several so-called "alternate con- 
cepts." The la t ter  are being worked on in  the 
Uruted States as back-ups, in case unexpected dif- 
ficulties arise i n  the mainline developments of 
tokamaks or  magnetic mirrors, or  in case a new con- 
cept is found leading to  a superior or more eco- 
nomical fusion reactor. 

The major. achievements in the Tormac Project 
i n  1976 have been the completion of and first ex- 
periments with the 1-m diameter Tormac V installa- 
tion. I t  is too early to  quote results fran 
Tormac V. Most of the remaining effort dealt w i t h  
development and application of new diagnostics. 
Several of the latter have been used on Tormac N, 
which has been yielding very encouraging results. 

PLASMA F'RODiJClTW AND HEATING 
(ION SlXiRcE RE!awx). '3 

. R. Caw, C. F. Chan, W. S. Cooper 
W. B. Kunkel, and K. F. Schoenberg 

ION SOURE MODELING tral injection for heating and/or fueling can be 
greatly affected by the choice of parameters used 
in the neutral-beam source design. I t  is therefore 
important'to understand the basic physical condi- 
tions of the process controlling the properties of 

(C. F. Chan and W. S. Cooper) 

The designs and costs of magnetic-confinement 
CI'R experimental devices and reactors that use neu- 
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the plasma ion source. We have developed a com- 
puter model for the study of this problm. In an 
idealized way the model describes a one-dimensional 
discharge bounded by two insulated parallel walls. 
The Poisson equation and the ion equation of mo- 
tion are solved simultaneotgAy with a set of 
boundary conditions describing neutral gas influx 
through one wall, local ion generation due to elec- 
tron-neutral collisions, and ion and neutral loss 
through the other (partially transparent) wall. 
Electrons have been described either by a single- 
component or a two-camponent Boltzmann distribu- 
tion. A preliminary camparison between theoretical 
Predictions of the model and available data from 
an operating LBL plasma source show agreement with- 
in experimental errors. The model is also used to 
do exploratory calculations for situations with 
various different sets of input parameters. For ex- 
ample, it is found that lengthening the axial di- 
mension can significantly improve the gas effi- 
ciency of the device, though we realize that other 
effects not yet included in the model might cause 
complications. For a given input neutral flux, in- 
crease in the transparencies of the extracting wall 
for both the ions and neutrals can greatly in- 
crease the output ion current if the peak electron 
density is maintained. For a specified output ion 
current density, a minimal input neutral flux can 
be found by varying those transparency factors as 
well as other parameters. 

model electron energy balance, ion composition, 
ion-ion scattering, magnetic reflection of ions 
and electrons on the neutral-flux-entrance wall, 
etc. 

Further work is planned to include in the 

THEORY OF THE ELECTRON DISRIBUIION FUNCTION IN A 
PLASMA SOURCE 

(J. R. Cary) 

The most important parameter in the analysis 
of any discharge is probably the electron veloc- 
ity distribution function. In the past it was 
assumed that the electrons in the LBL plasma 
source consisted of Maxwellians or monoenergetic 
primaries plus cold secondaries, as approximations. 
In order to improve t h i s  model, a computer calcu- 
lation was done during 1976 which predicts the 
electron energy distribution function in our 
plasma source. This calculation includes the 
effects of electron-electron collisions and elec- 
tron-neutral collisions, but it does not include 
possible collective effects. The calculation 
requires five experimental parameters as input: 
the arc current, the arc voltage, the neutral gas 
density, and the density and temperature of the 
cold electrons in the source. From the calculated 
electron distribution function, the Langmuir probe 
characteristic is calculated and compared to ex- 
perimental measurements. The theoretical curves 
agree with the experimental curve within experi- 
mental error. 

above has allowed two general conclusions t o  be 
drawn. The first is that collective effects are 
not needed to explain existing experimental data 
regarding the electron distribution function in the 
plasma source. The second conclusion has to do with 
determining electron distribution functions from 

The success of the calculation described 

Langmuir probe characteristics. Although the cal- 
culated distribution function was highly non- 
Maxwellian, the associated theoretical Iangmuir 
probe characteristic agreed well with an experi- 
mental probe characteristic which had been inter- 
preted as being due to the superposition of two 
Maxwellian distributions. Evidently inferring elec- 
tron distribution functions from Langmuir probe 
characteristics can be very unreliable. 

The calculation has not yet been made self- 
consistent so that power balance and particle 
balance cannot be used to determine the electrical 
characteristics of the discharge. Eventually, how- 
ever, such computed energy distributions must be 
incorporated into ion source models as discussed 
in the preceding section. 

EXP-AL -S ON THE LBL PLASMA ION 
SOURCE 

(C. F. Burrell, W. S. Cooper, and K. F. Schoenberg) 

The computer model of the plasma ion source 
used in our neutral beam systans requires the elec- 
tron density and the neutral atomic temperature as 
input parameters. An experimental investigation of 
the LBL 10-ampere ion sources has been undertaken 
using spectroscow and electrostatic probes. The 
objectives of this experimental program are to 
provide the input data required by the computer 
model, to serve as a comparison for the predictions 
of the computer model, and to provide insight into 
the processes in the source which control the 
efficiency and the atomic/molecular particle mix 
in the source. 

Spectroscopic measurements of Doppler- 
broadened line profiles in the source were made' 
using a scanning Fabry-Perot interferometer. The 
plasma source was observed through the accelerator 
slots on an optic axis at a slight angle with the 
neutral beam axis. From the Doppler broadening of 
the atomic deuterium Balmer-Beta (D ) line profile, 
the neutral temperature in the sourge can be de- 
termined. The neutral temperature is a required 
input to the plasma source computer model and is 
also required to estimate the neutral gas density 
in the source. 

Stark broadening an$ fbe structure as well as 
instmental broadening. The atomic deuterium 
temperature was observed to increase from -0.29 eV 
to -0.4 eV as the arc power was increased from 
10 kW to 55 kW at a gas flow rate of 6 Torr E/sec 
For comparison, operation of the plasma source with 
a helium discharge (and observation of the He1 
4922 A line) yielded neutral helium temperatures 
ranging from 0.1 eV to 0.15 eV as the arc power 
was increased from 20 kW to 50 kW. It seems likely 
that the higher temperature of the deuterium com- 
pared to the helium is due to the fragmentation 
energy of the deuterium molecule. When D2 is dis- 
sociated, each atom carries off approximately 2 eV 
in kinetic energy; however, multiple wall collis- 
ions reduce the atomic temperature to less than 
0.4 eV. 

Molecular ions (D; and D') in the plasma 
source are also accelerated ba the high voltage on 
the extractor grids and contribute to the neutral 

The observed D profiles were corrected for 

I 
I 

1 
i 
I 
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beam current. The molecules fragment in the neu- 
tralizer section producing one-half and one-third 
energy cmponents of the neutral beam. A high 
priority of source development is to reduce the 
molecular content of the neutral beams because the 
fractional energy neutrals penetrate less deeply 
into a target plasma than does the full energy com- 
ponent and tend to heat only the surface. In order 
to understand the processes which detennine the 
molecular-to-atomic ratio in a plasma source, it 
is necessary to hcm the molecular temperature as 
well as the atomic temperature. 

We have used the same Fabry-Perot system dis- 
cussed earlier to measure the molecular temperature 
from Doppler-broadened molecular lines. We find 
the neutral wlecular temperature to be in the 
range 0.09 eV to 0.15 eV or very similar to the 
results for atanic helim. 

Lmgmuir probe measurements have been reade 
in the plasma source to measure electron density 
and temperature. These are input and output param- 
eters, respectively, for the canputer model of 
the source. The electron temperature is especially 
important because the ionization rate in the source 
is a sensitive function of the electron temperature. 

On a single shot we sweep the voltage on a 
standard Langmuir probe and display the probe cur- 
rent and voltage on a X-Y oscilloscope display. 
When the probe data is transferred to a semi-log 
plot we find the curves are well fit by a broken 
straight line, indicating a "two-temperature" dis- 
tribution with most of the electrons at the lower 
temperature. If we fit the data in this manner by 
two straight line segments, each characterized by 
its own "temperature", we find that for a gas f l o w  
of 6 Torr Il/sec the low temperature component 
went fran 4 eV to 5 eV as the arc power was in- 
creased from 10 kW to 50 kW, and the high tempera- 
ture component increased fram 5 eV to 7 eV. The 
electron density was observed to increase linearly 
with the arc power. 

Because the Langmuir probe integrates over the 
electron velocity distribution function it is dif- 
ficult to distinguish between different electron 
velocity distribution functions which produce simi- 
lar current versus voltage characteristics. 
order. to resolve this ambiguity work is in progress 
to double-differentiate and amplify the probe 
signal to directly determine the distribution func- 
tion from the relation 

In 

PLAmA THEORY 

B. I. Cohen, J. H. €lamer, S. Johnston,'A. N. Kaufman, 
H. A. Mynick, N. R. Pereira, A. M. Sessler, and G. R. Smith 

t 

our studies in plasma theory continue t o  be 
concentrated in the area of nonlinear plasma waves 
and their interacticms. The waves considered may 
be thought of as being externally launched, as in 
heating schemes; or produced by instabilities; or 
& to wave-wave interactions. 

The phenomena studied may be classified 
according t o  the role played by resonant particles. 
Three of our studies pertain to situations where 
this role is daninant: 

trapped particles by the overlap of resonances be- 
tween wave frequency and particle bounce $re- 
quency, acts as a saturation mechanism €or wave 

0 The stochastic motion, induced in tokamak 

- -  A wave destabilized by a res 
beam traps the beam and undergoes self- 
modulations in amplitude and phase. 

A large-amplitude wave, excited by an 
applied field, -traps particles and undergoes mod- 
ulation at the nonlinear mismatch frequency and 
sinultaneousl 

cant: three-wave coupling and nonlinear propaga- 
tion. 

0 A general expression was obtained for the 
coupling of three nonnal modes in a nonuniform 
magnetized Vlasov plasma, such as in a tokamak. 
This coupling manifests Manley-Rawe synnnetry. 

0 The class of exactly solvable nonlinear 
waG equaticms was studied by the use of scaling 
transformations. 

conditions for and .stability of interior poloidal 
rotation of plasma in the T o m c  configuration. 
The following sections describe each of these 
studies in more detail. 

a separate stdy, we have analyzed the 

SroCHAsTIC PARTICLE MOTION AND Ti T'PED-ION 
MODE 
(G. R, Smith) 

Anomalous transport in large tokamaks is prob- 
ably caused by fluctuating electric fields which 
occur when the dissipative trapped-ion instability 
is present. The amplitude of the fluctuating fields 
is determined by that nonlinear mechanism which 

instability at the lowest level. 
1 tudying a nonlinear process not pre- 

viously considered--the overlap of bounce reso- 
nances. The frequency of bouncing between magnetic 



56 

mirrors depends on the magnetic moment p and the 
longitudinal action J. Resonance occurs when the 
frequency of the trapped-ion mode wis an integer 
multiple of the bounce frequency (J,p). A mode 

nances and, in the vicinity of the bomdary (in 
velocity space) between trapped and untrapped 
particles, destruction of the invariance of J. A 
relatively small node amplitude causes a large 
fraction of the ions to move stochastically, with 
low-energy ions most strongly affected. We ex- 
pect the stochastic motion to have a strong effect 
on the nonlinear growth of the trapped-ion mode. 

The dynamical system studied here is also of 
interest in research on the disruptive instability 
in tokamaks and on the general theory of stochas- 
ticity. 

INIERACI'ION2 

of finite amplitude causes overlap 73 f bounce reso- 

A TRACTABLE MODEL FOR NONLINEAR BEAM-PLASMA 

(H. E. Mynick and A. N. Kaufman) 

The interaction between plasma waves and reso- 
nant particles is a frequently occurring phenom- 
enon in many areas of plasma studies, including 
plasma heating. In heating the plasma with a beam, 
the beam causes growth of modes with phase velocity 
near the beam velocity, while in heating with a 
large-amplitude externally applied wave, the reso- 
nant particles are in the plasma distribution it- 
self. Many workers have studied variants of this 
wave-resonant-particle problem, in experiments, 
simulations, and analytic work. We have concen- 
trated on developing a fuller explanation of the 
results of a particular study: a simulation of a 
beam-plasma system done by O'Neil, Winfrey, and 
filmberg. 3 

We use a simple picture of the two-dimensional 
phase-space trajectories of the beam particles, 
namely that the phase space motion of the particles 
trapped in each wave trough can be decomposed into 
two parts; an average motion of the particles as a 
whole (sloshing in the trough) plus a revolution 
of the bar-like shape which the particles form in 
phase space about that average phase point. 

reduction procedure to the Hamiltonian for the full 
N-particle problem, to obtain a reduced 
Hamiltonian, having only two degrees of freedom. 

The reduced problem is simple enough to be 
analytically tractable and yet captures enough of 
the essential physics of the full problem that it 
describes well many aspects of the previously un- 
explained results of Ref. 3. For example, the 
simulation presented in that paper yielded an in- 
stantaneous growth rate having a sawtooth shape, 
and a frequency shift having a characteristic 
superposition of components at the bounce fre- 
quency and its second harmonic. Our reduced theory 
gives explicit expressions for these functions, 
which show each of these features. Moreover, these 
features now have a simple physical explanation. 

In principle the technique is applicable to 
other wave-resonant particle interaction problems, 
such as the post-saturation behavior of a linearly 
unstable mode. 

We formalize this picture by applying a novel 

NONLINEAR WAVES FXCITED NEAR RESONANCE4 
(B. I. ahen and A. N. Kaufman) 

When a plasma wave is excited by an applied 
field of given frequency and wave number, its 
amplitude is inversely proportional to the mis- 
match between the frequency and the eigenfrequency 
of a freely propagating wave of the same wave 
number. Further, the amplitude modulates with a 
frequency given by that mismatch. An important 
complication arises from wave nonlinearity- for 
a Langmuir wave, a sufficiently large amplitude 
causes electron trapping. This has two effects: 
first, the eigenfrequency develops nonlinear con- 
tributions to the ma 

respectively); secondly, the bouncing of the 
trapped electrons produces further modulation, 
at the bounce frequency (and its h a m o f  
the complex eigenfrequency, and thereby of the 
amplitude. 

tudes of its real and 
imaginary parts ( ?T=--h requency s ift and damping, 

This process has been studied by computer 
simulation and has been interpreted analytically 
by a dielectric formulation. If one considers the 
applied field as due to beating of two primary 
waves, the phenomena studied apply directly to 
three-wave interactions. 

WILLATICN CENTER 'IHEORY OF THREE-WAVE INIER- 
ACTIONS 
(S. Johnston and A. N. Kaufman) 

The three-wave coupling coefficient is im- 
portant in many nonlinear plasma problems. Here- 
tofore this coefficient has been calculated for 
specific physical situations. Our aim is to ob- 
tain a mre general expression, which is concise 
and which exhibits the symmetry leading to the 
Manley-Rowe relation. 

The basic concept used in this work is the 
oscillation center, defined as the orbit about 
which a particle executes wave-induced oscilla- 
tions. Just as the center of particle gyration, 
or guiding center, in a magnetic field is subject 
to a quasi-static averaged magnetic force, an 
oscillation center is subject to a "ponderomotive" 
force due to nonlinear effects of the waves on the 
particle. 

In our formalism an oscillation-center 
Hamiltonian, that is trilinear in the wave ampli- 
tudes is derived for a nonresonant particle, using 
canonical perturbation theory. Summing this 
Hamiltonian, over the unperturbed particle distri- 
bution, leads to a form for the three-wave coupling 
coefficient that has the desired synunetry, 

The formalism at present is general enough to 
describe the electromagnetic normal modes in any 
nonuniform magnetized collisionless plasma. Since 
no restrictions are placed on the magnitudes of 
wave frequencies, the results may be applied to 
such problems as the coupling of drift waves and 
lower-hybrid waves in tokamaks. 



SCALING INvARIAN(=E OF THE MOTION OF HELICAL CURVES 
AND SOLIMN EQUATIONS5 

, (N. R. Pereira) 

At present there is much intereshin plasma 
physics and in other areas of physics where non- 
linear wave phenomena are important, in exactly 
solvable nonlinear wave equations, (soliton equa- 
tions). Various stages of lowerrhybrid heating of 
large tokamaks are described by two such equations: 
the nonlinear Schroed 

these two eQuatim to the motion of helical curves. 
C!ur research shows that the invariance properties 
of this motion, under a scaling transformation, re- 
strict the class of nonlinear equations that can 
be solved exactly to only those that scale as the 
ones already found by Lamb. 

THEORY OF ToRMAC INTENOR 
(J. H. Hammer and A. M. Sessler) 

er and the modifed 
Korteweg-de Vries. Lamb T has shown how to relate . 

To restrict motion due to guiding-center 
drifts, it has been proposed to make the interior - 
region of Tormac, containing only toroidal field 
lines, rotate about the minor axis. Ixlring 1976 . 
we have investigated problems related to the 
equilibrium, stability, and damping of the rota- 
tion. 

The equilibriwn analysis has been further 
improved by the techniques of Eli Hameiri 
(Courant Institute of Mathematical Sciences, New 
York University), in which the exact general solu- 
tions of the two fluid equations are found for 
density, pressure, magnetic field profiles, and a 
single nonlinear partial differential equation is 
evolved for the stream function 1. A sufficient 
condition for existence of solutions to the 
equation for Y is found to be &/dY z 0, where 
Q E the vorticity @mJ to lowest order in 
E C r/R, the inverse aspect ratio. 

aspect ratio and examining flute modes 
k . B = 0 ,  yields a sufficient wndition for 
Ftability of Kelvin-Helmholtz (velocity shear) 
modes: &/dY I 0, identical to the equilibriwn 
condition above. 

. 

A stability analysis, employing an inverse 

has been suggested by Boozer, Rosenbluth and 
others. In the presence of classical collisions or 
some anomalous process, the anisotropic pressure 
of the plasma will tend to relax toward isotropy. 
As flux tubes are convected around.due to the ro- 
tation, -the perpendicular and parallel components 
of the pressure are driven apart as a result of the 
compression and decompression of the tubes. When 
the frequency of compression-decompression 

,iwf&ttsion ) , the process is nonadiabatic 
energy f81&@8??ted from the rotation and con- 
verted into heat, 

Calculations of the damping rate and con- 
straints on possible driving mechanisms provide 
restrictiqns on the parameters of the device, 
specifically the inverse aspect ratio r/R r: 1/30 
for bulk rotation if the electrons are classical. 
A thin layer (Ar - p i ,  the ion gyro-radius) of 
rotating plasma may be a possibility if the elec- 
trons are isotropized by classical collisions. 

In 1977, studies of the interior should in- 
clude investigation of Rayleigh-Taylor (centri- 
fugal) instabilities in the presence of velocity 
shear, further analysis of the rdfications of 
rotational damping, and possible isotropization 
mechanisms for the electrons. 

) is on the order of the isotropizati 
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IC PHYSICS STUDIES 

K. H. Berlcner, W. G. Graham, D. . V. Fyle, 
A. S. Schlachter, P. J. Schneider, K. R. Stalder, an _ _  

PRODUCl'ION AMI DESTRLJCTION OF H- clean metal surfaces 
was continued during the year. The fIegatd-ion 
production coefficient (backscattered negative ions 
per incident H or D nucleus) vs energy for a molyb- 
denum substrate coated with Li, K, Na, Cs, and Rb is 
shown in Figs. la and 1b. These preliminary .resul t s  
show a strong energy dependence of the negative- 
ion production coefficient for all the alkali tar- 
gets, with the maximum yields occurring at the 
lowest incident energy. There is also evidence of 
an isotope effect. As yet the negative ions have 

by H+ and Di ions 

The atomic physics section of the CTR group 

The study of backscattered negative ions from 
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not been identified. During the next year a quad- I 1 t i l l 1  I t  

rupole mass analyzer will be used to analyze the 

yield as a function of substrate tanperatme will 
also be investigated. 

Low-ENERGY SURFm-mmNG EXPERIMENT 

, 

- @$ 
backscattered negative ions. The negative-ion 5 

- 

I 
n * 
ed 2-' Construction of the low-energy surface-scat- 

tering experiment1 has been completed. In this ex- , periment atomic hydrogen produced in a hot tungsten - €f tL tube will be used to bombard a hot, cesiated tung- 
sten surface. A quadrupole mass spectrometer will 
be used to analyze backscattered ZT ions. Prelim- I -  - 
inary experiments are scheduled to begin in March. 

CHARGE ExQIANc;E OF H' IN ETAL VAPORS 

- 
- 

Sr 
- - - - - - - 

o;m1 
0.5 1 10 

INCIDENT ENEffiY/NUCLEUS (KEV) INCIDENT ENERGY/NUCLEUS (KEV) 

I 

I 
I 

Fig. la 6 lb. The yield of negative ions (backscattered negative ions per incident 
H or D nucleus) produced by backscattering when 
denun substrate coated with Li, K, Na, Cs, or Rb. 

or e ions bombard a mlyb- 

$ 1  I i i s D ~ I  1 1  I 
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' charge exchange of deuterium in cesium vapor 
is a promis% way to make intense negative deu- 
terium ion beams for the injection of neutral atoms 
into tolamaks and mirror machines. Cesim was be- 
lieved to have the highest negative conversion 
efficiency of any -target median known, but at low 
energies there were dixrepancies of greater than 
a factor of n ~ o  in the previously-measured values 
(the maximum being between 10 and 21%). To resolve 
these discrepancies a special apparatus for low- 
energy measurements was constructed. The main fea- ' 
tures are: close spacing between the accelerator, 
vapor cell, electrostatic analyzer, and detectors 
to minimize beam loss due to scattering; a ie -  
circulating cesium vapor target designed an the 
s~me principle as a heat pipe--this pennits use of 
a large-aperture target; detection of the a t d c  * 
beam w i t h  a Urge acceptance-angle pryo-electric 
detector; and detection of charged particles w i t h  - 
large acceptance-angle, magnetically-shielded 
Faraday cups. The negative-ion w m r s i o n  effi-  
ciency for deuterim ions in cesium vapor, or the 
equilibrim D- yield, was 'found to.be 35% at a deu- 
terium energy of 300 eV, dropping smoothly t o  2 
at 1 keV and 2.88 at 10 keV {see Fig. 3). This 
large conversion efficiency at low energies is 
being applied to large-scale negative-ion sys- 
tems a t  tivemre and elsewhere. 

t 
0.2 0.5 I 2 5 IO , 20 

O'energy (keV) 

Fig. 3. Equilibrium yield, F-m, of D' for II+ i n  
c e s h  vapor target. 0 Present experiment; 
CI Schlachter. et al. 0 9 6 9 ) :  Sdilachter 

CROSS SECl'IOlG FOR (3IARGE-CWUGfK COLLISIONS OF 
to  120-keV 0- IOUS AND AMMS IN 

High-2 h p j r i t i e s  may have a very detrimental 
effect on the behavior of fusion plasmas. One pos- 
sible source of these impurities is in the neutral 
hydrogen or deuterim beams used for plasma heating 
and fueling. In order t o  measure the impurity- 
atom content of these beams, it is necessary to  
know the charge-changing cross sections for the 
impurity ions in the neutralizer gas. Since oxygen 
is a possible impurity both in positive2 and 
negative3 ion sources, we have measured the charge- 
changing cross sections for O+ and 0 in H2 at en- 
ergies from 20 to 120 keV. Preliminary results are 
shown in Figs. 4 and 5. Cross-section measurements  
for '0- ions are planned. 

EIEClTCt?-CAPNRE AND L I D S  BY HIGHLY-STRIPPED IONS 
IN WDROGENTARGETS 

i 

The primary plasma-heating method in 
controlled- fusion magnetic-containment devices, 
such as tokamaks, is the injection of 80- to  
150-keV deuteriun atoms;7 the atom penetrate the 
magnetic field and are ionized (and hence trapped 
in  the contahment region) by a target plasma. A 
crucial question in  detexmining the penetration 
depth (trapping profile) of the injected D beam is 
the effect of impurity ions, which in a tokamak 
plasm exist i n  very high charge states (e.g., 
Fe+26).8 These impurity ions can attenuate the 

z 

0' on 

I a 

4 
QlO 

I 
VIP 

and Steams {1975) 1iShed. The curve A A PI is drawn for clari 
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- I  A 
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@BL 772-410) ~ 

5 -  - 
a Y '  4 
' 2!0 ' bo ' 60 ' do ' Id0 ' 
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j _  100- to 150-keV H' ions to  neutral atoms is still 
Fig. 4. Cross sections for O+ on H2. 010: 

0 , present; 0 ,  Ref. 3. 012: I, present; 
0 ,  Ref. 3. 01-1: A, present; p ,  Ref.3; 

in  a magnetic field. ' a  , ~ e f .  4. (XBL 773-490) 
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sure these cross sections with SuperHILAC beams of 
highly-stripped heavy ions impinging on a deu- 
terium target. 

of an analyzer magnet to select one particular 
ionization state (Pn), a differentially pumped gas 
target, and another magnet to analyze the charge 
states produced in the target cell by sweeping the 
beam across a slitted Faraday cup or an array of 
solid-state detectors, 

ments was built and hecked out with an 8.5 

experiments with iron beams are scheduled for the 
latter part of January 1977. The apparatus can be 
readily modified for ioniqation measurements, 
h*ich are scheduled for the second half of 1977. 
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TORMAC P m c r  

I. G. Brown, J. W. Coonrod, B. Feinberg, M. J. Greenwald, 'W. B. Kunkel, 
M. A. Levin, B. R. Myers, R. A. Niland, W. M. Sharp, and R. S. Shaw 

INrRrncrION I 

TOITI~C (toroidal magnetic cusp) is a mgnetic 
configuration for confining a fusion plasma. It is 
an alternate concept. The primary concept is 
tokamak, and using tokamak the U. S. should pro- 
duce a breakeven fusion reactor by 1984. Unfortun- 
ately, there is concern that tokamak may not be :: 
suitable as a commercial reactor: It is pulsed; it 
has a minimum size larger than mosb currently bed 

power installations, and it requires magnetic 
fields of size and intensity awesome to contemplate 
and expensive to build. Tormac as an alternate 

ooks,,pre economically practical as well 
Call$ simpler. If Tormac works, i 

it requires "magnetic fie1 
steady state,? it can be of 

ity currently obtainable 
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To determine if the Tormac concept can be 
made into a fusion reactor, LJ3L has edarked on 
an experimental and theoretical program to test 
the several postulates about plasma behavior on 
which it is based. These include questions of 
MID stability, collisionless containment of parti- 
cles and wave heating of plasma. 

m w  IVEXPERIMENT 

The basic magnetohydrodynamic stability of 
cusps has long been hown and understood. On the 
other hand, the problem with cusps has been that 
in the classical geometry there is a rapid loss of 
plasma along open field lines. The Tormac geom- 
etry was developed in an attempt to’solve this 
problem by the use of synnnetry. The toroidal sym- 
metry of Tormac creates a canonical invariant 
which helps to trap particles on magnetic field 
lines between collisions. 

basic stability of cusps is cmbined with a surface 
mirror containment to give Tormac, at least in 
theory, an adequate containment time for a fusion 
reactor. As in a mirror device, high temperatures 
are needed to see and study this problem; 
all the problems of Tormac are not in the 
the internal structure is also of concern. 
particular interest is the boundary of the 
with the internal plasma and the insulating 
erties of this system. The study of this boundary 
is being carried out in Tomc IV. 

TO& IV is a small relatively low tempera- 
ture experiment. It has a Tormac shape (Fig. 1) 
but its sheath plasma is too cool and too collis- 
ional to be mirror contained. In Tormac IV flow 
along magnetic field lines is stopped by the wall 
itself. Wall stoppering 
the magnetic field near 

In effect, wh& happens in Tormac is that the 

’ .  I 
. .  

p: (CBB 75&2804) 

intense field narrows the contact surfa 
to reduce thermal conductivity that would otherwise 
cool the sheath. Measurements indicate that the 
bulk of the sheath has a temperature near 30 eV; 
however, near the wall the gas would necessarily 
be cool. 

Pressure equilibrium along magnetic fi 
would then create high density gas near the wa 
This high density gas recombines and serves to 
sulate the hotter gas f rom the wall. Surprising 
the rate of loss of the cool gas near the wall 
very slow because of the high collision rate wi 
trapped ionized particles. Thus, with a relatively 
stable warm sheath held in place by wall stoppering 
it is possible to 
Tormac IV. 

tion of the bulk of the plasma from the sheath. 
The sheath in a high temperature Tormac reactor 
would be mirror contained, This fact imposes 
special conditions on the electron temperature and 
the ion distribution function. It is then at least 
desirable and probably necessary to insulate the 
central region from the sheath. Without insulation, 
thermal conductivity and propagation of the special 
mirror distribution function into the central 
region could degrade the containment properties of 
the geometry. One method of plasma insulation is 

idal magnetic field (see 

the internal structure in 

One detail of interest in Tormac is the insula- 

etic field can be established 
internally in Tonnac IV by trapping. To accomplish 
this a tokamak-like discharge is first produced. 
In this mode helical field lines are formed within 
the plasma; and, at the same time, the plasma is 
heated to trap these field lines. The cusp magnetic 
field is then applied to fo 
shown in Fig. 2. 

I 

\ 

Fig. tation of a plasma con- 
le cusp magnetic field 
-trapped poloidal field. 
f magnetic field direc- 

(XK 773-649) 
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Experimental measurements in Tormac IV using 
the above technique have given relatively high 
plasma temperatures in the center of the plasma 
with a relatively long time constant. A typical 
result is n 2 3x1014, Ti = 100 eV, T = 50 ysec. 
The mean free path for ions in such a plasma is 
long compared to the size of the plasma. "he time 
constant is also long compared to the ion collision 
time and the ion electron collision time for cold 
electrons. The implication of these results is that 
it is possible to form a stable T o m c  configuration 
with thermal and particle isolation between an 
internal hot region, and a relatively cool sheath. 

DIAGNCXTIC TE(3INIQUES 

The principal diagnostic tools currently used 
in the Tormac N and Tormac V experiments employ 
light in the visible spectxum in one way or an- 
other. Since the vacuun vessels in these devices 
are glass, ready access to view virtually the whole 
interior region is available. 01 the other hand, 
many of the conventional plasma diagnostics 
(Langmuir probes, magnetic probes, etc.) cannot be 
used because of the high plasma temperatures and 
densities achieved in the Tonnac experiments. 

Spectroscopic techniques are heavily relied 
upon, particularly the Doppler and Stark broadening 
of spectral lines as measurements of plasma tenpera- 
ture and density. A nunher of polychromators (de- 
vices whigh split plasma light into many narrow wave- 
length increments and convert the light intensities 
in each llchannelll into electrical signals) have been 
designed and constructed by the Tonnac G r o u p .  Typi- 
cal parameters of these devices are a separation 
between channels of 0.3 A, with a total of 16 
adjacent channels, and time resolution -1 psec. 

A number of laser interferometers have also 
been designed and constructed in-house. These de- 
vices sense plasma electron density averaged over 
the path of the laser beam and hence give a line- 
integrated electron density. Using &-Ne lasers 
(A = 6328 A), these devices are electronically 
stabilized against vibration (a c m n  problem 
with optical interferometry that limits its reso- 
lution).Sensitivities of the order of 5x1013 
electrons/anz are achieved, well below typical mea- 
sured values in Tormac. 

The construction of apparatus to measure 
Thomson scattering of light by plasma electrons is 
nearing completion. This will give a spatially and 
time-resolved measurement of electron temperature 
and density in the plasma. A particle energy 
analyzer is also nearing completion. This will be 
positioned along the open cusp field lines, where 
it will collect particles flawing out of the main 
body of the plasma and measure their energy distri- 
bution. Information on plasma currents, trapped 
magnetic flux, etc. is collected by a number of 
flux loops, current monitors and Rogowski coils at 
various points around the plasma and windings. 

devices are collected, digitized and stored in a 
PDP-11 computer. The computer typically samples 
the output of each diagnostic every 1/2 psec  for 
the duration of the experiment. This data is then 
immediately displayed after a shot and stored on 

Electrical signals from the various diagnostic 

magnetic tape for later use. Some data analysis is 
perfonned immediately on the PDP-11 and displayed, 
such as the calculatim of spectral line profiles, 
correction for instmnt calibrations, etc. Large- 
scale data analysis, such as the spatially resolved 
spectral line emission calculations described in 
the next section, is carried out at the LBL com- 
puter center with a CDC 7600 computer, using the 
taped data. Permanent records of all data taken on 
the T0-c experiments are stored at the computer 
center, where they remain available for analysis. 

S P E W  LINE FECDNmCI'IW 

(L- 

A technique for spatially resolving spectral 
line profiles in two dimensions as a function of 
time from a set of one-dimensional projections for 
an arbitrary plasma shape has recently been de- 
veloped as a plasma diagnostic tool for the Tormac 
devices. Light emitted from the plasma is collected 
in a light pipe with a MITOW acceptance angle at 
various positions around the plasma, and is trans- 
mitted to a polychramator where it is broken up 
into wavelength inments. Amplitudes are recorded 
by the computerized data acquisition system. A 
computer code using the data f m  about a hundred 
light-pipe positions calculates the self-consistent 
point-by-point emission of light from the plasma as 
a function of time and wavelength interval. This 
allows the reconstruction of spectral line emission 
at points within the plasma. These spatially re- 
solved Stark and Doppler broadened line profiles 
then give plasma temperature and density as a 
function of position and time. A further refine- 
ment of the technique unfolds plasma drifts and 
rotation by Doppler shifts of spectral lines. 

RECDN-ION FOR "OIWIC N 

Tonnac N makes an almost ideal subject for 
developing the reconstruction technique. It has a 
reasonably hot plasma and good visibility. The 
plasma chamber is made of a clear glass toroid with 
a rectangular cross section. The magnetic field is 
designed to place the plasma in the center of the 
chamber. In Fig. 3 the expected plasma shape is 
drawn on a computer grid. The outline of the grid 
represents the glass walls. The dimensions are in 
centimeters. 

In Tormac IV a plasma temperature of no more 
than 150 eV,.% = 5x1014 has been measured so that 
mirror contament of particles in the sheath can 
not be expected. However, the cusps are terminated 
in the high magnetic field region on the wall. Thus 
the plasma escapes by flowing along field lines to 
the wall. The plasma is cooled at the wall and re- 
combines. The cold neutrals can then 
vacm regions. The only problem is 
counterstreaming neutrals are trapp 
coming gas to form an insulating bl 
wall which reduces the rate of loss o 
Tormac N. 

Thus we have a classic plasma problem of hot 
plasma in the central region, and cold plasma near 
the wall - -  the problem being how to measure the 
radiation from the hot region without being swamped 
by light fmmthe cold gas. To,so$ve t h i s  the re- 
constxuction technique is used. . *.  . 
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Figures 3 and 4 were made using the 16-channel A set of temperatures has been arrived at for the 
entire plasma over the entire time period. It 
should be pointed out that this represents measuring 
radiation from a plasma probably in Saha equili- 
brim with a 60-70 eV electron temperature. Since 
electron temperatures are not expected to go much 
above 100 eV in T o m c  V, it is expected that this 
technique will be able to help with diagnostics 
on Tormac V. 

As an illustration of the power of the recon- 
struction technique, a set of measurements was 
taken in Tonnac N with the interior region of the 
plasma near 100 eV. Under these circxrmstances the 
emission intensity in the plasma interior is about 
1% of the intensity in the surrounding region. In 
Fig. 5 the line shape with error bars is shown. This 
result indicates the power of this technique which 
should give'definitive results in T o m c  V above 
300 eV. 

Tow V 

spectrograph (AX -, 0.3A) using four sweeps of the 
plasma at 4 9 ,  90°, 139, and 180°, each at 18 
positions; however, for these pictures the-light 
has been integrated over wavelength to give the 
total emission of 4686 from the 10%- heliun in hydro- 
gen plasma. 

plasma in the central region, it is necessary to 
perfom spatial and time integrals to collect 
enough light to make a 

each point in the shape in the central region is 
Doppler broadened, reflecting ion temperature. A 
simple routine has been incorporated into the 
computer program which.gives the tempe 
line were Gaussian. .- 

hi 
h 

In order to detennine the temperature of the 

Approximately 50 line shapes corresponding to 

if the 

The advantage of the reconstruction method is 
that it discriminates so that light frcm the low 
emission region is separated fnrm the mre lminous 
cool regions. Unfortunately, this separation of 
light is not perfect and the low emission regions 
do have some "scattered light ,-fmsn more intense 
regions." An examination of the line shape and 
averaging over time and space helps to to reduce 
the ambiguity introduced by the scat light. 

Tormac V is designed a d  a 1-m by 1-m 
glass system shown in Fig. 6. Unlike T o m c  IV, 
which has a wall supported plasma, the Tormac V 
plasma is designed to be fully collisionless with 
the cusps mirror wntained. Thus, Tomac V repre- 
sents a first test of the Tormac Concept of sheath 

- 12' 

Fig. 3. Reconstruction of the line radiation from ionized heliun in a 
bicusp. Taken soon after canpression, the intensity of radiation 

W 
tends to be high in the center. @BL 771-199) 
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Pig. 4. Same as Fig. 3 taken later in time. Because of the high temper- 
ature the amount of radiation in the extreme center is reduced. 

(XBL 771-198) 

Fig. 5. 4686 A line of helim fran central region 
of plasma. Line intensity is about 1% 
that of surrounding region but is re- 
covered from data with relatively small 
error bars using reconstruction technique. 

(XBL 771-186) 
Fig. 6. Tormac V glass cross section with plasma 

outline in center. (XBL 757-4469) 
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containment of plasma. In order to do this, the 
plasma must be collisionless to the extent that the 
particle mean free path is long compared to the 
size of the plasma. 

ferometer. The results of this measurement are 
shown in Fig. 8. A three-dimensional plot of the 
interferometer measured electron density is shown 
as a function of position and time. On the back 

L J  
TORMAC V . PLASMA FORMATION AND COMPRESSION 

Time (microseconds). 6 , 8 10 

12 I5 20 

25 30 40 

Image converter picture of preionization phase in Tormac V. Fig. 7. 
(XBL 763-2263) 

The production of a collisionless plasma in 
Tormac V represents one of the more difficult prob- 
lems of the experiment, This is because magnetic 
field trapping and plasma currents from an im- 
portant part of the overall magnetic field design. 
This means that the plasma density must be suffi- 
cieat to hold the magnetic pressure; it also means 
that the particle gyroradius must be small compared 
to the size of the plasma. Thus, in order to create 
a collisionless plasma, the plasma ion temperature 
must be at least 300 eV. 

To produce the high temperatures in Tormac V 
a combination of "Shaker" heating and magnetic com- 
pression is used. A series of image convertor pic- 
tures showing the plasma formation and compression 
is shown in Fig. 7. In this picture the plasma is 
shown being radially compressed during the pre- 
ionization period. In Fig. 8, a current trace with 
a record of the electron density is shown as mea- 
sured by an interferometer. In Fig. S one sees the 
formation of the plasma at about 30 psec with the 
preionization and then the .further compression of 
the plasma at 60 psec when the cusp bank is tu 
on. of J QdR as a function of time and 

and follow its time history, 

t 

Fig. 8. Foreground represents interferometer record 

position. In the background is a model 
plasma in the apparatus. The curve on the 
side is a plot of applied magnetic field 

In order to examine the-shape of the plasma 
"reconstruction" 

LJ 
was performed by moving the ition of the inter- intensity. @BL ,773-632) - .  
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plane is shown a record of the current waveform 
as a function of time. The outline of the vessel 
with the biarsp plasma is shown so that the density 
profile might be better interpreted. These results 

were obtained with plasma temperatures of about 
200 eV. In order t o  raise the temperature of the 
plasma t o  the required 300 eV a larger higher fre- 
quency heating system is being developed. L 

W. R. Baker, K. H. Berkner, W. S. Coaper, I(. W. Ehlers, D. B. Hopkins, 
J. M. hughian, W. B. Kunkel, W. M. Owren, J. A. Paterson, 

B. A. Prichard,? R. V. Pyle, and J. W. S t e a m  

The objective of this program is the develop- 
ment of the technology and hardware required for 
the production of multi-megawatt beams of hydrogen 
and deuterium atoms to  heat plasmas in  CI'R confine- 
ment devices and fusion reactors. There is close 
cooperation and interaction w i t h  fusion experi- 
menters at Livennore, Oak Ridge, Princeton, and 
General Atomic. 

The pulsed-beamdevelopent in 1976- oriented 
toward the development of a 12O-keV9 65-ampere, 
0.5-second neutral-beant injection &e for the 
Tokamak Fusion Test Reactor being built  at  Princeton. 

The tes t  facil i ty described in the previous 
annual report1 became operational in  1976. A one- 
fourth-area tes t  source (Fig. l), as w e l l  as a 

the same time a 65-A, 120-kV, 30-msec power supply 
has been under construction. In 1977 this system 
w i l l  be operated by to 120 keV for 30 msec, the 
l imi t  of the power supply. The 65-A neutral-beam 
source w i l l  then be transferred to  the High- 
Voltage Tes t  Stand (HW'S) at Livermore to  complete 
the tests for 0.5-sec pulses. 

was built. Arrays of t h e d s t o r s  are linked to  a 
MlIXtXP I1 computer t o  determine the beam-produced 
temperature profile of the beam. 

Basic infomation for the neutral-beam develop- 
ment activity is provided by research carried out 
in the Atarnic Physics and the Plasma Production and 
Heating programs described elsewhere in this report. 

To diagnose these beams a calorimeter system 

chuck Fig. 1. Cross section of the 
lZO-kV, 15-A, 0.5-sec 
module. 

(XBL 764-2747) 

120-kV, 20-A, 0.5-sec power supply, has been 
fabricated. Initial operation, mostly llshakedown'l 

lxxYTNmAM)REFERENa 
f 

of the system, was begun in 1976, and 7-A, 70-kV 
hydrogen beam were produced. Work is continuing to  
obtain beams at the 120-keV design energy. Ihring 
1977 this test facil i ty w i l l  be computer controlled 
with a system developed by the LBL Real Time Sys- 

This work is part of a program of neutral-beam 
development being conducted jointly by the 
Lawrence Livenaore and Lawrence Berkeley Eabora- 
tories. 
Annual Report series UCRL-50002. 

It has also been reported i n  the LLL 
i 

tems Group and Draper Laboratories. 'Permanent address: Princeton Plasma Physics Laboratory. ((ti.! 
A full-scale (65A, 120 kv) neutral-beam 

source was designed and construction has begun. A t  
1. Energy and Environment Annual Report (l975) 

Lawrence Berkeley Laboratory Report, LBL-5299. 
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Solar Energy Program 

The national solar energy research and devel- 
opent program has goals ranging from irmnediate 
demonstration of existing t h o l o g i e s  to  the de- 
velapnent of future technologies. The solar ef- 
forts at  LBL span this range in various time scales 
for potential application. Research in a varietyof 
disciplines and a t  a variety of levels of technolog- 
ical  developtent are included. k e n t  programs in- 
clude: the solar heating and cooling of buildings; 
solar thermal, photochemical, and photoelectric am- 
version; chemical energy storage; envirOrmLenta1 and 
econanic analysis; solar data collection and asses9 
ment; and ERDA support efforts. 

"he inmediate application of existing solar 
technologies is being supported by a data collection 
and assessment project. This effort focuses on.the 
California solar resource and w i l l  provide input for 
present and future designers of solar systems. An- 
other program pnwides technical support for an FEA/ 
ERDA)HID plan t o  retrofit  several houses with solar 
heating systems. Basic definition and design of 
these systems has been carried out at LBL. A pro- 
gram to  develop a ccntmller for residential solar 
heating and cooling sys- has led to  a prototype 
unit which is entering a'test and evaluation phase. 
This controller is intended t o  be cananercially vi- 
able and provide performance tailored to  the needs 
of the individual residential users. 

Several projects are directed toward the near- 
tern application of the solar energy resource. A 
solid state heat engine driven by the temperature 
&pendent properties of shape memory alloys has gone 
through several prototype stages. A working model, 
capable of using the low-grade heat from f l a t  plate 
collectors, is currently being evaluated. Flat 
plate collectors are also expected t o  power an am- 
monia-water absorption air conditioning system cur- 
rently under development at LBL. Technical feasi- 

bi l i ty  has be... established and the a i r  conditioner 
has reached the prototype state. A project devoted 
to  the measurement of the amomt of circunsolar radi- 
ation may be especially important in the near-term 
demonstration of solar thennal electricity produc- 
tion via central receivers. These measurements w i l l  
help t o  determine the expected thennal output of 
these plants and can also be used in atmosphericaero- 
sol research. 

Finally, there a& two projects in more basic 
solar energy research and one program in the assess- 
ment of the effects of application of solar technol- 
ogies. These three projects share a comm time 
scale; their potential benefits l ie in the future. 
One of these research efforts involves studying the 
feasibility of storing energy as the heat of reac- 
tion in certain reversible chemical processes. Ap- 
propriate reactions have been defined and their  ap- 
plicability to  and integration w i t h  future solar 
thennal electric generation faci l i t ies  are being in- 
vestigated. The second basic research program is 
investigating photochemical ccmversion of solar en- 
ergy. We are attempting to  understand both the 
mechanisms by which hydrogen is produced in process- 
es driven by photosynthesis and how certain chenical 
systems demonstrate the ability to  generate photo- 
electric potentials. Experiments are being per- 
formed which demmstrate these effects and allow 
ini t ia l  assessment of the concepts. The project 
studying the enviromnental and econmic impact of 
the w i d e  scale application of various solar technol- 
ogies has concentrated thus far  on the effects of 
central receiver solar thennal cmcepts. The pri- 
mary efforts include studies of the redistribution 
of industrial activities, atmospheric effluents and 
climatic alterations resulting fran a solar based 
electric generation capacity. 

N I T N L  ENGINE lEVEIOFWN'* 

Ridgway Banks and Michael Wahlig 

INIRODUa1ON 

Temperature-dependent changes in the elastic 
properties of certain Shape Memory Alloys make pos- 
sible the conversion of relatively low temperature 
heat to  mechanical work by means of 'solid state' 
heat e@.=. Such machines show prmnise of having 
canpetitive conversion efficiencies and capital 
costs, -bhen canpared to  other Qpes of engines fgr 
lau-temperature energy conversion, and have possible 
advantages in simplicity of practical installation. 
The current project deals with the use of such a 
solid-state heat engine for driving a vapor canpres- 
sion air conditioner using solar-heated hot water. 
Other potential applications for this type of engine 
include the generation of mechanical power (and, in 
turn, electricity), from solar thennal, Ocean ther- 
mal, geothermal, or industrial waste heat sources. ' 

A prototype heat engine based on a nickel- 
titaniun allay known as 55 Nitinol1 has been in op- 
eration at  the Lawrence Berkeley Laboratory since 
August 1973. Since that time the mechanics of the 
shape memory properties of Nitinol have been studied, 
as have the themnodynamic properties of engine cycles 
using Nitinol wire as the working element. Several 
iterations in engine design have led to  an improved 
understanding of the -*ant practical consider- 
ations in Nitinol engine operation and have led to  
the developtent of an improved prototype engine. 

Design Criteria for Solid State Heat Engines 

Use of a crystalline solid as the working 
'fluid' in a heat 'engine imposes special consider- 

.. 
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ations in mechanical design. As the solid lacks the 
f low and canpression characteristics of conventional 
fluids, special attention must be paid to  the ther- 
mal and mechanical properties of the working material 
as well as t o  the dynamics of the cycle in which it 
is used. 

Of the Nitinol materials camnercially available, 
the most effective have proven to  be wires approx- 
imately 0.5 m in diameter. Tests2 conducted a t  
LBL during 1975 indicated that wires of this size, 
when strained axially a t  3% elongation, have an out- 
put potential of > 1.0 watt/gram a t  a cycling rate 
of 60 cp. I t  was also found that i f  the wires were 
not uniformly heated during the transformation, or 
i f  the stresses developed during shape recovery were 
allowed to peak a t  a point of minimwn mechanical ad- 
vantage; excessive stress concentrations would devel- 
op. This would lead to  progressive fatigue and 
eventual failure of the wires. Other investigations 
into the details of Nitinol wire behavior under cy- 
clic conditions revealed that the t h e  response of 
the wire's shape change was quite different when 
heated (rapid response) than when cooled (slow re- 

During 1975 a new engine design was developed 
t o  accaranodate these unique wire properties. This 
is h a m  as the Cam-Track Nitinol Engine and is shown 
in Fig. 1. In this design, 0.5 nun diameter wires are 
supported between movable trolleys mounted on 
continuous tracks. The tracks are supported by a 
multiplicity of standoffs fran the ends of a cylin- 
drical tank. While the ends of the tank are paral- 

spanse). 

l e l ,  the lengths of the standoffs differ so that 
the distance between the tracks may be varied. 
practice, the tracks converge along approximately 
20% of their complete length, diverge during approx- 
imately SO%, and run parallel for the balance of 
their length. 

In 

In the part of the cycle that the tracks di- 
verge (outer diameter in Fig. I.) the wires aze im- 
mersed in cold water and, because of the divergence 
of .the tracks, are elongqted by approximately 3%. 
Following this part of the cycle, the tracks run 
parallel as the direction of travel is reversed to 
approach the concentric hot water bath (inner diam- 
eter). Immediately a t  the point where the wires 
enter the hot water, the tracks begin to  converge, 
and recovery stresses in the Nitinol wires are re- 
lieved as shortening of the wires drives the trol- 
leys forward along the track. Following this part 
of the cycle (the power stroke), the tracks again 
run parallel as the wires leave the hot bath and 
re-enter the cold bath. 

twenty working elements of the en- 
gine contains 240 feet of Nitinol wire, wound t o  
form 80 parallel 3-foot lengths. These elementsare 
joined by a cohtinuous linkage incorporating sprock- 
et teeth that engage a flexible belt leading to  the 
power take-off. The ful l  load of Nitinol in the 
prototype is 4800 feet. A t  an elongation of - 3%, ' 
with an anticipated cycling rate of > 60 cpm and 
parasitic (frictional) losses of - SO%, output is 
expected to  be in the neighborhood of 0.5 horse- 
power. 

, 

Fig. 1. Cutaway view of the Nitinol Cam-Track engine. One end of the 
tank is pictured, showing concentric water baths, typical power 
elements, one of the pair of cam-tracks and power take-off. 

(XBL 767-3131) 
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ACCOMPLI~S  DURING 1976 

Preliminary tests were run on a hand-cycled 
apparatus that simulated the mechanical cycle of 
the Cam-Track design. These tests indicated that 
wires could be reproducibly elongated to  2 3.0% 
without fatigue or non-recoverable strain. The 
cr i t ical  part of the cycle proved to  be the mecharr- 
ics of unloading the recovery stresses developed 
in the wires on heating. In the first tests re- 
covery loads were so extreme that the ball  bearings 
of the trolley mechanism failed. Following these 
tests pairs of canpression springs were introduced 
between the trolleys and the Nitinol wires. The 
next series of tests revealed that tes t  elements 
containing 240 feet of Nitinol wire fully com- 
pressed the springs. 
dicated that the tes t  elements readily developed 
a net increase in force of approximately 350pounds. 

With the springs in  place, 1000 cycles were 
made on this  apparatus w i t h  no detectable permanent 
elongation of the wire. Since progressive elmga- 
ticm is normally detectable well below 100 cycles, 
this  test established a conservative lower limit 
for reproducibility. 
ever, the output of the engine would be essentially 
limited to  the energy output of the springs. There- 
fore it was decided t o  direct future efforts t m r d s  
increasingly 'hard' mechanical cycles. 

After a series of iterations it proved possible 
t o  eliminate the springs by redesigning the contours 
of the Cam-Tracks. In the improved design, rate of 
convergence (axial displacement of the wire on heat- 
ing) is m t  linear, but follows approximately the 
form of an exponential decay curve. With this con- 
figuration (which essentially matches the rate of 
heat transfer into a wire of cylindrical cross- 
section) 1000 cycles were successfully completed. 

Strain gage measurements in- 

In this  configuration, how- 

Construction of the n& engine began in August 
1976 with major components and assembly essentially 
canpleted by November 1. The engine was run without 
power take-off t o  check the timing (phasing of ther- 
mal and mechanical cycles on the power stroke) and 
to  confinn potential for net torque. It was neces- 
sary to  make slight modifications in  the track con- 
tours and in the level of the hot water bath t o  
achieve continuous operation, and afterwards the 
machine was run free a t  very moderate hot-bath tem- 
peratures. Following assurance that the design was 
operable, further testing was delayed until  the 
p e r  take-off could be completed, so that pmerout- 

put could be directly measured. In addition a fly- 
wheel was installed t o  ensure smooth operation. This 
work was canpleted by the end of December 1976, and 
in i t ia l  testing of the engine as a whole is antic- 
ipated early in 1977. 

The heart of the Cam-Track design is its 
unique mechanical cycle which allows broad control 
of the stresses induced in the Nitinol wires on 
both heating and cooling and provides maxinrm ther- 
mal unifonnity of the working elements a t  dynamic 
points in the cycle. 

PLANNED ACTIVITIES FOR 1977 

If tests t o  be conducted during t.he caning 
year show the mechanical treatment of th i s  design 
t o  be canpatible with the thennodynamic behavior of 
commercially available Nitinol wire, it w i l l  serve 
both as an experimental apparatus for measuring the 
practical conversion efficiency of this  type of en- 
gine and as the basis for design refinements lead- 
ing t o  mechanical simplification and scale-up. The 
device itself is designed t o  provide adjustment in 
the percent of elongation of the working elements 
and in the length of wire in each element so that 
output can be increased with no increase in the 
physical size or nunber of moving parts in the en- 
gine. 
mercial potential, features presently incorporated 
t o  provide experimental f lexibil i ty w i l l  be re- 
placed by simplified and standardized components. 

m m  AND REFERENCES 

If th i s  machine is s h m  to  have future com- 

* 
Much of the information in this ar t ic le  was pre- 

sented a t  the International Solar Energy Society 
Meeting, Winnipeg, Canada, August 1976, and is 
contained in L E  report Witinol Engine Develop- 
ment ," Ridgway Banks and Michael Wahlig, LBL- 
5293, August 1976. 

1. The name of the alloy is derived from the 
chemical symbols for nickel and gitaniun, and 
the abbreviation of the Eaval Ordnance k b -  
oratory (now the Naval Surface7ueapons Center) 
in White Oak, Maryland. It was here that the 
alloy's shape memory properties were first 
observed in the la te  1950's. 

2. H. P. Hernandez, et. al . ,  Nitinol Engine Pro- 
'ect Test Bed Report, Lawrence Berkeley 

oratory Rept. U C D  -3739 (1975). 

2. H. P. Hernandez. et. al.. Nitinol Enpine Pro- 

p Test Bed &port, Lhence  Berkzey 
. boratory Rept. U C D  -3739 (1975). 

ANALYSIS OF THE CALIFORNIA SOLAR RESOURCE* 

Marlo Martin, and Michael Wahlig 

INTRoWCrIoN 
, of this project are to: 

1. Consider a l l  reasonable options and make 
a reconnnendation to  the California Energy 
Commission, detailing the role it should 
fulfill to  ensure availability of adequate 
solar data for California; 

Lack of adquate solar data would se 
limit developent of solar energy as an alternative 
energy source. This project was designed to  help 
the California Ehergy Conmission to  evaluate the 
current extent of this  limitation, and t o  plan to  
avert such limita 
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2. Carry out an interim program to m e e t  im- 
mediate needs for solar data by 

a. Locating and gathering present and 
potentially available California solar 
radiation data, 

b. Evaluating the quality of these data, 
and 

Publishing these data with relevant 
background infomation in manuals that 
can be used by Californians. 

c. 

The project plan for meeting these objectives 
consisted of 1) determination of user's needs for 
solar data by direct questioxmaires and other meth- 
ods, 2) determination of available solar radiation 
data, 
for solar data, including the use of available data 
and plans for new data if necessary, and 42 r e m -  
mendaticn of the roles that the Energy Canmission 
should play in  implementing this plan. 

scheduled for completion on January 31, 1977. 

AcCaMpLIS-ME?ES IxlRING 1976 

Assessment of Solar Data Requirements 

data requirements. One approach was t o  poll cur- 
rent and potential data users, asking than what 
their needs were. Telephone calls, meetings, and 
questionnaires were used. A greet variety of data 
types were suggested. Of primary interest were av- 
erages of daily totals for each month of the year 
for: 

Total radiation received on a horizontal 
surface (which has been measured for a 
nunber of locations in California); 

2. D i r e c t  canponent of radiation (which has 
recently begun t o  be measured at  a few 
locations in California); 

3) formulation of a plan to  satisfy needs 

This project began on A p r i l  1, 1976 and is 

'ho basic approaches were used t o  determine 

1. 

3. Diffuse component of radiation; 

4. Total radiation received by surfaces of 
various orientations. 

Data users who intended to  perform detailed computer 
simulation computations generally requested hourly 
rather than daily time resolution for the data. 
Furthennore, hourly data for direct and total  radi- 
ation (it- 1 and 2) can be used to produce fairly 
reliable values of the diffuse component of radi- 
ation and the radiation received by t i l ted surfaces 
(items 3 and 4). 

A second approach to  determining data require- 
ments was the analysis of solar energy systems 
which have potential for widespread applications. 
These analyses provided definition of the data types 
and the accuracy necessary for econanically reason- 
able system design. The data types l isted abovewere 
determined to  be adequate when supplemented by non- 
solar climatological data such as temperature, Wind 
velocity, and hmidity. Danestic space and water 

heating, as well as solar thennal electric conver- 
si&, were analyzed in some detail to assess data 
accuracy requirements. For some applications it 
was  found that relatively inaccurate (t 20%) solar 
data can be tolerated for system design and sizing, 
without incurring large (It 5 % )  econanic penalties. 
In some cases more precise data may be required; 
e.g., power plant siting, or deciding whether or 
not t o  install  solar systems where canpeting tech- 
nologies have similar energy costs. 

iJ 

Identification and Ehluation of Available Solar 
'Radiation Data 

A survey of past, present, and planned insola- 
tion monitoring programs in the state has beenmade. 
Approximately 140 s i tes  have been identified where 
systematic measurements have been taken of total  
radiation received by a horizontal surface. No 
other type of solar radiation measurement has been 
ccormon in the past. Nine sets of measurements were 
taken with photovoltaic cel l  instments ,  and 39 
sets of data were obtained w i t h  bi-metallic s t r ip  
instnnnents. Most useful for the present work are 
the 87 data sets produced by thennupile-type instru- 
ments, as these instnnnents are capable of produc- 
ing monthljr totals of radiation w i t h  210% accuracy. 
Of these 87 records, however, only 22 have lengths 
of 5 years of more, and are thus useful for accu- 
rate estimates of climatological averages (see Fig. 
1). Finally, evaluation of the data shows nunerous 
problems with instrunent cal3bration in these 22 
climatological stations. The China Lake (Inyokern) 
fecord is known t o  be too high for a period of 
years1 The two San Jose stations show major dis- 
crepancies. O t h e r  problems with the data are ev- 
ident from even a cursory inspection of the data 
records. 

by direct examination of clear-day readings pm- 
duced by the stations,by canparison with the data 
of nearby stations, and by visiting 25 selected 
s t a t i m .  

The edited and corrected data sets are being 
used to  generate s l ~ ~ n a r y  infomation regarding 
solar radiation availability for California. 
informatian w i l l  be published in California Solar 
Data Manuals. 

The records of solar data have been evaluated 

This 

Development of a bogram t o  Coordinate and Manage 
h l a r  Data 

In addition to the 22 solar data stations with 
climatological (5 year) data sets, there are approx- 
imately 30 new high-quality data s t a t i m  with less 
than 2 years of data. 
eters, which measure the direct component of radi- 
ation, have recently been installed. 
data base for California is rapidly expanding. In 
view of the large quantity of data now becaning 
available and in view of the historical difficulties 
with solar data acquisition systems, it is important 
to  develop a coherent program for data management. 

The results of these project tasks (including 
user's data requirements, data collection, and de- 
termination of the plans of various agencies for 
data collection) w i l l  be incorporated into recom- 
mendations to  the California Energy Canmission 

Approximately 8 pyrhelim- 

Thus the solar 

Li 
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Fig. 1. Solar radiation measurement stations (Thennopile-type 
pyrananeter sites with more than 5 years of data). 
Medford, Oregon, 2) Reno, Nevada, 3) Soda Springs @lev. 
6885 f t . ) ,  4) Davis, 5) Richmad,* 6) Fremont, 7) San 
Jose, 9) Redwood City, 10) San Francisco, 11) San 
Rafael, 12) Fresno, 13) Santa Maria, 14) China Lake 
(Inyokern), 15) Las xegas, Nevada, 16) Riverside, 17) 
Los Angeles (Urban), 18) Los Angeles (Airport), 19) 
Northridgs, PO) Yuma, Arizona, 21) E l  Centro, 22) 
La Jolla. 

1) 

( Indicates a station no longer in existence). 
(XBL 773-640) 

FOOTNOTE AND REFEFENCE which w i l l  detail a data management plan for Cal- 
ifornia. 

PLANS FOR 1977 
. *  

Work supported partially by ERDA and partially by . 
the California Energy Resources Conservation and 
Development Cmission (Energy Cmission). During January 1977 (the final month of the pro- 

ject) the recmendations for solar data management 
w i l l  be fonnulated. Reconnnendations also w i l l  be I. R. W. Durrenberger. and A. J. Brazel, Science, 
made regarding station planning, instrument calibra- . -' 193 1154 ~ (1976). 
tion and maintenance, and data processing and eval- 
uation. 
final report w i l l  be completed. 

In addition, the solar data manual and 

DEVELOPMENT OF ABSORPTION AIR CONDITIONER 
FOR SOLAR HEATING AND COOLING SY& 

'td 

Kim Dao, Melvin Simmons, Richard Wolgast, and Michael Wahlig 

INTROWCTION 

An amnonia-water absorption air conditioner that 
can be driven by solar-heated hot water is being 
developed for residential cooling applications. The 
air conditioner is  being designed for operation at 

temperatures 
with the use of flat-plate solar collectors. An im- 
portant aspect of the design is the use of a i r  cool- 
ing for the condenser and absorber coils, thus 

200°F and is therefore ccnnpatible b! 



72 

avoiding the use (and maintenance problems) of water 
cooling towers. 21 psi. 

2) Four Bourdon pressure gauges calibrated to 

The condenser, absorber, precooler, evaporator, 
and solution pmp from an Arkla gas-fired monia- 
water absorption water chiller (Model ACB-60-00, 
which had a nominal cooling capacity of 5 tons)were 
used as a base for the fabricatfon of the newproto- 
type air conditioner. The following canponents were 
added to this base: generator (a packed tower coun- 
terflaw heat exchanger), preheater and rectifier 
(both shell-and-tube, m e  pass, counterflow heat ex- 
changers), storage tanks, adjustable eqansion valves 
and measurement instnments. 

ACCCMPLIS~S DURING 1976 

The first phase of the air conditioner develop- 
ment program was completed and 22 test runs, total- 
ing about 60 hours of operation, were carried out on 
the prototype unit. 

The instmentation used to monitor the perfor- 
mance of the experimental unit consisted of: 

1) Twenty copper-constantan thennocouple junc- 
tions silver soldered to the external sur- 
face of the tubing and covered with thermal 
insulation. The locations of the junctions 
are shown on Fig. 1. The digital voltmeter, 
used for direct reading of the temperatures, 
was calibrated to an accuracy of 20.1"C at 
the ice point and ?0.2"C at the boiling 
point of water. 

3) Two rotameters, calibrated to 22% accuracy, 
for the measurement of the flow rates of the 
weak solution and of the munia. 

4) Two sampling chambers for the measurement of 
the concentrations of the solutions. 

The heat inputs to the generator (QG) and to the 
evaporator (a) were calculated from the water flow 
rates and the temperature drops of the water through 
the heating coils of the generator and through the 
evaporator coils. The flow rates of the hot water 
and chilled water were measured by calibrated mer- 
cury columns (22% accuracy). 
measured by thermocouples. The total errors were 
estimated to be 24% for % and i5% for %. 

The temperatures were 

The system was charged with 65 lbs. of solution 
with an monia concentration of 55%. The unit was 
started by punping hot water, controlled at constant 
inlet temperature, through the generator. The con- 
denser-absorber fan and the solution p q s  were 
turned on when the generator pressure reached about 
150 psig. 
solution were then adjusted to the desired values 
using expansion valves. 
taken 30 to 45 minutes after establishing the de- 
sired running conditions. 
system had reached steady state. 

Flow rates of ammonia and of the weak 

Experimental data were 

This ensured that the 

Qw = 22600 

CW? 4.6'7 
T Thermocouples 

P Pressure gauges 

Rotameters 

of concentrations 

Pump well 

Tubes for measurement Solution 
pump 

Fig. 1. System configuration and state points of a typical run. 
(XBL 767-3132) 
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TEST RESULTS 

k l  The tests produced the following results: 

. 1) The operation of the ammonia-water ab- 
sorption refrigeration cycle is very stable 
close t o  the cut-off conditions; i.e., stable 
up to  circulation ratios of the order of 30 and 
possibly higher. 

calculations based upon the a s s q t i o n  of equi- 
librium states is confinned within experimental 
errors of 25%. 

3) The pressure drop across the absorber is 
important for operation near the cut-off temperc 
ature since its effect is t o  increase the evap- 
orating temperature T 
psi  increases TE by !?;. 

4) The overall heat transfer rate of the 
packed tower type of generator is poor (of the 
order of 120 Btu/hr-ftz-"F), even with Linde 
high flux coating on the water tubing. There- 
fore another type of generator must be developed 
to  improve the heat transfer characteristics 
for a smaller size g 

5) Coefficients m i c e  (COP) of 
0.4 t o  0.7 were obtained. 
with the calculations to  within +5%. 

W 

2) The validity of the analytical cycle 

A pressure drop of 8 

These'values agreed 

CONCLUSIONS 

For acceptable cooling and dehumidification of 
the conditioned a i r  using reasonably-sized chilled 
water coils, the evaporator temperature is limited 
to  TE < 47" F. Inexpensive f l a t  plate collectors may 
reasonably l i m i t  the generating temperature to  
TG < 195" F. These practical constraints canbine t o  
require condensing and absorbing temperatures @c 
and TA, respectively) below 110°F. 
TC < TA < 110°F can be met by doubling both the 
cooling a i r  flow rates and the sizeof the condenser- 
absorber unnpared t o  those used i n  conventionalgas: 
fired systems using finned-tube condenser and ab- 
sorber. (These conditions are essentially satisfied 
already for our experimental chil ler since we are 
using the condenser, absorber, and fan from a con- 
ventional five-ton chil ler for our three-ton solar 
unit.) Doubling the cooling a i r  flow rates is a 
must, but new designs of more efficient condenser- 
absorbers may reduce the requirement of doubling 
the size (and cost) of these heat exchangers. 
Doubling the cooling a i r  flow rates typically in- 

The constraint 

creases the power of the fan f r o m  1/140 t o  1/70 
watt per Btu/hr of cooling, making the total  power 
consTtion .equivalent t o  35 Btu/hr of cooling per 
watt o electrical power input (as canpared to  a 
rating of about 8 Btu/hr per watt for a me&anical 
compressor unit). 

tiveness (em) and the difference in concentration 
(Ax) between the strong and weak solutions, and is 
quite insensitive to  the values of the remaining 
parameters. To have a COP>O.65 with Ax=0.03, the 
preheater effectiveness epH m u s t  be a t  least 90%. 
This value is not expensive to  achieve since there 
is sufficient pressure in the weak solution line to  
promote high heat transfer coefficients. A high 
value of epH is a must in order t o  avoid dunping 
into the absorber the heat contained in the weak 
solution. 

The first phase of the ammonia-water absorption 
a i r  conditioner developnent has demonstrated exper- 
imentally that it is technically feasible to  use the 
ammonia-water absorption cycle for cooling with a 
heat sourc ature below 200°F and a heat sink 
temperatur 

PLANNED ACIIVITIES FOR 1977 

The COP depends strongly on the preheater effec- 

a i r  cooling) below 110" F. 

The next phase of th i s  project w i l l  involve re- 
design and retest of the generator and preheater , 
with canbined objectives of lower-cost and higher- 
efficiency for both of these components. Addition- 
ally, the absorber, condenser, and evaporator coils 
w i l l  be modified or  replaced with more efficient 
units. A l l  ccpnponents must realize their  fu l l  per- 
formance potential in  order t o  achieve the project 
goal: operation with air-cooling and solar-heated 
hot water temperatures of 200°F or less. When the 
performance goal is attained, an assessment of the 
c m r c i a l  potential of the a i r  conditioner w i l l  be 
made with the assistance of project consultants. 
Assuming a favorable ,result, steps w i l l  be initiated 
t o  transfer this  technology to  the comnercial sector. 

F 

* "  
Test results were reported a t  the International 

Solar Energy Society Meeting, Winnipeg, Canada, 
August 16-20, 1976,-andare also contained in the 
LBL Report , 
Water Absorption A i r  Conditioner a t  Low Generator 
Temperatures", Kim Dao, Melvin Simons, Richard 
Wolgast, and Michael Wahlig, LBL-5224, August 1976. 

"Performance of an Air-Cooled Ammonia- 

~ I C A L  SI~RAGE OF THERMAL ENERGY 

A. S. Foss and S. Lynn . 
INlRODUCTION 

A means of storing energy economically would 
be of considerable value to  both nuclear and solar 
power production. 
by carrying out a reversible chemical reaction that 

absorbs heat a t  a high temperature as the reaction 
proceeds in one direction and, on controlled re- 
versal, releases the heat a t  a somewhat lower tem- 
perature. 

One means of storing energy is 
To be useful in modern steam-cycle power 
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generation, the heat-release reaction must occur a t  
temperatures of 500-600°C. 
appear t o  be of particular interest: 

Two reaction systems 

2 x 3  * 2sO2+o2 (1) 

cH4+€$o * c o + 3 H 2  (2) 

and 

This project has concentrated on studying the first 
reaction. However, thus fa r  most of the effort has 
been devoted t o  flawsheet developnent, and it has 
been found that the basic approach that must be 
taken t o  achieve the highest possible energy effi- 
ciency is the same for either system. 

The primary advantage of using a chemical reac- 
tion for energy storage is that the storage temper- 
ature can be near ambient. However, an inevitable 
requirement of near-ambient storage is the need for 
extensive heat ex&ange between the streams being 
taken fran storage temperature t o  reaction temper- 
ature and back. 
total  heat of reaction is the sensible heat associ- 
ated with this change in temperature of the chem- 
ical  streams, efficient heat exchange between the 
hot reaction products and cold chemicals feeding 
the reactor is desirable. This heat exchange re- 
sults in higher plant efficiencies through de- 
creased rejection of heat fran the hot products t o  
the environment and through decreased thermal de- 
mands placed on the plant by the storage system. 
In addition, the latent heat of condensation and 
vaporization must also be exchanged. The la t ter  
effects arise i f  one is to  take advantage of the 
reduction in storage volune afforded by condensing 
So3 and in the one system or H20 in the other. 

Funding for this project began in November, 
1975. 
storage of energy obtained fran nuclear p e r .  
During 1976 the emphasis changed t o  storage of so- 
l a r  energy. 
independent of the assumed source of energy. 
objective of the project has been t o  develop a tech- 
nically feasible flwsheet for the chemical storage 
of thermal energy that, as the result of analysis 
and modification, has the highest practical energy 
efficiency . 

Since a large fraction of the 

Init ially the project was directed toward 

However, most of the work to  date is 
The 

ACCOMPLISMENI'S DURING 1976 

The work first proposed for the current year 
was to  continue the flowsheet development for the 
sulfur oxide system in an effort to  

study of the methane system of Kugeler e t  a1.2 was 
initiated in  order to  obtain a caparison of the 
two systems based on similar assunptions. A third 
goal was to  seek other reversible reactions for 
study. Finally, the possibility of using non-cy- 
clic reactions was t o  be considered. 

The first study led t o  a major improvement in 
the thennal efficiency of the flawsheet by recog- 
nizing the need for integration of the storage sys- 
tem w i t h  power production. Reference was made in 
the Introduction t o  the large quantities of sensi- 

rove the in i t ia l  flowsheet studied by Bhakta. P Second a 

ble and latent heat that must be exchanged in both 
the heat-absorption and heat-release processes. I t  
is not possible t o  achieve a thermal storage effi- 
ciency much greater than SO% if the thermal storage 
process is operated independently of the power pro- 
duction system. 
of the streams change as the result of the chemical 
reactions, and heat of condensation is released a t  
a temperature laver than that needed for heat of 
vaporization. 
these mismatches require heat dissipation to  the 
environment. The presence of a power plant allows 
the use of this low-level heat to  preheat boiler 
feed water and raises the attainable thennal eff i -  
ciency t o  65-7S%. Achieving maxinnnn efficiency re- 
quires the generation rate of the power plant t o  be 
no less than a certain multiple of the storage rate 
of the storage system. 
2.5 t o  5 ,  depending upon the system used and the 
design details. 
a storage system for solar plants is less than that 
for a nuclear plant because of less favorable oppor- 
tunities for integration in the solar plants. 

Pecause many different definitions of thermal 
efficiency may be used, canparisons of different 
systems by different investigators may be confusing. 
In this  project a more general definition of effi- 
ciency is being developed. This efficiency is  based 
on camparison of the electric energy obtained from 
the storage system t o  that obtainable fran the as- 
sociated power plant in the absence of the storage 
system. While doing this  it has becane apparent 
that the use of modem steam-cycle technology is 
very important t o  the future use of solar energy in 
power generation. Any storage system should there- 
fore be ccanpatible with this  technology. 

as possibilities for thennal energy storage: 

This is because the heat capacities 

In an independent storage system 

This multiple varies fmm 

The overall thennal efficiency of 

Two other chemical systems have been proposed 

2NH3 N2 + 3Hz 
and 

cOcl2 - C12 + co . 

(3) 

(4) 

The ammonia system is undesirable because presently 
available catalysts are not active enough t o  drive 
the heat-release reaction (amnonia formation) to  
equilibrim a t  temperatures below 400°C. 
temperature the equilibriw conversion is only about 
20% a t  a pressure of 200 atm. 

The phosgene-forming reaction, in contrast, 
proceeds a t  a measurable rate without catalysts at 
room temperature. One would therefore expect a 
substantial rate of recombination in the heat ex- 
changers following the heat-absorption step, which 
would lead to  low efficiency. 

No other suitable reactions are known that do 
not involve solids. (Solids have been excluded be- 
cause of disadvantages such as attr i t ion,  low ther- 
mal conductivity, change of density during reaction, 
and so forth.) 
ber of suitable reactions is small since the tem- 
perature of reaction is above the limit of stabil- bp.1 
i t y  of most organic compounds, and the desire t o  
avoid working with solids rules out most of the 
lighter element compounds. 

A t  that 

I t  is not surprising that the nun- 
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No progress has been made on the use of non- 
cyclic reaction systems for energy storage. 
t i a l  investigations have proven unfruitful, and 
this approach to  energy storage will not b 
ly pursued. 

ACTNlTIES PLANNED FOR 1977 

support services, including reviews of reports and 
proposals, w i l l  be provided to  them during the 
caning year. 

Finally, it is of interest to canpare chemical 
energy storage to  the more conventional storage of 
sensible .or latent heat. 
ations of these storage techniques w i l l  be in i t i -  
ated. 

REFEREXES 

1. M. L. Bhakta, M. S. Thesis in Chemical 
Engineering, University of California, 
Berkeley, 1976. 

2. K. Kugele;, H. F. Niessen, and M. Rijth-Kamat, 
Nuc. Eng. and Des. 34, 65 (1975). 

Ini- 

Canparisons and evalu- 

In the caning year flawsheet developent ef- 
forts will continue. 
systems will be canpared under roughly optinnnn con- 
ditions for each. 
materials of construction with SO3, SOz, and 02 a t  
1000-1200" C w i l l  be determined experimentally. 

overseeing contracts in the area of solar energy 
storage has been established. 

The sulfur oxide and methane 

The compatibility of potential 

A close working cooperation with the ERDA group 

It is expected that 

OF CIRCLUSOLAR RADIATION 

Donald F. Grether, h l o n  J. 

INTRDWCTION 

The objective of this project is to provide 
detailed measurements of the direct component of 
the solar flux at  the surface of the Earth. The 
"direct" component usually measured includes radi- 
ation from around the solar disc (cirnnnsolar 
region) in  addition to the "true" direct component . 
from the solar disc. The cirnrmsolar radiation is 
produced by mall-angle scattering of sunlight 
f r o m  atmospheric aerosols with dimensions on the 
order of or greater than the wavelength of light. 
Under some circumstances these aerosols can cause 
a significant fraction of the solar-flux to  be 
deviated to  angles of several degrees or more. 
Solar energy conversion techniques using high con- 
centration ratios, such as the central receiver 
concept, only collect light from the solar disc 
and a small portion of the cirnnnsolar region. 
Pyrheliometers, 'the instruments normally used to  
estimate the direct solar radiation, typically have 
a field of view of 5-6". The pyrheliometer measure- 
ment includes a large portion of the circumsolar 
radiation and thus overestimates the amount of di- 
rect sunlight that would be collected by a con- 
centrating system. The detailed angular distribu- 
tion of the circumsolar radia$ion is important, 
as it affects the radiant energy distribution on 
the surface of the receiver in  solar thermal power 
plants. Cirnnnsolar radiation measurements w i l l  be 
used in calculating the performance of solar power 
plants and w i l l  determine the conditions under 
which pyrheliometer data are adequate for es t i -  
mating this performance. 

- This project was started in  1974 with feasi- 
bi l i ty  studies leading up to  the design and con- 
struction of the prototype instrument. bing 
1975 the prototype instrument was completed and 
work was initiated on three more fixed s i t e  in- 
struments. This year the three new instruments 
were completed, debugged, and deployed. They began 
operation between May and July of 1976 a t  the fol- 

Hunt, and Michael Wahlig 

lowing locations: I) near the 5 megawatt (thermal) 
solar tes t  facil i ty in Albuquerque, N. M.; 
2) at the s i t e  of a total  energy system pilot  plant 
in Ft. Hood, Texas; 3) currently at China Lake, 
Ca., to  be located a t  the s i t e  of a 10  megawatt 
(electric) central receiver pilot plant. 

CIRCLMSOLAR TELESCOPE 

The basic instrument was designed and fabri- 
cated a t  LBL and consists of a "scanning tele- 
scope1) that is mounted on a precision solar tracker. 
A d ig i t a l  electronics system provides control for 
the tracking and scanning mechanisms. A photograph 
of the three instruments near completion is shown 
in  Fig. 1. The design has been described in  more 
detail elsewhere.1 The telescope uses as its basic 
optical element an off-axis mirror of  7.5- dia- 
meter and l - m  focal' length. A fused s i l ica  window 
protects the mirror from the environment. The mir- 
ror forms an image of the sun and sky around Z t  on 
a plate t o  the side of the telescope axis. A small 
hole in this plate, the detector aperture, defines 
the angular resolution (1/20 of the solar diameter), 
and the amount of light passing through the aper- 
ture into the detector assembly constitutes the fun- 
damental measurement. In the detector assembly the 
light is mechanically chopped, optically filtered, 
and focused onto a pyroelectric (thermal) detector. 
This type of detector was chosen for its uniform 
wavelength response in  the 0.3 to  2.5 pm region 
and its wide dynamic range. 

sun at  the center and measures the brightness of 
the solar and cirnrmsolar radiation as a function 
of angle. The instrument scans in  declination so 
that at  sunrise and sunset it travels nearly 
parallel to the horizon and a t  noon it moves in  a 
vertical plane. A m b e r  of precautions are taken 
to  reduce the levels of scattered light inside the 

The telescope scans through a 6" arc w i t h  the 
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Fig. 1. Circumsolar "scanning telescope". The 
photograph shows the three instruments near 
completion. 

telescope to less than 10-7 at 3". This, in con- 
junction with a total dynamic range of nearly 107, 
effectively solves the problem of measuring the 
very large intensity differences between the sun 
and aureole region. 

Each 6' scan requires one minute of time. The 
brightness is digitized every 1.5' of arc. Within 
0.5" on either side of the sun an aperture of 
size 1.5' of arc is used, and outside this region 
the aperture is increased to 5' of arc. A set of 
measurements consists of one scan at each of 10 
"filter positions". There are eight optical filters, 
one open (or W.ear") position, and one opaque 
position. The opaque position is used to monitor 
the detector noise. The absolute determination of 
the normally incident flux (within 2.5" of the sun 
center) is provided by an active cavity radiom- 
eter.2 This device is self-calibrating and has an 
accuracy of 0.5%. This pyrheliometer is provided 
with a matched set of filters that rotate synchro- 
nously with those on the scanning telescope. Thus an 
absolute ,calibration of the normally incident flux 
along with the detailed solar profile in eight 
wavelength bands provides enough information to 
determine both the atmospheric turbidity and the 

(CBB 763-2422) 

scattering phase function. Two pyranmeters are 
used, one mounted in the conventional horizontal 
position, and one tracking the sun. 

The telescopes are capable of unattended op- 
eration for up to a week, although they typically 
receive a daily inspection during the work week. 
Wring the night the solar trackers run backwards 
and automatically initiate operation at the be- 
ginning of each day. The data is recorded on 
magnetic tape and processed at the laboratory's 
computer center. 

'Figure 2 is a computer-plotted graphical dis- 
play of a clear filter scan made by SCOPE 1 at 
Berkeley at 1313 hours on June 1,1976. The computer 
code proceeds as follows. A search is made for the 
peak brightness point of the sun. (This peak point is 
close to, but not always exactly at, the center of 
the sun.) The 'kdges" of the sun (defined as the 
angles at which the brightness is down by a factor 
of 30 from the peak) are then detennined. These 
edges are indicated on the graph by the two verti- 
cal dotted €ines. The center of the sun is taken 
as the angle midway between the two edges and is 
indicated by the solid vertical line. Next an ef- 

(ib.! 
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Fig. 2. Computer-plotted graphical display of a 
clear filter scan made by SCOPE 1 at 
Berkeley at 1313 hours on June 1, 1976. 
dots are the individual scan digitizations. 
The scan started at +3, as indicated by the 
large horizontal a m ,  crossed the sun near 
0" , - and ended at -3". The small vertical 
arrows indicate the angles where the aperture 
was switched from 5'  of arc to 1.5' of arc, 
and then back again. (XBL 7611-9866) 

fective radius is defined as the true radius of the 
sun (approximately 16' of arc; the exact value is 
calculated for the specific date, as it changes 
during the year because of the varying earth-sun 
distance) plus the radius of the detector aperture 
(0.8' of arc). The effective radii are indicated 
by the solid vertical lines at the top and bottom 
of the graph, and in this case are nearly coin- 
cident with the edges of the sun. The brightness 
is then integrated fran the center of the sun to 
the effective radius and from the effective radius 
to the end of the scan to give the intensities of 
the direct and circnansolar radiation respectively. 
,The ratio of circlrmsolar to solar radiation is 
then calculated and is given at the top of the 
graph (C/S =). The normal incidence measurement 
provided by the pyrheliometer (NI =) is also in 
dicated. This particular scan is for a clear day, 
with a cirannsolar to salar ratio of anly 0.63, - 
and a normal incidence value of 985 W/mz. 

strument at China Lake, California. Though taken 
on a clear day, substantial circumsolar levels 
are observed. The diagrams are similar to Fig. 2, 
but taken through band pass filters in two con- 
secutive minutes nearnoon. .The pass bands of the 
filters are indicated above the graph. The data 
contain several interesting fatures. Note the 
rather severe limb 'darkening in the short wave- 
length scans, in contrast to the nearly flat solar 
profile in the infrared scan. Another observation 

- 

Figure 3 illustrates measurements from the in- 
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Fig. 3. Measurements t nt at. 
China Lake, California. The pass bands of the 

. filters are indicated 

is that the cir-dl 
mately equal but the aureole (cirmnsolar) profiles 
differ. 
degree frm.the center of the sun. The shoulder in- 
dicates the presence of large particles which pro- 
duce a sharp forward diffractionpeak. From weather 
observations taken that day it is most likely that 
the scattering was produced by thin cirrus clouds 
containing ice crystals. Clouds of this type are 
c m o n  .in desert regians on 
tenuous that they are not usually noticed against 

There is also a distinct shoulder about m e  

days but are so 
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Fig. 4a-d. The time dependence of various parameters of the solar radi- 
ation in Albuquerque, New Mexico. The pair of graphs (a), (b) and 
(c), (d) are for two separate days. 
normal incidence readings fran the pyrhelianeter 0,  and the total  
radiation readings from the horizontal pyrhelianeter (A) and from the 
sun-tracking pyrhelianeter (0). Figures 4b and d show the ratio of 
c i r m o l a r  to  direct solar radiation for the same day. 

Figures (a) and (c) show the 

[ (a) XBL 772-7483; (b) -7482; (c) -7464; (d) -74631 

the blue sky. However, they produce high circum- 
solar levels that w i l l  affect the operation of a 
solar power plant. 

Figures 4a-d display the time dependence of 
various parameters of the solar radiation for two 
separate days. These measurements were taken by 
SCOPE 2 which is located in  Albuquerque, New Mexico. 
The t o t a l  losses that would be experienced by a 
highly concentrating collector due t o  circlnnsolar 
radiation can be calculated by integrating the 
product of the normal incident radiation and the 
circumsolar t o  solar ratio. I f  the collector system 
f i l l s  the receiver with the solar disc, the total 
integrated losses for the day in Fig. 4a and 4b 
would be equal t o  1.2%. Figures 4c and d illustrate 
,a day that probably had a blue sQ slightly 
whitened by cirrostratus cover. (Note the difference 
in  scale for the circumsolar graphs in Figs. 4b and 

4d.) The normal incidence readings are moderately 
high throughout the day. The c i r m o l a r  to  solar 
ratio is low early in  the morning but fm 10 a.m. 
onward its average is very high (many points 'are 
above the top of the graph). The pyrhelimeter data 
indicates sufficient flux for plant operation most 
of the day but the integrated losses due to  cir- 
cumsolar radiation for the whole day are calculated 
t o  be over 17%. Thus the errors in utilizing 
pyrheliometer data for this kind of day w m d  be 
considerable. 

be operated whenever the solar input ,exceeds the 
radiative losses from the receiver. In order to. 
accurately assess the effects of cinxrmsolar radi- 
ation for a given location and type of collector, 
therefore, it is necessary to  determine the cir- 
m o l a r  t o  solar ratio throughout the year for a l l  

It is anticipated that solar power plants w i l l  
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but completely overcast days. For very clear days 
in the desert it appears that circumsolar radia- 
tian losses will be small even for highly concen- 
trating collectors. However when considering plant 
operation under redl conditions it is not yet clear 
how important a role that circumsolar radiation 
will play; it may be substantial and it certainly 
will have considerable geographic variation. The 
quantitative answer to the question of the im- 
portance of cirarmsol.ar levels to solar collect ion 
will become clearer as the data base increases. 

ACCOMPLISHMENIS WRING 1976 

This year the three new telescopes were can- 
pleted and set up at the three sites mentioned 
earlier. bcal personnel were trained at each site 
and the telescopes were maintained by them with 
the help of occasional visits by LBL employees. 

The prototype instrument has been used for 
making measurements in Berkeley and as a test bed 
to aid in debugging the electronics for the new 
telescopes. After the new instnments were in- 
stalled, the prototype was automated by including 
the night retrace feature for autanatic mrning 
acquisition of the sun, modifying the declination 
drive for continuous operation, and adding a rain 
sensing and protection system as well as a blower 
supplying ultrafiltered air for maintaining a dust 
free window. 

stations were added to two 
of the telesc igital interface system was 
obtained to acces weather measuring instru- 
ments that will be installed by Sandia at the 5 
MW test facility. . .  The weekly data from each site 

was processed and reviewed using data sunnnaries 
stored on microfiche. Work began an the verification 
and transfer of raw data fran tapes to permanent 
storage files. Various requests for data were filled 
for a variety of interested workers. 

PLANNED ACTMTIES FOR 1977 

The collection of data will continue until a 
two year data base has been established. A re- 
duced data base will be developed to make the pro- 
cessing and manipulation of solar and ciKxrmsolar 
information more convenient. When established, this 
base will be used for a variety of statistical 
studies, such as determining the percentage of 
time that pyrheliometers are able to  predict the 
performance of various collector systems. 

The remaining weather stations will start op- 
eration 8s soOn as the telescope now at China Lake 
is moved t o  the site of the 10 MW solar thermal 
electric pilot plmt and the weather system at the 
5MW solar thermal test facility is completed. A pro- 
gram of field measurements by the portable instru- 
ment will begin early in the year and measurements 
will be made at a number of new locations. 
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ENERGY TRANSFORMATIONS USING CATALYSTS FRCM UUDRDPLASTS, CYANOBACTERIA AND HAIDBACTERIA 

r, E. Tel-Or, L. . (xlllingford, P. K. Shieh, T. Konishi 
INIRODUCTION 

Through evolution, photosynthetic and photo- 
trophic organisms have evolved highly efficient 
catalytic systems for solar energy conversion. The 
mechanisms producing these energy transformations 
have long been a subject of inquiry by investiga- 
tors in various areas of bioenergetics. TWO char- 
acteristics of living organisms have recently 
attracted particular attention as possible bio- 
logical sources for photoelectrical potentials and 
currents. The catalytic systems in chloroplasts 
from higher plant leaves and light-triggered 
catalysts in certain microorganisms such as the 
cynaobacteria (also known as blue-green algae) and 
halobacteria (salt-laving organisms) are being 
studied. These systems may provide either practical 
solar energy converters or may serve as patterns for 

upon their principles. 

ACCWLISHMENTS DURING 1976 

H Gas Production by Photosynthetic Preparations 
-asts and Cyanobacteria 

The photosynthetic process is a highly spec- 
ialized light-energy transducer which at ordinary 
temperature photolyzes water into protons and 
electrons. The protons and low-potential electrons 
in the living plant are coupled to the reduction 
of carbon dioxide to form carbohydrates and other 
carbon substances by metabolism. It is possible, 
however, to construct a similar &vitro system 
composed of chloroplasts, a low-potential electran 
mediator, and a hydrogenase enzyme. When these com- 
ponents are combined, they produce H gas driven 
by photolysis of water, i.e., biopho&lysis. Such 
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a system has been under study.b2,3 It has been 
found that the system efficiently (80%) couples 
photolysis of water into H2 gas production. How- 
ever, coupling the photolytic process to hydrogen 
gas production suppresses the water photolysis rate 
by an order of magnitude. The system is short-lived 
and survives at 30°C for about 8 hours. It produces 
approximately 10-15 micromoles H2 gas per mg. chloro- 
phyll per hour. The total production of Hz is 60-70 
micromoles per mg. of chlorophyll under continuous 
illumination in a hydrogen gas generator.1 

pensive and unstable and therefore not in itself 
practical it identifies two steps in the process 
which need further study. These are the stability 
and the mechanisms of the water-splitting reaction. 
Better understanding of the mechanism is needed at 
the sites where (1) light energy is absorbed and 
(Z) ,  where transference of the low-potential elec- 
trons generated by the photosystems. is coupled t o  
the hydrogenase catalyst for H2 production. Im- 
proved understanding of thewater-splitting reac- 
tion will be useful in designing an efficient and 
stable hydrogen gas producing device. 

above, an investigation of a system in cyano- 
bacteria was initiated. This system has the photo- 
synthetic capacity and a catalyst for H pmduc- 
tion in a single, naturally occuring or&nism. 

Cyanobacteria are perhaps the most highly 
specialized of the primitive microbial organism. 
When grown aerobically in the absence of canbined 
nitrogen, they develop a few specialized cells 
known as heterocysts which are capable of fixing 
atmospheric N2 into anunonia. The rest of the cells, 
called vegetative cells, carry out normal photo- 
synthesis. The system is thought to work as fol- 
lows: photosynthesis in the vegetative cells pro- 
duces reducing power in the form of carbon sub- 
stances which are transferred to the heterocysts. 
There the substances are used to reduce N2 into 
amnonia which, in turn, is transferred back into 
the vegetative cells where it is used to make pro- 
teins. Wortunately, up to half of the reducing 
power or energy for Nz fixation is lost as H gas 
by the catalyst nitrogenase.  his loss of hyirogen 
in N2 fixing organisms is quite c m o n  in nature.4 
Studies ham shown that purified preparations of 
heterocysts indeed produce H2 gas. They do so by 
means of their nitrogenase catalyst and in addi- 
tion, they have been found to possess a hydro- 
genase catalyst which is present in the same 
cells. 192 9 5 

Althoughtihis is a model system that is ex- 

Based on experience with the processes described 

Experiments have demonstrated that isolated het- 
lindrica, erocysts frm Nostoc musconn or Anabaena 

much as a day at a rate of about 1-4 micromoles/mg 
chlorophyll per hour. If Hz is present in the at- 
mosphere, the rate of Hz consumption can be 10-20 
fold faster than this rate of H 
Also H;! consumption is virtualfy an exclusive 
property of the heterocysts (i.e., very low activ- 
ity is present in the vegetative cells). The ex- 
istence of two catalytic systems for H2 production, 
only one of which (the hydrogenase) is reversible, 
suggests that hydrogenase provides a way to re- 
capture the energy loss in heterocysts. In these 

can produce H2-y-e continuously + or as 

production. 

organisms H2 gas utilization by hydrogenase may 
therefore be a means for enhancing the N2 fixing 
productivity of the cyanobacteria. A scheme de- 
picting this process is shorn in Fig. l. In sup- 
port of this proposal, recent studies have shown 
that hydrogenase activity can be induced by pro- 
viding growing cultures of cyanobacteria with 
hydrogen gas; this results in a ten-fold enrich- 
ment of H;! uptake activity. 

c 

6- 
Pmteln , 

Starch 

Oxygen 
production 

Fig. 1. This diagram suggest the possibility that 
the wasteful loss of H2 gas known to occur 
i n  nitrogen fixing organisms might be cor- 
rected by using hetrocysts to recycle the 
hydrogen gas. The result would be an increased 
N2 fixing productivity by cyanobacteria. 

(XBL 767-9129) 

Photoelectrical Potential Generation by Bacterio- 
rhodopsin, a Catalyst from Halobacteria 

Halobacteria growth requires concentrations 
of salt many times higher than sea water. When 
these organisms are transferred to ordinary water, 
they burst. This causes most of their enzymes and 
catalytic systems to be destroyed. An exception, 
however, is a very stable patch derived from their 
outer envelope (the purple membrane) which con- 
tains protein pigment. This protein has been 
ternedk cteriorhodopsin and is similar to the 
pigment esent in the eye. When this protein pig- 
ment absorbs solar energy in the visible region it 
causes the vectorial movement of an Ht ion across 
the dimensions of the molecule. When the molecule 
is oriented in the membrane of the halobacterial 
cell photoelectrical potentials are developed. 
These potentials provide pumping ions, thus en- 
abling the organisms to thrive in a high salt en- 
vironment. 

In this laboratory membrane preparations con- 
taining this light-sensitive pigment have been 
partially oriented in planar membranes. Upon 
illmination photoelectrical potentials of the 
order of 250 mV%9 have been obtained, (Fig. 2) .  
In particular, it has been shown that a pigment 
can serve as a stable catalyst for the generation 
of photoelectrical potentials over a period of 
approximately half a year (although the activity 
declines during this period): this was accomplished 
by having the pigment trapped in a lipid impreg- 
nated plastic filter.10   his is prototype of a 
device (Fig. 3) capable of generating large photo- 
electrical potentials and photocurrents. These may 
be developed for the construction of a biochemical 
fuel cell, or for H2 gas production by photolysis 
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Photoelectrical Responses Generated by Bacteriorhodopsin Across 
Lipid-Impregnated Filter Membranes 
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Fig. 2. Photoelectrical potential and current generation catalyzed by 
bacteriorhodopsin as measured across a lipid-hpregenated millipore 
filter membrane. 

Bacteriorhodopsin 

Planar lipid membrane Lipid impregnated 
filter 

Fig. 3. Schematic of the method used to measure 
the electrical characteristics of the light 
sensitive pigments of halobacteria. 

(XBL 7610-9374) 

- -  WL 7612-11184) 

of water if the voltage can be built up by con- 
necting several membranes in  a series. 

PLANNED ACTIVITIES FOR 1977 

There is much interest in how the photo- 
chemical cycle of the protein pigment is capable 
of causing the release and uptake of a proton. This 
catalyst is erhaps the best biological example of 
an ion pump.h,13 The understanding of haw an 
ion pumps work is a primary research interest of 
membrane bioenergeticists. In halobacteria, the 
action of bacteriorhodopsin serves to set up photo- 
electrical potentials and acts as a driving force 
for the exchange of other ions, in particular salt 
transport. It has been suggested that this type of 
catalytic system could be used in the design of a 
practical system for desalination of sea water. 
Hence this laboratory plans to further study the 
mechanism of bacteriorhodopsin action and how it 
may be coupled to sodium salt transport. 

Efforts in the study of H2 gas reactions via 
photosynthetic processes will continue. In particu- 
lar, the possibility of improving the N fixing 
efficiency of cyanobacteria , as descri8ed above, 
will be explored. 
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SLPPOKT ACI'MTIES FOR ERIN HEATING AND COOLING F!ESEARCH AND DEVELOPMENT PROGRAM 

M. Wahlig 

I~DuCrIoN 

Several of the ERDA Laboratories, including 
LBL, have been engaged in support activities 
w h i c h  provide assistance to ERDA Headquarters in 
planning, implementing, and monitoring the solar 
heating and cooling RED program. These activities 
have included program planning, Preparation of 
solicitations for proposals, proposal reviews, 
project monitoring, and overall coordination. The 
areas in which LBL has had primary responsibility 
have been those of Controls (i.e., electromechanical 
control subsystems) and Non-Wineering Aspects 
(e.g., legal, econrnnic, legislative, etc.) of 
Solar Heating and Cooling. LBL has had a supporting 
role in the area of Solar Cooling. 

ACTIVITIES DURING 1976 AND FWURE PLANS 

Program Planning 

A comprehensive plan was formulated during 
1976, and is described in the recently released 
document "Program Plan for Research and Development 
in Solar Heating and Cooling", ERDA 76-144. 
major support role in the preparation of this plan 

The 

was carried out b 6  the Los Alamos Scientific Labora- 
tory (LASL). LBL p*tieipated in several planning 
workshops that generated much of the input for this 
plan, participated in reviews that resulted in mod- 
ifications to the plan, and wrote the entire first 
draft of the Non-Engineering Aspects section. 

Preparation of Solicitations 

The implementation of the program plan re- 
quires the execution of a large number of tasks in 
several different technological areas. The tech- 
nologies affected include collectors, storage 
units, air conditioners, heat pumps, controls, sys- 
tems, and non-engineering aspects (economic, legal, 
regulatory, legislative, architectural, educational, 
social and environmental). LBL assisted in 
assigning priorities and fndefining schedules and 
funding levels for the various tasks. This was 
followed by the preparation of draft Statements 
of Work that will be contained in RFP's (Request 
for Proposal) or other solicitations to be issued by 
El?DA. Most of the effort involved in implementing 
the RED plan will be expended by the non-ERDA 
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organizations (i.e., private industries, univer- 
sities, etc.) who respond to these solicitations. 
It is expected that during 1977 LBL will partici- 
pate in evaluating the proposals received from 
the interested institutions. 

Proposal Reviews 

LBL has been participating in the peer-re- 
view of unsolicited proposals received by ERDA. 
Wing 1976, LBL solar researchers participated 
in two panel sessions set up for this purpose, and 
several proposals were also forwarded to experts 
outside of ERaA for additional individual reviews. 
These activities have primarily involved the areas 
of controls and solar cooling. 
Project Mnitoring 

review of progress reports, and the conduct of con- 
tractor meetings when necessary. Reports of findings 
and activities are provided, when appropriate, to 
Program Managers at ERIIA Headquarters. Work carried 
out during 1976 included one site visit and review 
for a controls project. It is expected that activ- 
ity in this category will increase significantly in 
1977 as additional projects resulting fran RFP 
responses are initiated. 

Overall Coordination 

An inter-laboratory cornnittee has been estab- 
lished for coordination of all support activities 
of this type. LBL has participated in several of 
these cdttee meetings in 1976, and it is antici- 
pated that this participation will continue in the 
future. 

Project monitoring provides technical evalua- 
tion of ongoing projects, including site visits, 

(XNI'ROm DEVELOPMENT FOR SOLAR HEATING AND COOLING S Y S M  

M. Wahlig, E. Binnall, J. Dillworth, C. Doh, R. Shaw, W. Siekhaus 

INTRODUCTION 

A prototype of a modest-cost electronic con- 
troller was designed and fabricated. This instru- 
ment will serve as the control element for solar 
energy heating and cooling systans. It is analogous 
to the simple themstat control utilized today in 
most comrentiqnal heating and cooling systens. Eiy 
energizing proper valves, pumps, and other devices 
in the solar system, the controller will optimize 
system performance with the use of operating 
algorithms that have been pre-programmed into the 
unit. The experimental solar heating and cooling 
system at LBL will be used to test the controller's 
effectiveness under various solar collector input 
and heat load conditions. This testing and op- 
erating experience may-igdicate the desirability 
of changes in the controller's-electronic circuity 
in order to affect the desired degree-of system 
optimization. However, the overall goafof this 
effort is to develop a controller with a cost that 
is ccxnpatible with acceptance and use of the unit 

Controller Unit 

was conpleted and a prototype unit was fabricated 
and debugged. Currently it is being linked to the 
valves and pmps of the solar system. A functional 
verification of the various heating and cool' 
algorithms is underway. 

The prototype controller was built emphasizing 
experimental flexibility and circuit accessibility. 
It possesses extra operational featuds and dis- 
plays, not necessary for a comnercial model, for 
experimental testing and development. 

electronic circuit design of the controller 

The circuit design of the prototype unit is 
shown schmatically in Fig. 1. The following cir- 
cuit canponents are included: 

1) Standardizer: This permits voltage offset 
and gain calibration thmgh an amplifier stage 
that processes the output sig@ from each temp- 
erature sensor. It allows standardization of the 
response curves fran all of the temperature sen- 
sors and therefore pennits precise inter-comparisons 
between any two senscr outputs. This improves tile 
quality of the decision-making process taking place 
as the heating and cooling algorithms are implement- 
ed. This stage is required only because the current- 
ly available temperature sensors being used (IX5700A) 
are not sufficiently accurate. Perhaps future can- 
mercial developnent of these sensors will make avail- 
able sensors accurate enough to eliminate the need 
for .the electronic standardizers. 

2) PPIM @in-progrmnable input matrix): 
This pennits selection of those input signal pairs 
to be canpared in the subsequent canparator stage. 
With the use of PPIM the pperator can easily select 
the optiuns of interest. This is primarily an ex- , 
perimental tool; in a comnercial model, t h i s  pin 
board would be replaced by a simple matrix card 
with pre-selected options for signal comparisons. 

logic signa 
signals is greater. The inputs to the comparators 
are analog signals from the temperature sensors 
and fran pre-set temperature levels. These pre-set 
levels are set using potentiometers on the front 
of the controller chassis. Adjustable resistors 
in the comparator circuitry allow variable voltage 
offsets and hysteresis bands for the two inputs. 

3) coOnplarp: Each provides an output binary 
icating which of the two input 
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PROM - Programmable read-only memory 

ACD - Activation commands and display 

Block diagram of the controller ciruit. 

The prototype controller contains ten comparator 
circuits. 

ccnnponennests the stability of the comparator 
output, therefore controlling system sensitivity. 
The purpose of the CBE is. to prevent moentarily 
unstable decisions resulting fran electronic noise 
or short-term temperature fluctuations of the 
sensors. The CBE requires that a changed output 
binary level from a comparator ranain constant for 
four lperiodsll before t h i s  change is passed on to 
the PROM. The duraticm of the "period" is adjustable 
Over a wide time range (from milliseconds to 
minutes). 

5 )  - PRCM (programmable read-only memory): The 
mzaM contains the algorithm that maps the signals 
from the input sources (temperature comparators, 
thermostat, etc.) to the various output devices (so- 
lenoid valves, puys , and fans). All input and out- 
put signals are bmary. 
contains three mu3M chips which can generate up to 
twenty output signals. 

6) ACD (activation c(mnands and display): ACD 
provides-e necessary AC power to activate the 
solar system valves, pwnps and fans, while dis- 
playing these commands on a control panel. The AC 
power is transmitted to these flow control devices 
through a relay driver board. It is possible to 
Override the controller generated comnands by 
manually activating any one of the relays on the 
driver board. The display of all the ACD functions 
on the controller display panel permits monitoring 
of the entire system operation. 

4) CBE (Contact bounce eliminator): This 

The prototype controller 

Domestic Hot Water Heat Exchanger Study 

control algorithms began by considering the do- 
mestic hot water (JHV) system. The coupling of 
the solar heat supply to the DHW takes place via 
heat exchange with the main 3000-gallon hot water 
storage tank. This is typical of systems that use 
liquid collectors to supply both space heating and 
domestic hot water heating. 

Prior to beginning the controller performance 
evaluation it was necessary to consider various 
options for physically extracting heat from the 
main storage tank. The options studied included 
various types of DHW heat exchangers 
installed within the main storage tank; namely, 
a copper coil, a stripped (of insulation) 30- 
gallon DHW tank with a large surface-to-volume 
ratio, and a similar 40-gallon E W  tank with a 
significantly smaller surface-to-volume ratio. 
bring the tests of relative heat-exchange effec- 
tiveness, each of the heat exchangers was posi- 
tioned near the center of the main storage tank, 
providing cqarable experimental conditions of 
heat transfer from the water in the main tank. The 
water inlets to the hersed WW tanks were mod- 
ified to produce a tangential swirl to the in- 
coming water. As expected, it was determined exper 
imentally that this geometry improved the heattrans- 
fer effectiveness, especially at higher f l o w  rate. 

The results of these heat exchange tests are 
presented in Fig. 2. The swirl appreciably improves 
the heat transfer rate. With this swirl the heat 
transfer rates of the k r s e d  30 and 40 gallon 

The study of the effectiveness of alternative 
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Fig. 2. Results of experimental heat exchange tests. 

In practice, the main storage tank heat exhang 

(XBL 771-61) 

er is only one part of the DHW system. It must be 
coupled to an external conventional DHW tank, or to 
a flash heater coil, to allow the use of auxiliary 
back-up energy. 
two external DHW tanks have been used, with one serv- 
ing as a solar preheater tank. The overall optimum 
DHW system must be selected by considering the most 
cost-effective combination of: a) main storage tank 
heat-exchanger; b) external, conventionally-heated 
DHW coil or tank; and c) operating algorith. This 
experimental program will continue and will investi- 
gate the relative economics of complete DHW systems 
using all practical canbinations of components and 
operating algorithms. 

In some existing solar installations, 

Other Studies and Wifications to the Solar 
Reating w Stem 

During a period when the main storage tank was 
not being used, a series of temperature readingswere 
taken over a two week period in order to investigate 
the degree of temperature stratificationunder no-flow 
conditions. "he results are shown in Fig. 3. A l -  
though the average temperature of the storage tank 
dropped frm approximately 62°C to 44°C during this 
period, very little mixing occurred. The initial 
condition of temperature stratification persisted 

throughout the test period, with all regions of 
the tank experiencing nearly uniform temperature 
decreases. 

S h e  copper tubing is used throughout the 
plumbing system, corrosion of the alwninum collec- 
tor panels represents a potential problem. Mea- 
sures were taken to minimize the extent of the cor- 
rosion: a getter (consisting of aluminum shavings) 
"and filters were installed between the copper and 
aluminum components, and an anti-corrosion ccnn- 
pound (Nalco 39L) was added to the water system. 
The rate of aluminum corrosion was monitored using 
aluminum test coupons. Measurements of the weight 
loss of these:test cowons indicated an alminm cor- 
rosion rate of 0.1 mils (2.5 m) per year, attesting 
to the effectiveness of these corrosion-inhibition 
measures. 

The experimental solar heating and cooling 
system contains a "pseudo-collectorl' unit (actually, 
a hot water boiler) that can substitute for real 
solar collectors by providing input energy to the 
solar system. Under typical operating conditions 
about 1/3 of the heat input would come from the 
real collectors and 2/3 from the pseudo-collector. 
A comnercial temperature control unit was installed 
to ensure that the pseudo-collector output tempera- 
ture matched that of the water in the return line 
from the real collectors on the roof. This comer- 
cia1 control unit permitted errors of the order of 
6°C in the pseudo-collector output temperature. 
Through modifications to the control unit, its 
plumbing connections, and the gas-fired heating 
stage in the boiler, this temperature error was 
reduced to the extent that the pseudo-collector 
output now tracks the real collector outflow tem- 
perature to w i t h i n  2 0.5" C. 

Finally, modifications were made to the air 
vent lines between the collectors and storage 
tank to avoid ptrmp, start-up problems associated 
with air entraiment in the water flow lines. 

PLANNED ACI'MTIES FOR 1977 

Now that the controller fabrication has been 
completed and most of the start-up bugs have been 
worked out of the solar heating and cooling systan, 
the main experimental effort during 1977 will con- 
centrate on the determination of relative system 
performance and economics as a function of the con- 
trol algoritb being used. 

/ 
FEA/HUD/ERDA R E G I W  SOLAR ENERGY RETROFIT OF Lww AND MODERATE COST WME 

1NTRom10N 

This project is a cooperative effort under- 
taken by HUD, FEA, and ERDA within the Region IX 
area common to these agencies. As stated in the 
Memorandum of Werstanding,l the general objec- 

tives of the project are the same as those of the 
National Demonstration Program; that is, promotion 
of solar energy to reduce demand on conventional 
fuel supplies. However, d i k e  other programs, 

(ed 
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t h i s  effort is directed to  the dmnstration of 
retrofitted solar heating systems on law and m o d e r -  
ate cost homes. The basic objectives are, (1) to 
evaluate the social and econamic impact of this ap- 
plication of solar technology, ( 2 )  to assess the 
savings resulting fran various energy conservation 
measures, and (3) t o  publicize the efforts of the 
agencies in developing energy efficient hanes in the 
low and moderate price range. 

Two houses in  each of two locations (Sacra- 
mento and Las Vegas) were selected for retro- 
fi t t ing; a l l  houses are t o  be well insulated and 
one l m e  in each location w i l l  be equipped with a 
solar space and domestic hot water heating sys- 
tan. 

The responsibilities of the agencies involved 
are as follows: 

1) FEA 
FEA has responsibility for overseeing the 

project, i.e., collecting u t i l i ty  b i l l s  and 
questionnaires, doing periodic analysis and a 
final report as well as taking care of publicity. 
FEA w i l l  monitor the houses for three years and 
will conduct a review of financial limitations, 
reaction of owners and neighbors, and w i l l  fund 
al l  passive energy conservation measures such as 
insulation and weatherstripping. 

2) 

The houses were provided by HUD from a stock 
of repossessed houses. HUD w i l l  1) se l l  the 
houses, 2) assess the degree of conformity to ex- 
isting solar standards,2 3) determine marketability 
by annual appraisal of the properties for five 
years, and 4) fund all rehabilitation work to  bring 
the houses up to  m i n h  property standards. New 
owners w i l l  be required to  submit u t i l i ty  bi l ls  and 
other information to  FEA as a condition of sale. 
The houses w i l l  be placed up for sale using estab- 
lished IUD procedures. 

3) 

one solar heating system for each location. After 
this installation ERIlA w i l l  transfer ownership 
to  HUD. 

ERIlA w i l l  fund the design and installation of 

This project was originally conceived by FEA 
in October 1975. LBL became active in the project 
in  March 1976 a t  the request of ERDA/SAN (the ERDA 
San Francisco Operations Office) for technical 
assistance. LBL Plant Engineering has responsibility 
for administration and technical management during 
the design and installation of the two solar sys- 
tems. Technical assistance is being provided by the 
Solar Fnergy Group in the Ehergy & Environment 
Division. 

ACCCMPLISWENTS DURING 1976 

When LBL became imrolved in the project the 
scope had been reduced from the original 6-8 
retrofitted houses i n  each of 3 locations (Sacra- 
mento, San Jose, Phoenix) to 2 in each location. 
Additicmal M g e t  limitations eventually reduced 

the scope of the project to  two retrofitted houses 
in each of two locations: Sacramento and Las Vegas. 
The selected houses were tract  type homes of 
1000-1200 square feet of floor area. An attempt was 
made to 'select houses that were constructed after 
1970, were physically near each other and of similar 
construction, were in relatively desirable neighbor- 
hoods, and would be easily available to the public. 

A number of calculations were made to deter- 
mine the savings resulting fran various levels of 
insulation. The schemes investigated were not re- 
quired to be cost effective or t o  conform to ex- 
isting codes. The final decision was to  insulate 
as follows: 

L 

Sacramento : 

Ceiling R28 
Walls R11 
Floors R l 1  

Weatherstrip doors and windows, stonnjscreen 
front door, insulate ducts and hot water piping, 
water restrictors. 

Las  Vegas: 

Same as Sacramento except R38 i n  ceiling and 
none in floor (i.e., concrete slab). 

Early in the project it became apparent that 
there were unresolved questions about w h a t  the 
specific objectives of the project were and how 
these objectives were to  be accanplished. Given the 
limited monitoring and instrumentation available, it 
appeared that an energy-use comparison between the 
houses was not feasible. l h  actions resulted: 
1) LBL agreed to  produce a Conceptual Design 
Report to  better f ix  the scope, costs, and schedule 
for the solar heating systems; and 2) the project 
objectives were f o d a t e d  in a Memorandum of 
Understanding between the three agencies. Both of 
these documents were cgnpleted in July. In 
September 1976 ERllA approved $43,300 for the design 
and construction of the two solar systems. 

Solar Heating Sy stems 

Several architect-engineering-consultant firms 
were evaluated by a panel and a mechanical engi- 
neering consultant, Koepf and Lang, was contracted 
to do detailed design of the solar systems. These 
systems were designed in accordance with the HUD 
standads, the LBL conceptual design, and the fol- 
lowing criteria:  

1. They were to be constructed from standard 
cmerc ia l ly  available components and in- 
stalled by local heating and plumbing con- 
tractors ; 

2 .  They were designed for simplicity of op- 
eration, m i n i m a l  maintenance, and a ser- 
vice l i f e  of 10 years; 

to vandalism. 
3. They were designed to minimize damage due 

The systems were sized using the Beclanan- 
u 

Duffie simplified sizing procedure known as 
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TABLE 1. Design and Performance Parameters for Solar Heating System. 
Collector Collector House Dtlw Storage Solar 

Latitude Slope Area Load Load Capacity Fraction 

38.5 2 0" 300 500 60 600 65 

LASVEGAS 36 7" 200 459 60 450 60 

11f-chart",4 as shown in the HUD standards. Table 1 
smnarizes the parameters used in the calculations 
and the expected annual performance of the systems. 
The calailations were based on a standard per- 
formance curve for single glazed, non-selective 
surface collectors. 

I1 

L 

1 

cw Dm 

c t  

* 
CW -COLDWATER 
DHW - DOMESTIC HOT WATER 
N.G. - NATURAL GAS 

b 

- 
Fig. 1. Solar Heating System Flow Diagram. 

(XBL 773-637) 

Figure 1 is a flow diagram for the systems. 
The final design included the following features: 

1. Single-glazed (w/plastic) , liquid-type 
copper tube collectors mounted flat on 
roof (patio cover in Las Vegas), 

2. Insulated steel storage tanks in outside 
enclosure, 

3. Self -draining collectors, 

4. Copper coil in storage tank for preheating 

5. Heating coils located in existing furnace 

6. Two-stage thermostatic control. 

domestic hot water, 

ple-9 

PLANNED ACXMTIES FOR NEXT YEAR 

In December local contractors were asked to 
make bids for the installation of the systems. 
The bids were due on January 4, 1977 and installa- 
tion should be campleted by May. 1, 1977. When 
the systems have been completed, checked out and 
accepted LBL's responsibility in the project will 
be discharged. 
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\/Chemical Process Research and Development Program 

INTRODUCTION 

In the area of chemical process development, 
research on processes that might result in  the 
development of substitute fuels to  replace 
petroleum and natural gas has been enphasized. 
The limited reserves of petroleum and natural 
gas make the development of inproved processes 
for the liquefaction and gasification of coal 
increasingly attractive. Par t  of the economic 
disadvantages of these processes arise from the 
extreme conditions of pressure and temperature 
which must be used for conversion. We are studying 
the fundamental processes involved in  the lique- 
faction and gasification of coal to  determine 
whether milder operating conditions might be 
feasible. 
types of catalysts that might lead to  liquefaction 
at  low pressures and low t e p r a t u r e s  and on the 
development of some new and unusual catalysts. 
These studies are being made w i t h  model compounds 
as w e l l  as with bitminous and sub-bitminous 
coals. 

stream supply has proved to be a difficult and 
expensive component of solvent-refined coal produc- 
tion processes. Another project involves an 

Studies are being conducted on various 

Filtration of ash f r o m  the hydrogenated coal 

exploratory study for an improved mthod of ash 
agglomeration for the fi l tration process. 

A project is underway involving a study (1) 
to  ascertain the tertiary-mde efficiencies of 
flooding acidic California crude oi ls  with dilute 
aqueous bases and (2) t o  devise laboratory screening 
tests which w i l l  elucidate the governing recovery 
mechanisms and permit development of an improved 
mobility-reactive tension agent flooding package. 

Short term energy storage can increase the 
efficiency of present energy systems by providing 
a means of smoothing peak loads with respect to  
minimum loads. Chemical systems are one mans of 
energy storage. A study of the S O 2 - q -  SO3 system 
for energy storage has been started, and a 
preliminary design for use of that system has been 
made. 

Studies continue on the enzymatic conversion 
of celluloseto glucose and the fermentation of the 
resulting glucose to ethanol. 
large part of the biomass that is presently 
wasted might w e l l  be developed into an attractive 
energy source. 

Utilization of a 

SEIECTIVE HYDROGENITION OF COAL 

A. T. Bell, E. A. Grens, E. E. Petersen, T. Vermeulen, G. S. Booras, 
T. T. Derencsenyi, G. P. Dorighi, R. R. Holten, J. B. McLean, E. Mendizabel, 

S. Salin, M. Seth, K. I. Tanner, N. D. Taylor, G. H. Zieminski 

1NTRomcr10N 

Existing technology for coal liquefaction is 
based on thermal decomposition of the coal, or 
pyrolysis, with subsequent hydrogenation of the 
in i t i a l  pyrolysis products. Such nonselective 
thermal bond breaking yields a wide range of 
products including light hydrocarbon gases and 
is, therefore, not efficient in  hydrogen utiliza- 
tion. 
conversion of coal to liquids, with minimum 
hydrogen addition, by selective scission of certain 
bond types in the coal structure below pyrolysis 
tenperature. Bonds linking conjugated hydroaro- 
matic groups in  the coal, including aliphatic 
bridges and noncarbon links (e.g. ether, 
carboxylic, and disulfide bridges), are being 
attacked by hydrogenolysis or hydrolysis in  the 
presence of homogeneous catalysts. ?he use of 
these dissolved catalysts i n  a liquid reaction 
medium permits access to  reaction loci on the 
extensive interior surface of the coal. 

This project seeks to  establish a basis for 

?he investigation involves studies of the 
interaction of coals with inorganic and organic 
reaction mdia, the effects of homogeneous 
catalysts i n  promoting reactions i n  such media at 
moderate tenperatures, and the action of catalyst 
materials on specific bond types in  model 
compounds representative of certain aspects of 
coal structure. 
structure of the coal with the progress of reac- 
tions and the influence of transport cm reaction 
rates in  this structureareincluded in  this study. 

The project was  initiated in  January, 1974. 
During the f i r s t  two years of the program, equip- 
mnt and laboratory procedures were developed 
and studies undertaken of the interaction of 
sub-bitminous coal with several organic solvents 
and with zinc chloride m e l t s ,  phosphoric acid, 
and sodium hydroxide. Hydrogenolysis of model 
conpomds with Lewis-acid catalysts was also 
investigated as were the changes i n  coal pore struc- 
ture caused by interactions with organic solvents. 

Re interaction of the pore 
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AC~LI!SHENI'S DURING 1976 

included investigation o f  coal interaction with 
polar, especially basic, organic solvents, and 
with inorganic phases including zinc chloride 
nrjl ts  and phosphoric acid. Catalysis of hydrogena- 
tion of model conpounds by homogeneous catalysts, 
particularly s t m g  Lewis  acids and transition 
=tal carbonyls, was  another area of enphasis 
for this period. In addition previous work in  
characterization of coal internal surface strw 
and changes in this structure w i t h  coal t r e a m n t ,  
were  to be expanded. 
used i n  most of this work is from the Roland 
Seam, Wyodak Mine. 

INTERACTI(N OF COAL WIlH ORGANIC SO 
(E.A. G r e n s ,  . Dorighi, G.H. Zie 

containing organic solvents, w a s  studied in  the 
temperature range 150°C to  35OOC. ?he coal was 
extracted, nearly to  completion, i n  pure refluxed 
solvents, and the extracts were analyzed for 
elemntal composition, average molecular weights, 
aromaticity of their hydrogen content (by proton 
NMR), and fractional solubilities i n  standard 
solvents (cyclohexane and benzene at  their n o m 1  
boiling points). For a l l  solvents the yield of 
dissolved material increased significantly with ' 

increasing temperature, by roughly a factor of 
two between 150OC and 300OC. ?he soluble material 
yield increased dramatically with increasing amine 
character of the solvent, as shown for 250°C, 4 hr 
extractions in  Table 1. Over 60% of the sub- 
bituminous coal dissolved in  ethylenediamine at 
250°C, compared to  only about 16% in  pyridine and 
7% in  tetralin, a c o m l y  studied solvent 
material. Ihese findings are consistent w i t h  the 
existence of an extensive acid (-OH)/base (amine) 
linkage structure in the coal, a structural concept 
that is now becoming widely accepted, 
tively low hydrogen/carbon ratios found in the 
dissolved materials (.95-1.35), even when a large 

Ihe sub-bituminous coal 

/ 

The interaction of coal with p 

Ihe rela- 

fraction of the coal was dissolved, suggest the 
opportunity for obtaining considerable conversion 
of coal to  liquids a t  quite moderate hydrogen 
expenditures. 

An interesting aspect of the interacti 
these solvents with the sub-bituminous coal 
studies is the nature of the gases evolved 
during the process. Although these gases may 
account for 5 to 10% of the mass of the coal 
involved, they contain very l i t t l e  mthane or 
other hydrocarbons, consisting almst entirely of 

Thus at least a significant fraction 
o ? the high oxygen content of the coal (18% by 
weight) can be eliminated without hydrogen 
consumption. 

This work is now being extended t o  investigate 
interactim of coal with mixed solvents and to  
study rate limitations in  coal solvent interactions. 

TREATM3IT OF COAL WI'IH ANCIDROUS PHOSPHORIC ACID 
(J.C. McLean, M .  Seth, T. 

medium for coal liquefaction, has been used to 
treat Illinois No. 6 coal a t  250°C under hydrogen 
a t  35 bars. NaJPOO, added to  the extent of 5% of 
the water-free 3 4 ,  was found to suppress 
foaming when the water in the coal feed is  

and CO. 

Phosphoric acid, inve 

arged. 

Phosphoric acid is found to  "activate" the 
coal but not to  convert it to  useful products. 
The pyridine-extractable content of untreated 
coal (dry ash-free basis) is 19.2 wt -%.  Treat- 
ment w i t h  H3PO4, alone or with Na3PO4, reduces this 
level to  about 11.0 wt -%;  while use of H3P04 with 
10% anhydrous HzSO4 further reduces the solubility 
to about 7.0 wt-%.  Despite these reductions, the 
reactivity of coal at 250°C which has thus been 
demonstrated is considered as a potential asset 
for coal liquefaction under mild conditions of 
treatment, and a search is mder way for co- 
reactants which may lead to favorable results. 

. Table 1. Yield of dissolved material for coal/solvent contact at  ZSO"C-4hr 

Yield of dissolved Dissolved material 
Solvent material (DAF basis) H/C r a t i e  

Tetralin 

Pyridine 

Quinoline 

Piperidine 

Ethylenediamine 

8.4% 

15.9% 

31.7% 
I 

36.6% 

65.1% 

1.29 

0.94 

aCoal H/C ratio (DAF basis) = 1.07 
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"EAm OF CaAL WI'IH ZINC CIUOlUE MLTS 
(R.R. Hotten & T. Vermeutenl 

'lhe hydrogenolysis of Wyodak sub-bituminous 
coal, Illinois No. 6 bituminous coal, and solvent- 
refined coal (SIC) with molten zinc chloride 
solutions has been studied at  the mild mditicns 
of 250OC and 35 bars H2 pressure in  a Parr auto- 
clave. Because pure ZnC12 mlts at 316OC, 
approximately 9.0 w t - %  water was added to  the zinc 
chloride to  form a liquid mel t .  Various inorganic 
(and organic) additives were used to  determine 
their ability to  promote catalysis by zinc chloride. 

The extent of ccnversion of the three feed 
materials to  soluble products for several eltperi- 
ments is given in  Table 2, along with extraction 
yields for the raw feeds. 'lhe me and three hour 
runs with Wyodak coal indicate that conversion to  
pyridine solubles is slow at 250OC and that further 
conversion might be attained by using reaction 
times longer than three hours. Equivalent runs 
with the three feed materials shw that the 
Illinois No. 6 coal, which is bituminous, is mre 
susceptible to  the ZnCl2 treatment than the Wyodak 
coal, which is sub-bituminous. SRC shmed no 
change in  total  solubility (it was completely 
soluble to begin with), but its benzene solubility 
actually decreased. ?his could have been the 
result of po lp r i za t ion  reactions. 

concurrent use of organic compounds (which were 
potential hydrogen donors) were  conducted as part 
of a related project. 'lhese studies shaw that 
zinc chloride remains an active catalyst for 
coal conversicn at  relatively low tenperatms. 
Other areas t o  be investigated include (a) the 
possible improvement of mlt  properties and 
economics by admixture of other chlorides 
(K, Na, L i ,  Ca), and (b) intmducticn of co-cata- 
lysts which might enhance the conversion rate at  

Ekploratory zzpls involving zinc chloride with 

a given temperatum and pressure (CuC12, FeC12, 
SuCl2, and perhaps metal carbcnyls) . 

(T.T. Derencsenyi & T. Vermeuten) 

have been investigated as potential catalysts or 
co-catalysts i n  coal conversion by experiments on 
model compounds (anthracene, phenanthrene, and 
naphthalene). New conbinations of known m t a l  
carbonyls and known eo-ligands have been synthe- 
sized and investigated for both chemical stabil i ty 
and catalytic activity. 'lhese new catalyst 
materials all have improved stabil i ty at  any given 
temperature and given CO partial pressure and are 
therefore suitable for investigations in  the range 
of 15 bars of CO partial pressure or less, and 
tenperatures of up to 300°C, at  which carbon- 
carbon bond breaking may begin to  occur. 

L SELECTIVE HYDROQMTION OF mED-RING AIUBNTICS 

Ligand- substituted transition metal carbonyls 

Because of the small scale of the experiments, 
the catalysts were used in  a concentration of 
10 mle-% based upan the reactant (1 mole-% based 
on the solvent). 'he co-ligand was added to  the 
reaction mixture, in a 2 : 1 mole ratio to  catalyst, 
but proved t o  be so firmly bomd that it would not 
dissociate i f  added in  a pretreatment. 'lhe results 
are shown in Table 3. Among the co-ligands tested, 
tri-ethyl phosphine gave the best conhination of 
activity and selectivity; both its cobalt complex 
and its iron complex appeared to  give near- 
equilibrium conversions of anthracene to dihydro- 
anthracene. Tri-ethow phosphine w i t h  cobalt on 
anthracene was  less active, and with iron yielded 
tetrahydroanthracene which is a less desirable 
pmduct. Tri-butyl phosphine with cobalt was  more 
active for phenanthrene, probably equally active 
for anthracene, and very weakly active for 
naphthalene. Tri-ethoxy phosphone with cobalt w a s  
less active on anthracene than tri-butyl; and 
with iron it yielded tetrahydroanthracene (which 

Table 2. &traction yields of coals and treated coal materials (DAF basis-wt-%) 

Increase Test material CycloC6 Benzene Pyridine Total Over feed 

~ 

Myodak Coal 

~ 

0.7 1.1 11.0 12.8 

Illinois No. 6 Coal 0 0.5 17.7 18.2 

SRC (Pamco) 3.1 36.5 60.4 100.0 

TREAm COAL MATERIAIS 

Wyodak - ZnCL2 (1 hr) 0 4.6 16.8 21.4 8.6 

Wyodak - ZnClz (3 hr) 2.1 3.2 22.2 27.5 19.7 

Illinois No. 6 - 
ZnC12 (3 hr) 0.3 3.7 41.4 45.4 27.2 

- 
SRC - ZnC12 (3 hr) 3.6 16.9 79.5 100.0 L 
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Table 3. Hydrogenation tes ts  with carbonyl catalysts, using equimolar 
CD& gas feed and anthracene as reactants, in  decane or similar 
solvent. 

Metal in Ligand Temp. Pressure, T h e ,  Conversion, % 
carbonyl C bars hr. Dihydro Tetrahydro 

Cobalt Et3P 175 30 1.0 99 0 

Bu3P + Ph3P 175 29 0.5 92 0 

(EtOI3P 200 39 1.0 73 0 

Iron Et3P 240 44 4.0 35 0 

Ph2C1P 300 51 2.0 21 0 

225 36 2.3 . 4  0 B'3p 
(Et01 3p 200 38 4.0 0 33 - 

is a less desirable reactim for coal-conversion 
sequences). Tri-phenyl phosphine with cobalt 
decomposed below 250°C (with iron it was inactive). 
Chloro-di-phenyl phosphine with iron remained 
active to  300°C; a t  this temperature it displayed 
som tendency to incorporate CO into anthracene, 
but it may not be unique in this regard. Sulfide 
ligands with iron had lower activity, but were not 
inert. Carbonyls of chromium, molybdenm, 
wolfram, vanadium, and manganese appeared 
disadvantageous, forming tetrahydroanthracene and 
also large proportions of carbon m o x i d e  de 
tives . 
carbonyls because of both their  lower cost and 
their  ease of handling (they are liquid rather 
than solid). For iron, i n  terms of our present 
knowledge, the ligands are rated in  the order of 
tri-ethyl phosphine first, then tri-butyl phos- 
phine, then chloro-di -phenyl phosphine. 
iron catalysts may point the way t o  a successful 
homogeneous hydro 

ORGANIC STRucIz)HEs RESEMBLING ?HOSE FOLND IN . 
CQAL 
(A.T. Bell, S. SamZin, K.I. Tdrvler, N.D. Taylor) 

Strong acid catalysts are being inves 
for their abil i ty to  promte the cracking, 
hydrogenation, desulfurization and denitrogenation 
of organic structures similar to  those fomd i n  
coal. kdel compounds are being used for part  of 
the work so that reaction pathways may be traced 
through 8n analysis of intermediate and final- 
products. In the balance of the work, asphaltenes 
derived by benzene extraction of coal are used 
to sirmilate the action of the catalyst on coal. 

gated as a prototype strong Lewis acid. A stmunary 
of the reactims observed with this catalyst is 
presented in  Table 4. It  is of interest to  
observe that AlCl3 promotes the cracking of 

Iron carbonyls are preferred to cobalt 

mese 

dlTALYTIC -TI LYSIS OF. 

Aluminm chloride, AlCl3, has been investi- 

benze 
o r  the hydroaromatic ring in tetralin. 
behavior is unexpected since cycloaliphatic rings 
are expected to  crack more easily than aromatic 
rings. A second characteristic of A l C l  is its 
abili ty to  promte hydrogenation. In de case of 
naphthalene the necessary hydrogen derives from 
the solvent, benzene. A similar hydrogen donor 
facil i ty does not exist when hexane is used as the 
solvent. 
gen is also observed during the hydrogenolysis 
of the aliphatic bridge in bibenzyl. When gaseous 
hydrogen is present, AlCl3 is  also found capable 
of promoting the hydrogenation of single aromatic 
rings, as evidenced by the appearance of cyclohex- 
ane and cyclohexane derivatives during reaction 
with benzene and bibenzyl respectively. More 
extensive investigations of the catalytic proper- 
ties of AlCl3 are now in progress. 

' Studies of mixed metal oxides (e.g. ,  
Si%*!203, *Cq03*Al203, Si%*Zro;!, etc.) have 
been mitiated. "hese compomds are strang acids 
and possess both Lewis and Bmnsted acid sites. 
Activity patterns for these catalysts w i l l  be 
examined using the sam3 model compomds investi- 
gated with A l C l  . Experinrents with coal derived 
asphaltenes w i d  be carried out using the sam 
mdel compounds investigated with A l C l  . Ekperi- 
ments with coal derived asphaltenes w i l l  also be 
conducted using these catalysts. 

LOW TEMPERATLIRE P m S S E S  FOR COAL ESULFURIZATICN 
AND CHANGES I N  PORE STRuc?uRE OF coAt*WI'IH . 
CHEMICAL PROCESSING 
(E.E. Petersen, G. and E. MendiaabeZ) 

 move sulfur from coal. Several of these are 
based upon treatmnt with aqueous solutions a t  
low temperatures and pressures. The effectiveness 
of these la t ter  mthods to remve organic and 
inorganic sulfur from high sulfur Il l inois #6 
coal was  studied. . lhe effect of leaching agent 
temperature, reaction time, and particle size 

does not crack naphthalene, cyclohexane, 
This 

lhe abil i ty of benzene to donate hydro- 

A nmher of processes have been proposed to 
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Table 4. Products obtained through the action of AlC13 on various model compounds 

Reactant products Source of hydrogen 

Benzene 

Bibenzyl 

Toluene dimerization of 
Ethylbenzene benzene 
Diphenyl 
Cyclohexane 

Toluene dimerization of 
Ethylbenzene benzene 
Benzene 
Cyclohexane 

HZ derivatives 

H2 derivatives 

Naphthaline Tetralin dimerization of 

Naphthalene No products 

Cyclohexane Methylcyclopentane 

Reaction conditions: T = 225°C 

(in benzene solution) benzene 

(in hexane solution) 

P = 1000 psi H2. 

was  determined. 
10% sodiumhydroxide and 0.5 M ferric sulfate. 

The following major conclusions were drawn 
from this work: 

1. Sodium hydroxide is effective in  removing 
the major pyritic sulfur, but, even at the highest 
temperatures studied, it w a s  mable t o  remove more 
than 40% of the organic sulfur from Illinois ff6 
coal; 
2. 
of pyritic sulfur; 
3. 
but un&r the conditions used in  this work, too 
much of the coal matrix w a s  oxidized. 

Carbon dioxide adsorption experiments gave 
the sam? BET surface areas at  room temperature 
for a molecular sieve, an alunina catalyst, and 
a Wyoming sub-bitminous coal. These results 
suggest that activated diffusion was  not an 
important factor even at  196'K. However, the 
adsorption of carbon dioxide on Illinois ff6 coal 
decreased w i t h  increasing temperature. 

Surface area variations of desulfurized coal, 
extracted coal, and reacted coal were examined by 
cahon dioxide adsorption a t  196'K. 
area of Illinois ff6 coal, when treated with sodium 
hydroxide to remove sulfur, f i r s t  decreased as 
inorganic sulfur w a s  removed and then increased 
again as organic sulfur w a s  remved. 

appeared to open new areas that were previously 

The leaching agents studied were  

Ferric sulfate is very effective i n  removal 

Oxygen appears to  be a promising method, 

The surface 

Pyridine extractions of Roland Seam coal 

inaccessible to carbon dioxide. The surface areas 
were nearly doubled, but the average pore diameter 
appeared to remain essentially unchanged as 
evidenced by neopentane adsorptions. Large 
solvent molecules such as benzene were able to 
penetrate the coal pores, whereas a large, 
s m t r i c a l  molecule such as neopentane could not. 
These results suggest that the pores are s lo t  
shaped rather than cylindrical. 

w i l l  be followed in  addition to  changes in  
surface area in  order to resolve the question of 
whether chemical processing creates new area 
within the coal or opens previously blocked 
parts of the original coal structure. Work i n  the 
desulfurization area w i l l  be continued by evaluat- 
ing catalytic processes for removing thiophenic 
sulfur using model compounds, solvent refined 
coal, and Illinois #6 coal. 

In continuing studies, pore v o l m  changes 

PUBLICATIONS 

1. R.R. Holten and T. Vermeulen, Hydrogenation 
of a Sub-bituminous Coal w i t h  Molten Zinc 
Chloride Solutions, Lawrence Berkeley 
Laboratory Rpt. LBL-5948 (1976). 
EMendizabal and E.E. Petersen, Law Tempera- 
ture Processes for Coal Desulfurization, 
Lawrence Berkeley Laboratory Rpt. LBL -3216 
(1976). 
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AGGL(3MERATION OF ASH IN SOLVENT-REFINED COAL 

W. K. Cray and D. N. Hanson 

Filtration of ash from the hydrogenated coal 
stream has proved to be a highly difficult and 
expensive component of the process for production 
of solvent-refined coal. Because of the extreme 
fineness of the ash filtration rates of the order 
of only 0.5 m3/hr.m2 can be achieved, even with a 
precoat of diatomaceous earth. Improvement in the 
filtration element of the process, through settling 
to concentrate the ash and through agglomeration 
to increase filtration rates, would substantially 
improve the economics of solvent-refined coal. 
Exploratory work to find a method of agglomeration 
of the ash was begun at Lawrence Berkeley 
Laboratory in July, 1976. 

ACCOMPLISHMEIWS IxlRING 1976 

Analogies to crude oil drying through elec- 
trical coalescence of water droplets led to ex- 
amination of the feasibility of electrical 
agglomeration. It is expected that the dielectric 
constant of the ash particles would be higher than 
that of the suspending medium, leading to induced 
dipoles and atractive forces between ash particles 
when the suspension is subjected to electric fields. 
The existence of the effect is demonstrated by 
Figs. 1 and 2. Figure 1 shows a sample of solvent- 
refined coal filter feed as obtained from the 
pilot plant of the Pittsburgh and Midway Coal 
Mining Company at Tacoma. Figure 2 shows the filter 
feed diluted with half its volume of dioxane (to 
lower the viscosity) and subjected to a field of 
the order of 5000 V/an. Polarization of the parti- 
cles has produced long chain-like agglomerates in 
the direction of the field. However, Fig. 2 also 
shows a considerable quantity of solid material 
which has not been agglomerated, and the agglo- 
merates which do form are not stable. They rapidly 
revert to an unagglomerated state when the field is 
removed, reducing the effectiveness of the treat- 
ment as an aid to filtration. In addition, the 
fields used in Fig. 2 are higher than can be sus- 
tained in practice without an unacceptable power 

liquid. A series of settling experiments on filter 
feed, both pure and diluted with solvents, con- 
ducted at fields of 1000 V/an confinned the judg- 
ment that electrical agglomeration is only margin- 
ally useful. 

- drain because of the high conductivity of the 

Experiments were also conducted 
additive or environment which would produce na- 
tura agglomeration without precipitating solv 
refined coal from the carrier solvent of the 
process. Dioxane at 60% volwre concentration re- 
sults in pronounced natural agglmeration, forming 
stable agglomerates which settle rapidly and com- 
pletely. Figure 3 shows the agglomeration in this 
system. Tetrahydrofuran is effective at a concen- 
tration of 70% and hexylamine at 75%. 
ineffective. 

ine was 

Fig. 1. Solvent-refined coal - unfiltered oil. 

Fig. 2. Agglomeration under electrical fields. 

Fig. 3. Natural agglomeration in 60% dioxane. 
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Atentative explanation of the results can 
be made through hypothesizing preferential ad- 
sorption of hydronium ion on the ash particles, 
which causes natural stability of the suspension 
through electrical double layer repulsion. The 
presence of a considerable ion concentration is 
shown by the high conductivity. Since the material 
is not thoroughly dried in the manufacturing 
process, phenol, phenolic compomds, and water are 
all probably present in the liquid in relatively 
high concentrations; the presence of these com- 
ponents would lead to high hydrogen ion concen- 
trations. 

agglarnerating ability act as based, reducing the 
hydrogen ion concentration. In addition, dioxane 

All of the additive solvents tested for their 

and tegrahydrofuran, because of their low dielec- 
tric constants, suppress dissociation of the 
phenol and compress the electrical double layer 
around the particles. 

PLANNED ACTIVITIES FOR 1977 

Experiments are planned to remove water and 
light phenolic compounds by inert gas stripping 
of the filter feed. Changes in conductivity and 
dielectric constant and the state of ash agglo- 
meration will be observed. Microelectrophoretic 
studies will be made to determine the amount and 
sign of the charge on the particles under the in- 
fluence of solvent addition. Saturation of the 
liquid with caustic or the addition of high mo- 
lecular weight flocculants will be evaluated. 

CQAL LIQUEFACTICN BY CATALYTIC HYIIRNENATION IN ORGANIC-INORGANIC LIQUID MIXTURES 

E. A. Grens,T. Vermeulen, F. Hershkowitz, R. R. Holten, J. L. Maienschein 

INrRoDUcrICN 

The use of inorganic metal, such as zinc 
chloride, as media for coal hydrogenation has 
been subject to considerable study and has cer- 
tain advantageous features. Problems associated 
with this approach include control of the reaction 
extent of organic materials dissolving in the melt 
and recovery of product liquids from the melt. 
The utilization of two-phase reaction media corn- 
posed of inorganic melts with organic solvents has 
the potential flexibility to resolve these prob- 
lems: this investigation is intended to establish 
a basis for a coal liquefaction process using 
such mixtures. At the same time it emphasizes the 
conduct of hydrogenation at relatively mild tem- 
peratures and pressures, promoted by homogeneous 
catalysts. 

In employment of the mixed reaction media, the 
coal would be preferentially wetted by the inorgan- 
ic phase and would be hydrogenated to initial pro- 
ducts in that phase. This hydrogenation at low 
(below pyrolysis) temperature can be promoted by 
homogeneous (liquid phase) catalysts, which have 
access to reaction sites in the solid coal. The 
inorganic media being studied are either them- 
selves catalytic or contain dissolved catalytic 
materials. The initial reaction products are con- 
tinuously extracted into the organic phase, re- 
ducing undesired further hydrogenation of these 
materials, and are recovered from this phase. 

This project was initiated in January, 1976, 
and so is in its first year. It will draw upon 
information developed in another LBL project, 
"Selective Hydrogenation of Coal", concerning the 
interaction of coal with inorganic melts and the 
promotion of coal hydrogenation by homogeneous 
catalysis. 

ACCWLISFMEN'E DURING 1976 

In the initial period of this project, tech- 
niques have been developed for measurement of 

mutual solubilities of inorganic melts and pure 
organic liquids and of distribution of initial 
reaction products (represented by SRC asphaltenes) 
betweenthesephases. Preliminary coal hydrogena- 
tions in two phase mixtures have also been con- 
ducted to establish the general feasibility of the 
procedure. 

Mixtures of zinc chloride (with small amounts 
of water) and tetralin have been examined at tem- 
peratures to 200°C and found to give clean phase 
separation when agitation is stopped. A method for 
measurement of the solubility of the organic ma- 
terial in the zinc chloride melt has been developed: 
it consists of hexane extraction followed by gas 
chromatography of the extract and provides quanti- 
tative measures of organic content to the low ppm 
range. The determination of zinc chloride contents 
of the organic phase by X-ray fluorescence is 
being investigated. These solubilities have been 
found to be extremely small, but the sensitivity 
of the technique holds promise for quantitative 
determinations. 

Ekploratory experiments have been undertaken 
involving treatment of sub-biarminwus coal 
(Roland Seam, Wyodak Mine) with zinc chloride/ 
organic mixtures for 1 hour at 250°C in the pres- 
ence of hydrogen at 35 atmospheres pressures. The 
yields of pyridine soluble materials (preasphaltenes 
plus asphaltenes and oils) are shown in Table 1. 
The high yields when zinc chloride and tetralin are 
used in combination suggest that these phases may 
serve as co-reactants: the hydrogen donor activity 
of the tetralin may be catalyzed by the inorganic 
material so that transfer occurs at this tempera- 
ture, well below the threshold of about 325°C when 
tetralin is used alone. 

The results of these initial treatment experi- 
ments will be confirmed and extended in the next 
year, and the influence of contacting parameters 
established. The interactions of the organic and 
inorganic phases will also be extensively examined. 
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Table 1. Yield of pyridine soluble material from 
excess organic/inorganic mixtures at 250 "C 
for 1 hour. 

Inorganic Organic Yield of pyridines 
phase phase solubles (DAF basis) 

None None 13% 

None Tetralin 20%a 

None 21% 

ZnClz + HC1 Isopropylbenzene 40%a 

kC12 Tetralin 77%a 

/ 
%ot corrected for organic solvent incorporation in 
extract material. 

-0 RE(XVEXY WIW MOBILITY AND REACIWE TENSION AGENTS 

C. J. Radke and W. H. Samerton 

INTRODUCITON 

Significant amounts of acidic California crude 
oils remain trapped after waterflooding to high 
water/oil ratios. Because surface-active materials. 
can be generated in-situ by the reaction of bases 
with acid-containing pils, the use of high pH 
waterflooding is econmically attractive canpared 
to conventional surfactant-polymer flooding. Actual 
field applications of flooding with aqueous bases, 
however, are limited partly because laboratory work 
has indicated diverse results both in terms of the 
ulimate recovery attainable and the governing 
principles. Spar te laboratory studies have sug- 
gested that the m L -  of ultraow interfacial 
tensions, wettability reversal (oil-wet to water- 
wet or water-wet to oil-wet) and spontaneous or 
shear emulsification with subsequent pore blockage, 
coalescence or entrabent may all be imrolved in 
reactive tension flooding. Flooding efficiency is 
sensitive to the chemistry of the oil and connate 
water, to the physics and chemistry of the reser- 
voir rock, and to the specific flooding conditions 
such as rate, temperature, and secondary or terti- 
ary mode. Consequently, studies &ne on different 
systems under different conditions can yield widely 
divergent views of the reactive tension flooding 
process. The lack of a coherent picture of high 
pH flooding impairs progress toward possible im- 
provment and successful field applications. 

The objectives of the present study are: 
(1) to ascertain the tertiary-mode efficiencies of 
flooding acidic California crude oils with dilute 
aqueous bases, and (2) t o  devise laboratory 
screening tests which elucidate the governing re- 
covery mechanisms and pennit development of an 
improved mobility-reactive tens ion agent flooding 
package. The project, which comenced in July 1976, 

involves studies on recovery mechanisms, displace- 
ment theory, interfacial tensions and charges, 
spontaneous emulsification, emulsion stability, and 
emulsion rheology. 

PRESEIV WORK AND ACCOMPLISHMENTS 

A constant-rate linear displacement apparatus 
has been constructed which permits monitoring of 
pressure drop, electrical resistivity, streaming 
potential, and pH in addition to flowing oil and 
water fractions in cores up to three feet in length 
over a wide range of flow rates. The entire appar- 
atus is thennostated in an air bath and provision 
has been made to pennit testing under anaerobic 
conditions so that field conditions can be simu- 
lated. Initial studies have begun with model sys- 
tems of mineral oils, alkyl-aryl and alkyl car- 
boxylic acids, caustic, and Ottawa sand. When 
carboxylic acid-containing oils are neutralized 
with caustic, the liquid-liquid interface spontane- 
ously erupts into a highly stable emulsion. How- 
ever, when the carboxylic acids are neutralized by 
caustic in the aqueous phase, prior to contact with 
oil, no spontaneous emulsification occurs. Thus 
it is possible to establish the importance of mass 
transfer and spontaneous emulsification in the oil 
displacement process relative to capillary forces 
in chemical systems of identical equilibrium prop- 
erties. Preliminary results with oleic acid in 
mineral oils displaced by dilute aqueous sodium 
hydroxide from one foot long 600 mD Ottawa sand 
ares indicate a considerable permeability reduc- 
tion due to stable emulsion formation and a mobili- 
zation of residual oil in the tertiary mode. Rela- 
tive pemeabilities, obtained fran the classical 
Wlckley-Leverett treatment, demonstrate a water- 
wet core, and since flooding is erformed at low 
capillary rnanbers (less than 10- t ), the ultralow 
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PLANNED ACTIVITIES FOR 1977 

Dynamic displacements with well characterized 
chemical systems will be continued including studies 
on the effect and scaling of the linear flooding 
rate and the role of the porous medim morphology 
and surface chemistry. m c  pressure drops, 
electrical resistivities, streaming potentials, 

and flow visualization will aid interpretation of 
the reactive tension agent flooding mechanisms. 
Recovery efficiencies of promising California 
crude-oil-- connate-water-- preserved-core systems 
will be examined under an anaerobic environment 
and at elevated reservoir temperatures. Interfacial 
tensians (spinning drop) and charges (microelec- 
trophoresis) will be measured to provide correla- 
tive tools and to investigate means for estab- 
lishing ultralow tensions in these systems. 
Rheology and stability of high pH emulsions in 
porous media will be studied to establish their 
mobility control and conformance characteristics. 

FERMENTATION TEa-INIQIJES FOR PROIXJClWN OF E W O L  

G ,  Cysewski and C. R. Wilke 

Ethyl alcohol is of considerable interest 
as a potential liquid fuel. Studies are in progress 
in this laboratory on the production of sugars 
from agricultural residues and other cellulosic 
wastes as a raw material for conversion to ethanol. 

hring the past year experimental research 
and a process design study of ethanol fermentation 
was completed.1 The aim of the study was to de- 
velop and evaluate new fezmentation technology for 
the prcduction of ethanol. Using glucose as the 
fermentable substrate, optimal fermentation param- 
eters of pH, temperature, oxygen tension, and 
sugar concentration were determined in both batch 
and continuom culture. The experimental results 
indicate that although ethanol fermentation is an 
anaerobic process, trace amounts of oxygen are 
required for maxinunu ethanol production. The 
ethanol productivity of the initial culture of 
Saccharomyces cerevisiae (ATE #4126) was optimal 
at an oxygen tension of 0.7 nnnHg and a temperature 
of 35 "c. However, when long term continuous culture 
was maintained the yeast "adapted" after 3 weeks of 
operation, requiring an oxygen tension of only 
0.07 mnHg for optimal ethanol production. Contin- 
uous ethanol production by the lladaptedll yeast 
was found to be 43% higher than for the "unadapted" 
yeast under conditions of complete substrate utili- 
zation. The pH of the broth had only a slight affect 
on fermentation rates between 3.5 and 5.5. However, 
the sugar concentration did affect ethanol produc- 
tivities in continuous culture, with the optimal 
concentration being 10 w t %  sugar, as shown in 
Fig. 1. 

A cell recycle system employing an external 
settler to increase the biomass concentration in 
continuous fermentations was examined. The results 
of the recycle experiments are shown in Fig. 2. The 
cell mass concentration was increased fourfold in 
the recycle system over conventional continuous op- 
eratians. This produced a corresponding fourfold in- 
crease in ethanol productivity. 

In addition, a novel vacuum fermentation 
scheme was developed whereby ethanol was boiled 
away from the fermentation broth as it was produced. 
Vacuum operation was necessary to achieve boiling 

at temperatures compatible to the yeast. Since 
ethanol was removed from the fermenting broth as 
it was formed, ethanol inhibition was eliminated 
permitting solutions at high sugar concentration 
to be fermented. A sevehfold increase in ethanol 
productivity over conventional continuous operation 
was obtained in the vacuwn system when a 33.4% 
glucose solution was fermented. As illustrated in 
Fig. 3, by combining the vacuum fermentation with 
cell recycle, yeast cell densities of 124 g dry 
wt/l were achieved resulting in a 14-fold increase 
in ethanol productivity over a simple continuous 
operation. 

Fromthe experimental results obtained, pre- 
liminary process designs and econcnnic evaluations 
of industrial scale ethanol plants were made 
employing the various fernentation techniques. 

I (9 ,0.9 

'0 2til: 2 4 6 8 IO 12 14 16 18 1: 
Per cent sugor in feed 

Conditions at "Complete" Substrate Utilization 

Fig. 1. Effect of feed sugar concentration on 
ethanol production and cell mass in continuouS 
fermentation. (XBL 7511-9420) 
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Fig. 2. Effect of increasing cell density by use of 
recycle in continuous fermentation. 
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Fig. 3. Effect of increasing cell density by use of 
recycle in vacuum fermentation. (XBL 761-6165) 

Productivity 

continuous rather than batch fermentation. Further 
reductions in investment and operating costs were 
indicated for both the cell recycle and vacuum 
systems, 

REFERENCE 

1. G. R. Cysewski and C. R. Wike, Fermentation 
These design studies indicated that over a 50% re- - Kinetics and Process Economics for the Prod uc- 
duction in capital expenditure may be obtained by tion of Ethan 01, LBL-4480 (1976). 

PRELIMINARY ASSESSMENT OF 'ZHE PROWCTION OF ETHANOL AND SINGLE-CELL PROTEIN FRN CELLULOSE 

C. R. Wilke, G. R. Cysewski, R..D. Yang, and U. von Stocker 

An integrated processing schane has been pro- hemicellulose sugars and residual glucose at 4.6% 
concentration and are supplied to the fermentation 
process to produce 32.8 tons/day of torula yeast. 

A total of 132,000 lb steam/hr and 12,800 kw 
of electricity are produced in the combustion sys- 
tan of which 4,000 kw are in excess of the process 
requirements. 

posed basedonprevious studies in this laboratory 
of the enzymatic hydrolysis of newsprint to 
sugars1 and their subsequent fennentation to ethanol 
and yeast cake.2 Ethanol production from cellulose 
is attractive since it is currently made from 
petroleum based ethylene. 

Figure 1 is a schematic flow diagram for the 

Data for the sugar production section are Table 1. Design specification for sugar production 

Feed (-20 mesh newsprint) 
Cellulose contenta 
Enzyme activity 
Cellulose hydrolysis 

Product (as g1ucose)b 
Cell recycle fraction 

'Assumed newsprint composition: 61% ci cellulose, 
21% lignin, 16% hemicellulose, and 2% other. 

bRepresentative sugar composition: 72% glucose, 
22% cellobiose, 4.4% xylose, 1.5% mannose. 

=& 

sumnarized in Table 1 below. - 
885 tons/day 

3.5 FPA 
SO%, 40 hr, 45°C 

238 tons/day 
0.65 

The sugars frm the hydrolysis section are 61% (dry) 
concentrated to 14.3% in a seven effect evaporator 
and distributed to five continuous fermentors. 

dried. The 4.9% ethanol solution from the fermentor 
plus the aqueous stream containing the alcohol re- 
moved from the carbon dioxide are concentrated 
distillation to produce 81.5 tons/day of 95% 
ethanol, equivalent to 25.2 gal/ton of plant feed; 
16.6 tons/day of yeast are recovered fran the 
still bottoms. 

frm the ethanol distillation containing the 

Yeast is recovered by centrifugation and spray- Enzyme recovery 43% 

Following yeast ranoval, the bottoms stream 
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Fig. 1. Material balance flow diagram for integrated processing scheme. 
(XBL 762-2330) 

Table 2-. Product sumnary and overall cost analysis 

Product ion By-product 
cost Assumed market cost credit per 

105 - 
Carbon dioxide 113.0 - 
Yeast cake 16.6 lb - 30 40 

gal ethanol Tons/ 
day Unit (4/unit) value (+/unit) (4) 

Ethanol (95%) 81.5 gal - 

Torula yeast 32.8 lb 30 30 - 
Electricity - k w h r  1 2 4 

- - - 

A very approximate cost analysis shown in be essential to establish processing costs firmly 
and to assess potential operational problans. 

RFERENa 

1. 

Table 2 indicates that, exclusive of any cost for 
waste newsprint, it might be possible to produce 
95% ethanol for 614 per gallon after a 444 credit 
for by-produce yeast and per. The capital invest- 
ment is estimated at $33.4 million. However, it must 
be recognized that many uncertainties exist in the 
asswptions made, and that pilot plant studies will 

C. R. Wilke, Ren Der Yang, and Urs von Stockar, 
osium No 6 ,  (Elmer 

'%&TS'&Tew York, 
Biotedmol . Bioeng 

en, Ed., John k z6). 

STUDIES OF LIGNIN-DEGRADING FUNGI AND ENZYMATIC DELIGNIFICATICN OF CELLULOSIC MATERIALS 

* * 
P. A. Carroad and C . R .  Wilke 

During the last year preliminary studies of of several white-rot fungi in solid culture. Liquid 
culture, however, was found t o  be an inappropriate lignin-degrading fungi and enzymatic delignifica- 

tion of cellulosic materials were cmpleted. It technique. 
was clearly demonstrated that delignification 
greatly enhances the rate of enzymatic cellulose 
hydrolysis by Trichoderma viride cellulase. Micro- 
bial delignification can be acccnnplished with any 

Groundwood was chemically delignified to vari- cj 
ous lignin contents by oxidation with sodium 
chlorite in acetic acid. The delignified groundwoods 



were enzymatically hydrolyzed by T. viride 
cellulase for forty hours. Figure 1 shows-the 
hydrolysis curves for the delignified groumhod, 
mnitored as reducing sugar concentration in solu- 
tion. It can be seen that delignification increased 
not only the rate of hydrolysis, but also the ex- 
tent of hydrolysis by making'more cellulose avail- 
able for enzymatic attack. The relationship between 
the percent digestibility of cellulose by T. viride 
cellulase and the percent lignin in the groun;dijiiijh 
sample for a forty hour hydrolysis is shown in 
Fig. 2. Figure 3 shows that chemical delignification 
results are related to those for microbial deligni- 
fication. Chemical delignification followed by T. 
viride cellulase digestion of cellulose is simiTar 
u1 percent digestibility to microbial or chemical 
delignifications followed by bovine m e n  fluid 
digestion. It is apparent that the method of de- 
lignification is not critical. 

- 

Microbial delimification was successfullv 
achieved by culturGg the white-rot fungi 
versicolor, orotrih ventlentm, 
ostreatus. 6 irectlv on mun h 
Table 1 lists the ;esul;s. The percentage losses of 
lignin ranged from three to eleven percent, P1. 
ostreatus being the most active delignifying- 
organism. Liquid culture of the fungi on groundwood 
substrate was not successful, presumably due to the 
dilution of secreted lignin-degraing enzymes. 
Based upon literature results of solid culture de- 
lignification, a composting scheme for large scale 
microbial delignification was designed. A deligni- 
fied cellulosic material would be an especially 
advantageous substrate in a recycle system for 
cellulase production. An economic analysis showed, 
however, that the added costs of microbial deligni- 
fication would not be offset by the associated de- 
creased costs in cellulase enzyme production. 

I I I I 
0 IO 20 30 40 

TIME, HOURS 

Fig. 1. Hydrolysis curves of delignified groundwood. 
(XBL 761-6148) 
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Fig. 2. Relationship between lignin content and 
cellulose digestibility by microbial cellulase. 

(XBL 761-6149) 
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Fig. 3. Composite of relationships between lignin 
content and digestibility of wood. (XBL 761-6146) 
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Table 1. Lignin degradation results of organisms growing directly on groundwood 

Groundwood after 7 weeks degradiation by fung i 
Untreated 
groundwood P. versicolor Sp. pulverulentum P1. ostreatus 

Cellulose content (%) 

Lignin content (%) 

Unaccounted for (%) 

62.6 59.5 54.8 61.2 

34.3 38.1 41.8 34.7 

3.1 2.4 3.4 4.1 

Total weight loss (%) - 10.2 10.0 11.1 

Loss due to lignin (%) - 2.9 1.0 3.8 

Loss due to cellulose (%) - 7.3 9.0 7.3 

Percentage of lignin lost - 8.4 2.9 11.0 

Percentage of cellulose lost - 11.7 14.3 11.9 

Ratio of percentage lignin lost - 0.7 0.2 0.9 
to percentage cellulose lost 

FOOTNOTE 

'Lawrence Berkeley Laboratory and Department of 
Chemical Engineering, University of California. 

* 
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Engineering Sciences Program 

INTRODUCTION 

The Engineering Sciences program focuses 
specialized engineering resources from both the 
Lawrence Berkeley Laboratory and the University of 
California camms onto certain enerw and environ- 

powered vehicles. 

The Earthquake Studies area also has two 

standing problem, namely, how to predict the occur 
rence of earthquakes. 
method for predicting earthquakes through electrical 
resistivity methods is being investigated. Field 

. projects. The first is concerned with a long- 

In this project, a potential 
ment-related ~oblems. At present ,-emphasis is 
placed on problems in two areas - transportation 
and earthquake studies. 

In the TransportationStudies area,two projects 
are under way. One of these, Mass Transit Analysis, 
is concerned primarily with studies of the Bay Area 
Rapid Transit District (BART) equipent and opera- 
tions. These studies are to provide an independent 
appraisal of the operational capability, reliability, 
and safety of the transit system. Certain critical 
areas have been identified. Task forces have been 
organized to study these areas, make recommenda- 
tions, and, in some cases, participate in the 
design of improved components and facilities. 

The second transportation project is the 
Roadway Power System for Full-Performance Electric 
Cars. In this project, a method is being investi- 
gated to safely, efficiently, and economically 
transfer power to personal automobiles while they 
are traveling on highways. The purpose is to make 
the use of electric vehicles a practical reality, 
and to aid in reducing reliance on gasoline 

experiments in the Hollister area are being set up 
to study the feasibility of the method. 

techniques used to provide the earthquake resistance 
of components for nuclear power plants are being 
studied through theoretical analysis and through 
experiment using the Earthquake Simulator at the 
UC Earthquake Engineering Research Center. The 
object is to improve the state-of-the-art of these 
design techniques. Such improvements will facili- 
tate the process of evaluating the seismic qualities 
of proposed power plant structures while they are 
still in the design stage. 

These projects are individually described in 
more detail in the following articles: 
Transit Analysis, (2) Roadway Power System for 
Dual Mode Electric Transportation, and (3) Earth- 
quake Prediction. 

In the second earthquake project, the design 

(1) Mass 

MASS TRANSIT ANALYSIS* 

D. T. Scalise, F. A. Kirsten, V. P. Elischer, K. P. Ang, A. A. Arthur, 
D. Bereznai, J. G, Bolger, M. Graham, R. Lapierre, R. Louis, F. Olken, 

R. F. Thomas, D. B. k e r ,  H. Vogel, K. Wiley 

INTROWCTION 

The goals of the LBL Rapid Transit Study 
Program are to make an independent evaluation of 
the Automatic Train Control (ATC) systems currently 
in use and to engage in the investigation and 
design of such systems in order to improve their 
effectiveness, safety, and reliability. 

LBL's association with the rapid transit 
industry began in 1974 when the California Public 
Utilities Commission (PUC) and the Bay Area Rapid 
Transit District (RART) came to an impasse over 
certification to begin full operation., The chair- 
man of the State Senate Committee on Public Utili- 
ties, Transit and Energy asked LBL to give technical 
advice on BART'S readiness to begin safe service 
and on the impact of the safety problems. 
District also asked LBL for technical help in the 
process of improving the reliability of BART'S ATC 
system. 

through agreements with both the State Senate 
Cormnittee and BART. The work with the Senate 

The F3ART 

As a result, work in this area is now funded 

Gmunittee is intended to help provide them with 
the technical information and opinions necessary 
in the process of fonmilating legislation concerned 
with BART. The work with BART is directed toward 
technical study and design problems which directly 
concern the operational integrity and the ultimate 
campletion of the system. 

A C C W L I S W S  DURING 1976 

State Senate Committee 

The work under the LBL/Senate agreement has 
continued to be concerned mainly with monitoring, 
evaluating, and reporting the progress of the BART 
system. A report on this activity was prepared1 
for discussion at the April 6, 1976, hearings on 
BART by the Senate Committee. Two of the recent 
LBL activities covered in this report were: 

(a) Safety, including continuing work on the 
Sequent ial-Occupancy-Release (SOR) sys tem 
for achieving close-headways operation; 

(b) Follow-up on certain "Linusual Occurrences," 



including the determination of whether the 
proper methodology was used in analyzing 
the applicable operating rules and 
procedures. 

A study of a method of measuring the Systan 
performance of BART was also made. This method is 
unique in that it considers performance from the 
point of view of passengers - Le., occupancy 
factor of the trains, deviations from expected 
trip times, etc. -rather than in terms of equip- 
ment utilization. 

The Laboratory and the group that has been 
involved in this work was honored on January 14, 
1976, when the Rules Cdttee o the California 

work that has been accanplished. 

BART 

State Senate passed a resolution f cmending the 

- 
The work under the LBL/BART agreement has been 

directed toward a number of technical areas. 
of these areas are briefly discussed below. 

Five 

Computer Systems. In the BART system, 13 
separate computer systems are used in a variety of 
applications, ranging from Central Train Control 
to cash handling. 
critically depend on these computer systems, the 
costs and resource requirements to support them and 
their operating effectiveness over the long tern 
are of utmost concern. 
problems associated with the existing systems and 
to formulate recommendations for computer systan 
planning, a study was undertaken jointly by LBL 
and BART. The results of the study are reported 
in reference 3. 

Since the operations of BART 

In order to identify 

Some important conclusions were derived, which 

It was concluded that serious 
have very strong implications regarding the Euture 
plans of the system. 
problems exist with respect to the Central Train 
Control Canputer system. 
determined that, even with substantial modifica- 
tions, it will still not be adequate to support 
the level of operations which the system was 
intended to achieve. It was also determined that 
the 13 computer systems lack adequate flexibility 
to acconrmOdate changes in system operation. Thy were designed as isolated entities; program design 
and information transfer between systems are 
hampered by lack of a corrmon data base, and by 
the use of non-standard conmumication protocol 
and data recording media. 

tions, the most far-reaching of which are: 
cananence design of a replacement €or the Central 
Train Control Computer system; and (b) to begin 
planning to provide systematic integrated control 
over the real-time computer systems used by the 
transit district. 

For example, it was 

The study resulted in a number of recmnda- 
(a) to 

Toward the end of 1976, a program to implement 
the report ' s reconmendat ions was begun. 

Performance Measurement Study. The automated 
nature of the BART system provides for the collec- 
tion of a large amount of data, which presents a 
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unique opportunity to develop a model for evaluat- 
ing performance of the system. Such a model was 
developed by using train logger and Fare Data 
Acquisition System (DAS) data. The train logger 
data provide a histolyof all train movements on 
the BAFU system. The IIAS data provide a history 
of passenger movements, specifically the points at 
which each passenger enters and exits the system, 
and the time of arrival at destination. 
algorithm was developed to merge the two data 
sets to calculate a number of passenger-related 
parameters, such as,.for example, the load factor 
of every segment of every train trip. 

standard operational procedure, maintenance vehicles 
of various types must have access to the tracks and 
right-of-way of the transit system. Many of these 
vehicles are normal highway-type vehicles, which 
are adapted to travel on the rails. Such vehicles, 
however, do not interact with the nonnal train 
detection and control system. Therefore, special 
procedures are necessary to pennit them to be used 
safely. 

This year, work on the Maintenance Vehicle 
Detection System (MVDS) was nearly completed. 
This system, designed at IBL, provides a high 
measure of safety in the use of maintenance vehicles. 
The system includes procedures and protocol for the 
movement of the vehicles. Most important, it 
provides a special set of electronics on each 
vehicle to interact with the train control system. 
As a result, each maintenance vehicle is protected 
by a barrier of "zero-speed comds," which will 
stop any train long before collisions with mainte- 
nance vehicles are innninent. 

for 
service. 
closer headways (i.e., less distance between 
successive trains). During 1976, LBL has assisted 
in the planning and carrying out of test programs 
to determine the worst-case stopping distance of 
trains. This distance is a function of a number 
of parameters, including the reaction time of 
control systems, speed of the train, and track 
adhesion. The programs included a review of the 
original design criteria, a review of existing data 
on deceleration of trains in revenue service, a 
review of existing literature on wheel-to-rail 
adhesion, and additional monitoring of actual 
braking performance of vehicles in revenue service. 

(motors and motor controllers) has been a major 
source of failures in the system. 
are precipitated by flashovers (arcs) in the c m -  
tator region of the motor. 
ticipated in the work to analyze the conditions 
under which flashovers occur and to design means 
of alleviating the problem. 
modifications of the motor control circuitry; 
improved insulation; and the design of air flow 
diverters to purge the air in the region of the 
comtator. As a result of these modifications, 
the incidence of motor flashovers has been reduced. 
They have also contributed to a significant increase 
in car availability. 

An 

Maintenance Vehicle Detection System. As a 

Close Headwa s. One of the near-tern goals 
is to mcrease the frequency of train 
This requires operating trains with 

Propulsion Equipnent. The propulsion equipment 

Many failures 

This year IBL has par- 

These have included: 
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PLANNED ACTIVITIES FOR 1977 

A major effort will be expended on the computer 
system redesign effort. The first step will be an 
exhaustive analysis of the various computer systems 
and colnmrnication pathways in the existing system. 

An emphasis will also be placed on the design 
of test procedures and equipment for the train 
control system and the propulsion equipment. The 
purpose is to improve the capability to detect 
incipient failures and marginal operation of 
components which could affect the reliability 
of system operation. 

FooIl\loTE ANDREFERENCES 

This work was supported by the State of California * 

Senate Comnittee on Public Utilities, Transit and 
Energy and by the San Francisco Bay Area Rapid 
Transit District. 

1. A Technical Overview of BART Operations and 
Programs, LBL Report KID-3838 prepared for the 
State of California Senate Comnittee on Public 
Utilities, Transit and Energy, April 5, 1976. 

Senate Rules Resolution No. 17 adopted January 
14, 1976. 

Long Range Report on BAFlT Computer Systems, 
Joint Study G r o u p  of Lawrence Berkeley Labora- 
tory and Bay Area Rapid Transit District, 

2. 

3. 

August 1976, KID-3856. 

ROADVAY POWER SYSTlN FOR DUAL NODE ELECTRIC "RANSFORTATION (DMET) 

J. G. Bolger, D, T. Scalise, F. Kirsten, F. Voelker, J. Cox 

INTROIWCTION 

For many years, the battery-powered electric 
vehicle has been studied as a potential means of 
alleviating the well-known problems of petrolem- 
fuel scarcity, pollution, etc., which are associ- 
ated with gasoline powered vehicles. However, the 
practicality of the electric vehicle as a general 
solution to these problems is still hampered by 
its restricted range and perfonnance. 

Transportation (DMET) is a concept aimed at solving 
this problem by removing those limitations. In 
this concept, a skeletal network of electrically 
powered highways pemits a continuous flow of power 
t o  vehicles which are designed €or two d e s  of 
operation: In one mode, they acquire operating 
power from the roadway and thus have unlimited 
range at freeway speeds; in the other node, they 
us from an on-board energy storage pack 
. (e tteries), and thus have complete freedom 
to e locally on conventional roadways at 
lower speeds. 

continuous electromagnetic parer "source" 
in the center of arterial roadway lanes. The source 
conductor, shown in Fig. 1, carries an alternating 
'current. The magnetic flux generated by this 
current is coupled via a magnetic circuit to the 
moving vehicle. This structure can provide not 
only sufficient power tb propel vehicles at highway 
speeds, but also additional power for replenjishing 
the stored energy in the batteries (or flywheel) 
which the vehicles will carry. 
supplies spaced at intervals of one or two miles- 
will receive electric power from electric utilities 
and supply a constant amplitude alternating current 
to the roadway sources. 

The Roadway Power System for Dual Mode Electric 

The central e of the DMET syst 

Roadside power 

Vehicles will carry a suspended power "pickup" 
whose magnetic core has poles aligned with that of 
the power source, also as shown in Fig. 1. 
magnetic flux induced by the source current links 
the pickup winding and the source conductor; by the 
resulting transformer action, power is transferred 
from highway to vehicle. 

Transportation Energy Conservation of the Energy 
Research and Development Administration conunenced 
in 1976. 

The 

The support of this program by the Division of 

. *. 
Airpap 

. . .._ 

Fig. 1. Cross section of c coupling chosen 
for preliniinary design study. The %ource" is 
imbedded in the roadway, flush with the surface; 
the l'pickup" is suspended from the moving 
vehicle. The magnetic circuit .includes the 
air gap. (XBL 773-655) 



ACCOMPLISHMENTS IN 1976 

The efforts during 1976 included a preliminary 
engineering design study and technical analysis of 
a complete systm.1 The specifications for the 
study system were formulated by making engineering 
estimates of the fundamental parameters of the 
system. Using these parameters, a rough design of 
each of the major components was derived. The 
broad purpose of the study was to: 

(a) Provide documentation to show that the 
concept is fundamentally sound ; 

(b) Show that it does not depend on engineer- 
ing breakthroughs; i.e., it can be 
constructed using current technology ; 

(c) Obtain rough cost estimates. 

The values assumed for the study are listed in 
Table 1. During subsequent phases of the work, 
the individual parameters will be optimized, and 
the designs refined. 
study are first sumnarized below; then the conclu- 
sions are given. 

Results in five areas of this 

TABLE 1. Assumed values of parameters used in 
preliminary design study. 

Parameters Assumed values 

Geometry of magnetic coupling 

Maximum power to be 
transferred to vehicle 20 kilowatts 
(passenger car) 

Current in source conductor 1000 amperes 

Frequency of source current 180 hertz 

Maximum highway loading 100 cars/mile 

As s h m  in Fig. 1 

Mametic Structure Analvsis 

The analysis of the magnetic coupling struc- 
ture was the key step in the design exercise. 
results were used to determine the required char- 
acteristics both of the power conditioner that 
supplies power to the highway, and of circuitry 
on-board each vehicle that accepts and controls 
the power received from the highway. 

The 

The structure was analyzed us' g computer codes already in existence at LBL. P The results 
show that the structure satisfies two important 
criteria. 
is necessary to have relatively low magnetic field 
strength so that coupling to other structures such 
as conventional automobiles, bridges, and fences is 
minimal. This "unloaded" field strength was found 
to be only about 10 gauss. Second, the coupled 
field strength, when source and pickup are meshed, 
must be high enough to achieve the required level 
of power transfer. 

First, in the absence of a vehicle, it 
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The magnetic analysis also provides data which 
permit calculation of the equivalent circuit of a 
segment of highway, with and without vehicle load- 
ing. A simplified form of the circuit consists of 
a series combination of resistance and inductance, 
the values of which vary with the vehicle loading. 
Table 2 tabulates some of these values for a one- 
mile section of powered highway, together with 
derived values of power input, efficiency, and 
power conditioner output voltage. 

Power Conditioner 

The power conditioner receives power from the 
electric utility at the usual 60-Hz frequency, and 
converts this to 180-Hz power for the highway. As 
shown in Table 2,  a conditioner for one lane-mile 
of highway would have a capacity of 2 MW, and would 
supply 1000 A of 180-Hz current at 2000-3000 V. 
Since the power factor of the highway changes with 
loading, the voltage that the power conditioner 
must supply stays relatively constant. 

It was determined that the cycloconverter 
concept could be applied to design a power condi- 
tioner to meet these requirements. 
concept is practical, not only in tern of its 
reasonable cost, but also because it can be built 
with currently available components. A low-power 
prototype of the cycloconverter was built and 
behaved according to expectations. 

The use of this 

Vehicle Controls 

The circuitry that will be used on board the 
vehicle was investigated sufficiently to demonstrate 
that enough power (at least 20 kw) can be transferred 
to the moving vehicle, and that the level of power 
can be controlled at the vehicle with relative ease. 

Power Interfacing 

Discussions with Pacific Gas 6 Electric Company 
representatives established that sufficient utility 
capacity to power a freeway system in the San 
Francisco Bay Area is available. 
available at convenient points along the existing 
system. 

Roadway Roughness 

one inch between source and pickup was verified in 
two ways. 
Transportation provided data resulting from rough- 
ness measurements on a typical California freeway. 
Second, a test fixture was constructed and mounted 
below a passenger car. With this fixture, the 
maximum values of highway roughness encountered 
during several runs on local highways were measured. 
Both sets of data indicate that a gap of about one 
inch is feasible. Furthermore, temporary variations 
in air gaps are acceptable since only the time- 
average value of the gap determines the energy 
transfer efficiency. 

This power is 

The practicality of an air gap of the order of 

First, the California Department of 

Conclusions 1 
W The results of this preliminary study confirmed 
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TABLE 2. Characteristics of powered-highway source derived from magnetic 
circuit analysis, and based on assumed parameters of Table 1. 
All figures are for one lane-mile of highway. 

Number of vehicles, each drawing 
20 loJ of power 

Equivalent circuit values of 
loaded source: 

Resistance, R (ohms) 

Inductive reactance, X (ohms) 

Impedance, (R 2 + X  2 %  ) (ohms) 

Current in source conductor (amps) 

Voltage necessary to drive source 
current (volts) 

Input power to source (kilowatts) 

Power absorbed by vehicles 
(kilowatts) 

Efficiency (%) 

0 5 50 100 

0.019 0.12 1.07 

2.3 2.3 2.2 

2.3 2.3 2.44 

1000 1000 1000 

2310 2300 2440 

19 124 1065 

0 100 1000 

0 80.8 93.9 

2.1 

2.1 

2.97 

1000 

2970 

2112 

2000 

94.7 

that the concept can be implemente 
engineering techniques and available components. 
On the basis of the study, it is estimated that the 
construction cost of the roadway power systemwould 
be approximately $300,000 per lane mile; that the 
amortized installation cost per vehicle mile for an 
expected 20-year life span is less than a half cent; 
and that the cost of operating roadway-powered 
vehicles is less than the cost of operating either 
battery-powered vehicles or conventional gasoline- 
powered vehicles. 

PLANNED AUMTIES FOR 1977 

were based on certain engineering estimates for 
various parameters. These estimates were necessary 
to provide a basis for the preliminary round of 
investigation. 

refining and optimizing these parameters. 
will include: 

During 1976, the design and analysis efforts 

During 1977, efforts will concentrate on 
This 

(a) Frequency optimization - to assess the 
effects of operating frequency (originally 
chosen as 180 Hz) on the cost and effic- 
iency of the system. Other effects such 
as induced interferences and parasitic 
losses in nearby tures will be 
investigated. 

investigate the effects of coupling 
geometry on costs, fabrication considera- 
tions, and tolerance for misalignment of 

(b) Magnetic coupling configuration - to . 

W source and pickup. 

(c) Construction techniques for magnetic 
coupling -to investigate the various 

available options for fabrication of low 
cost, low loss coupling components. Items 
to be considered include core and conductor 
materials, electrical insulation, and 
mechanical protection. 

(d) Power conditioner design - to assess the 
design trade-offs in the design of power 
conditioners. 

(e) Loading effects - to study the effects of 
rapidly changing vehicle loading due to 
speed changes or traffic interruptions. 

In addition, communications with various local, 
state, and federal agencies, utilities, and other 
organizations that might be involved in the imple- 
mentation of a DMET system will be continued. 

point, work will begin on the design and construc- 
tion of an engineering prototype of the system. 
This will include construction of a short section 
of source with power conditioner, a skeletal vehicle 
chassis with a suspended power pickup, and provi- 
sions for the necessary instrumentation. This 
prototype will be primarily used to verify the 
design work up t o  this point. 

REFERENCES 

1. badway Power system for FUU Performance 
Electric Vehicles, preliminary draft reports 
ELN-53 (Volume I, General) and ELN-54 (Volume 
11, Technical), September 30, 1976. 

described in: K. Halbach, A Program for Inver- 
sion of System Analysis and Its Application to 
the Design ofkgnets, UCRL-17436, July 1967. 

When these studies reached an appropriate 

2. The computer code POISSON was used. This is 
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PREDICTION: IN-SITU STRESS MONITORING - RESISTIVITY* 

W. E. Farrell, H. F. Morrison, R. Fernandez 

INTROLXJCTION 

This project is a continuing experimental 
study of high accuracy measurement of the electrical 
resistivity of the earth. Its object is to develop 
measuring apparatus and techniques which are sensi- 
tive o changes in resistivity as small as 1 part 
in 10 . If such measuremats prove feasible, then 
future work will be the geophysical interpretation 
of data collected from a variety of field areas. 

Our primary goal is the use of resistivity as 
a way of remotely sensing changes in stress within 
the shallow parts of the earth's crust. This has 
been an active field of research in the USSR for 
many years, but it is only now receiving attention 
in this country. Several models have been proposed 
to explain the coupling between stress and resis- 
tivity, but the emphasis has been to explain well- 
controlled laboratory experiments, rather than 
field observations. This is because noise signals 
in the field situation have up to now limited field 
measurements to about 1% accuracy. 

The major goal of this research on the measure- 
ment and interpretation of small variations in 
resistivity is the search for earthquake precursors. 
If the goal is attained we visualize this method as 
one tool for detecting possibly hazardous stress 
buildup near major engineering structures (power 
plants, dams, urban areas, etc.). 

ACCCMPLISHMENTS DURING 1976 

I 

Entering this second year of the project we 
primarily conducted feasibility studies, apparatus 
design, and laboratory testing. 

The proposed goal of building and deploying a 
resistivity variometer has been attained. A 
complete description of the apparatus, and of the 
laboratory test and f'eld experiments, is contained 

The variometer has continued to provide data since 
it was installed at the UC Berkeley Richmond Field 
Station in November 1976. Our preliminary field 
observations from 2% mmths of operation are the 

in the sumnary report t issued in December 1976. 

following : 

During the daytime, man-made noise signals 
limit the sensitivity to variations in 
resistivity of 1 part in 103 nns in the 
frequency band 0 to 0.01 Hz. The noise 
seems to have a wide spectrum. 

During the early morning hours and week- 
ends, the noise is an order of magnitude 
less. 

(c) We have observed on several occasions 
diurnal fluc uations in resistivity of 
about 2x10-4 peak-to-peak. This is 
possibly related to temperature changes 
in the ground, but we cannot absolutely 
rule out instrumental effects. 

(d) During several rainstorms, there were 
changes in resistivity of about 1 part in 
103. The resistivity increases slightly 
at the beginning of the rainfall, decreases 
as the ground becomes wet, and then rises 
again as it dries out. 

Our conclusions are as follows: 

(a) The electrode geometry presently used 
limits our depth of investigation to about 
30 m. This is enough to sense resistivity 
in the superficial alluvium only, not in 
the bedrock below. 

signals observed, but we believe they 
represent consequences of thermal and 
moisture effects, and are not stress- 
induced effects. 

(b) We have not interpreted the geophysical 

(c) Even if we employ sophisticated signal 
detecting techniques, the me urement of 

area will be difficult. We do not yet 
know the possible limitations due to  
naturally occurring telluric currents. 

resistivity variations of 10 2 in an urban 

PLANNED ACTIVITIES FOR 1977 

areas, we plan to attempt to reduce the noise 
signals by sensing them some distance away from 
the variometer and correcting the data for their 
influence. On the basis of this year's study we 
will include design improvements in a new system 
to be constructed in the m e r  of 1977. A digital 
data recording system will be installed to facili- 
tate the collecting and processing of the observa- 
tions. Finally, we will set up the present equip- 
ment near Hollister, a well-instrumented earthquake- 
prone region. 

FOOTNOTE ANDREFERENCE 

Because of the need for measurements in urban 

This work was supported by the U.S. Nuclear 
Regulatory Cmission through the U.S. Energy 
Research and Development Administration. 

* 

1. In situ Stress Monitoring - Resistivity. 
Summary Report on Resistivity Variometer. 
EQP-38, December 1976. 



107 

Energy Use and Conservation Program 

INTRODUCTION 

Research in the Division's energy use and - 
conservation,program addresses a broad range of 
technical and institutional issues that influence 
the pattern of energy use, These include basic 
research into the physics of combustion processes, 
energy use in buildings, and the analysis of energy 
conservation strategies and measures. 

trated on two areas: 
Work on energy use in buildings has concen- 

Development of CAL-ERDA, a computer program 
for energy analysis of buildings, which is 
to be used as a tool for design, research, 
and the evaluation of compliance with build- 
ing codes. The program emphasizes ease of 
input, inexpensive computation, usefulness 
of output, and flexibility of application. 

During the past year the combustion research 
program has expanded greatly. Investigators at UC 
Davis and UC Berkeley have joined with tBL staff to 
form a combustion research group within the Energy 
and Environment Division. Among the topics now 
being studied by the group are combustion at 
boundary layers, turbulent combustion, lean combus- 
tion, the combustion of coal, and the formation of 
nitrogen pollutants during combustion. 

related to the analysis of energy conservation 
strategies and measures : 

Two projects provided the focus for efforts 

. A workshop on an extension service 
which examined a number of topics related 
to the development of a service that would 
provide information and training for 
conservation. 

' 

Initiation of a national program for energy An energy conservation assessment project 
conservation in windows and lighting. which concentrated its efforts on work for 
Several projects in this area are under way, the California Energy Resources Conservation 
including research at LBL on beam daylighting 'and Development Commission. A number of 
and the thermal performance of window designs, specific energy conservation measures were 
and three projects to be conducted by outside analyzed to provide information for the 
'contractors. Conmission's "energy conservation plan." 

. 

CAL-ERI1A: ANEWCOMPUERP FOR EN'ERGY ANALYSIS OF BUILDINGS 

A. H. Ros&feld,'F. C. Winkelmann, Z. CLrmali 
. -  

INTRODUCXION 

_ _  . . . . .  . . . . . .  
. . . . .  

. - . . . . . . .  
. . . . .  .. _, . . .  I 

Energy consumed by buildings and by the activ- the aid of an electronic computer. Those computer 
programs that-have-become available have their 
deficiencies: they have been difficult to use, 
often inflexible; 'they have been expensive to run; 
and they have been limited in scope and generality. 
Differences in algorithms and assumptions cause 

ities of the people who live and work in them is a 
significant portion of the energy required by our 
energy-intensive modern way of life. Thus energy 
cohservation in buildings can make an inportant 
contribution to reducing energy consumption at 
local, national, and international levels. Saving ~ different programs to give widely differing results. 
energy in buildings imrolves new public policies, 
codes, and standards for the design of buildings 
and conmmities. It requires new design procedures growing need for an easy-to-we, fast running, 
and tools for engineers and architects. It also completely documented, public-domain coniputer 
means careful operation of building energy systems, program for the analysis of energy usage in resi- 
as well as their careful design. dential and comercia1 buildings. The national 

laboratories desired such a program for  use by 
.their technical personnel; the ERDA plant and 

buildings have been without comprehensive tools for facilities managers wanted a program to assist them 
calculating dynamic heating and cooling loads, for in their energy conservation effort; and because of 
simulating distribution systems for the heating and _ _  its responsibility fir establishing and enforcing 
cooling of buildings, for modeling the operation of - codes and standards, the California Energy Cormnis- 
the energy-supplying equipment, and for calculating sion wanted a program that could be used by code 
the life cycle costs of owning and operating energy officials and building designers. The result of 
systems for buildings. Calculation of the response this c m n  need is CAL-ERDA, a joint project to 
of buildings and building systems to the dynamic write a computer program for the analysis of build- 
variation of loads due to the weather outside and ing energy uses." 
the human activity inside is practical only with 

Because of this situation, there has been a 

- 

Until the last few years, the designers of- 
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The initial phase of the project, sununer 1976 
to September 1977, will produce the computer program 
CAL-W1.0. This program will run on the CDC 
7600 computer at LBL and is intended for technical 
users at the collaborating laboratories. 
become the starting point of a long-range plan for 
building energy analysis software, providing a 
public-domain package with extensive documentation 
and user support services. 
will eventually be verified by extensive field 
testing, will provide a national standard analytical 
tool for building energy research for design studies 
and trade-offs and for energy budget calculation for 
all building classifications proposed in local, 
state, or national design standards. 

It will 

Such a package, which 

PLANNED CAPABILITIES OF F'HASE I (CAL-EW1.O) 

As a tool for design, research, and code 
compliance, CAL-EW1.O emphasizes ease of input, 
inexpensive calculation, usefulness of output, and 
flexibility of application.1 It permits the user 
to control the amount and detail of input and 
output at many levels. The system is organized to 
facilitate the substitution of a variety of program 
packages to meet the needs of special groups of 
users. It is designed also to aid fast computation, 
t o  permit the addition of new capabilities in future 
phases of the project, and to be transportable to a 
variety of computers. 

building and its HVAC systems, including the plant 
for supplying the required energy. He will also 
specify schedules of Occupancies, equipment, and 
lights, the design criteria for the HVAC systems, 
and the policies controlling the operation of these 

The CAL-ERDA user will be able to describe a 

systems. 
the weather conditions during that period. 
CAL-ERN/l.O will compute the heating and cooling 
loads, simulate the WAC systems and the operation 
of the plant, and calculate the first cost; operat- 
ing cost, and life-cycle cost of the system. 
Standard output (printed and plotted) will include 
the thermal loads and energy consumption as func- 
tions of time, as well as the above costs. In 
addition to the standard reports, the user will be 
able to print or plot the values of other variables 
from a predetermined list, along with sums and 
maxima or minima over the period of the analysis. 
CAL-ERDA will also facilitate parametric runs, 
varying the building skin, the distribution systems, 
and the central plant for optimization purposes. 

SYSTEM ORGANIZATION 

He can specify the period of analysis and 
Then 

CAL-EW1.0 (see Fig. 1) will provide the 
user with a Building Description Language (BDL) 
as a convenient and concise form of input for 
the definition of the building, the distribution 
systems, the plant, and other data necessary to 
analyze energy usage, as well as for control of 
parametric runs. A he-Processor will transform 
the BDL input into a Standard File containing the 
data required for execution of the four principal 
computational programs: Loads, Systems, Plant, + 
and Economic Analysis - hown collectively as LSPE. 

The Loads program computes the hourly heating 
and cooling loads in the building due to 
weather, occupants, lights, and equipment, 
using the ASHRAE-reconnnended algorithms. Loads 
through walls use the standard response factors 
of the existing public-domain programs NBSLLI 

STANDARD F/L E y  Iff T€RMED/AT€ F/L ES 

Fig. 1. CAL-ERDA system organization. (XBL 768-3273) 
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and NEW. 
tures, we do not use the complete NBSLD thermal 
balance method, but instead use the ASHRAE 
weighting factors which are faster and more 
accurate than the temperature response approx- 
imation used in NEW. 

The Systems program simulates the operation 
of one of 16 energy distribution systems, also 
on an hourly basis. 
The Plant program takes the hourly demands 

of the building for heating, cooling, and 
and cold water or steam for domestic and 
process use and allocates the available equip- 
ment energy sources (and equipment such as 
boilers, chillers, and turbines, or utility 
electric power) so that the demand is satisfied 
optimally for each hour. 

The Economic Analysis program considers 
equipment life and frequency of overhauls to 
compute life-cycle costs for various discount 
and inflation rates. 

To calculate varying room tempera- 

- r  

Each of these programs writes its results into 
an Intermediate File, where they are available to 
subsequent programs. Standard reports are produced 
by an output module. A separate Report Generator 
manages output of additional user-specified vari- 
ables. A Post-Processor plots data to be output 
graphically. 

BUILDING DESCRIPTION LANGUAGE AND CoMpONENT PROGRAMS 

The incorporation of the Building Description 
Language is a major advance of CAL-ERDA over its 
predecessors. This language is camand-structured 
and provides free-format combinations of commands 
and data. Capabilities included are: 

Forming named groups or collections of 
elements, such as a room defined  in^ tern of 
its bounding surfaces; 

Repetition of named groups by noting changes 
only; 

Nesting to any depth of named groups and 
elements. 

0 Dictionary of coTmnands for various operations 
such as rotation, reflection, scaling, repeti- 
tion, attachment, partitioning, etc. 

Dictionary of standard items or groups of 
items with all associated properties built in, 
such as' standard wall types, building types, 
distribution systems, weather data, etc. 

With BDL, the building can be described from two 
points of view. 
building is looked upon as a bZock, whereas at later 
stages of design it is considered to be made up of 
its o q b n e n t  p a r t s ,  such as rows, wings, etc. 

At the conceptual design level the 

The main new features of component programs 
and their operation within the CAL-ERDA System are: 

i 

New data structure in the programs so that 
I only the required amount of memory is assigned; i 
I 

S@aration of the Systems program from the 
Plant program; 

Intlusion of a c ent-based Plant package 
which permits simulation of any thermodynamic- 
ally feasible combination o 
specified by the user; 

Two options for plant operation: optimal 
assignment of components for energy minimiza- 
tion, or user-defined rules; 
User-defined full-load and part-load compo- 

nent characteristics and maintenance schedules. 
This is essential for retrofit studies and 
research; 

Self-shading of building sections automatic- 
ally, without special user input; 

Inclusion of simulation of heat pumps, solar 
collectors, and them1 storage systems', as 
well as arbitrary combinations of these with 
other systems; 

Gas turbines, double-bundle chillers, various 
types of cooling towers and heat-recovery 
devices are included as parts of a user-defined 
central or total energy plant; 

Ability to make "parametric nms" without 
repunching input cards. 

rn PLANS 
Plans for the future development of CAL-ElUM 

include several additional capabilities. The 
library of predefined elements invoked by BDL will 
be expanded. 
accommodate the new features of CAL-ERDA. Simula- 
tion of in-building energy distribution systems 
will be done by specifying the organization of 
specific components. 
simulate essentially arbitrary systems, in the 
same fashion now possible in the Plant program. 

specified system, systems can be operated optimally 
or selected based on optimization criteria. Addi- 
tional investigation of energy calculation proce- 
dures is expected to lead to faster algorithms that 
exploit the mathematical structure of the computa- 
tion process. An extension of the Loads computations 
will include thermal coupling between zones, and 
optional use of the complete thermal balance method. 
Implementation of CAL-ERDA on the IBM 360/370 series 
of hardware is also planned. 
ical input and additional graphical output in an 
interactive computing environment comparable with 
BDL are also envisioned. 

Simultaneously with the current and planned 
development of CAL-ERDA system, there is ongoing 
research activity to apply it's 
to practical problems. 

FOOTNOTES AND REFERENCE. 

BDL itself will be extended to 

This will allow the user to 

Instead of simulating the 

Facilities for graph- 

lysis capabilities 

CAL-ERDA is sponsored by the California Energy 
Resources Conservation and Development Commission 
(CERCDC) and the U.S. Energy Research and Devel- 

* 
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opment Administration (ERDA). Four federal 
laboratories are collaborating: National Bureau 
of Standards, Lawrence Berkeley Laboratory, 
Argonne National Laboratory, and Los Alms 
Scientific Laboratory. 

'The Loads, Systems, and Plant programs of CAL-ERDA 
are based on earlier programs for energy analysis 
developed by Consultants Computation Bureau of 

San Francisco, with whom LBL shares the responsi- 
b i l i ty  for the design and development of this 
system of computer programs. 

I,.: 
1. A. H. Rosenfeld and Z. Cumali, "CAL-ERDA, 

A New Computer Program for Energy Analysis of 
Buildings," in J. Energy and Buildings, Vol. 1, 
No. 1 (in press). 

CONSERVATION OPTIONS I N  RESIDENTIAL ENERGY USE: 
STUDIES USING THE CCMPIJTER PROGRAM TWOZONE 

L. W. Wall," T. Dey, A. J. Gadgil, A. Lilly, A. H. Rosenfeld 

INTRODUCTION 

The aim of th i s  research is t o  quantify various 
methods of saving energy in the heating and cooling 
of houses. We have developed and used the computer 
program TWOZONE to  study the effect on energy usage 
of varying the size and location of windows, adding 
ceiling and wall insulation and storm windows, and 
setting the thermostat back at  night during the 
heating season. 1 

TWOZONE 

TWZONE was developed during the 1975 Sumner 
Study at prkeley on the Efficient Use of Energy in 
Buildings t o  provide a simple residential model 
studying the effect of various changes in design. 
The program does an hourly heat-load calculation, 
driven by a NOAA weather tape. The standard ASHRAE 
algorithms,3 as implemented in .the subroutines of 
NBSd and NEW,5 are used t o  calculate solar 
radiation from observed cloud cover, the delayed 
thermal response of walls and ceilings, and the 
prompt solar heat gain through windows. However, 
instead of using the weighting factors of NEW, 
the program makes two thermal approximations: the 
house h s  a lumped heat capacity, adjusted t o  give 
a moderately insulated house a relaxation time of 
4 hours; and the house has a 3-hour relaxation time 
for solar heat incident through windows. 

The house is modeled as a two-zone space 
connected thexinally by either a fan or by convective 
air flow, as shown in Fig. 1. This two-zone feature 
was included because we were particularly interested 
in capturing solar heat through large south windows, 
and wanted t o  calculate the economics of moving this 
heat from the warm south t o  the cold north side of 
the home. 

a i r  infiltration and to  conduction and radiation 
through the ceiling, walls, windows, and floor. 
The heat sources are the furnace, solar heat gain 
through the glazing, and internal heat loads 
(people, lights, and appliances). 

year make it possible to  include the following: 
interior shading at the windows; a 3-hour weighted 
time delay contribution to  the heating and cooling 
loads from sunlight incident through the glazing; 

For the case of heating, the losses are due t o  

Improvements made t o  TWOZONE during the past 

Fig. 1. Residential two-zone model, showing north 
and south halves of house connected only by 
a i r  forced by the furnace fan (or by convec- 
tion). For this work we have assumed that a 
750-CFM furnace fan operates continuously. 
In a real house this would be accomplished by 
an extra thermostat, in a south room, that 
can turn on the fan without turning on the 
furnace whenever the t h e m s t a t  reads more 
than 72'F. (XBL 7610-4299) 

framing corrections for transfer function coeffi- 
cients of w a l l s  and ceilings; an internal heat load 
schedule (people, lights, appliances) ; and floor 
losses. 

There are three operating modes for the house: 

(1) If the average inside a i r  t-emperature 
(hereafter referred to  as T) exceeds a 
predefined maximum temperature (THI), the 
house "vents" a l l  excess heat durlng 
winter months. In summer, depending on 
the outside air temperature, either the 
house "vents" the excess heat, or the air- 
conditioner turns on t o  keep the inside 
air temperature at THI. 

L 
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(2) If ?; lies between the thermostat setting 

(3) If 

and THI, the house temperature "floats"; 

is below the desired thermostat 
setting, the furnace is Oonlt until the 
house temperature reaches the desired 
setting. 

In this way the hour-by-hour energy use can be 
calculated. 
can display the hourly energy use along with the 
hourly inside and outside temperatures (Fig. 2) .  

In summa+, the input to the program consists 
of the following: weather tape with hourly values, 
building description, schedules for occupancy and 
appliance usage, thermostat settings, exterior and 
interior shading. The output contains hourly. 
heating and cooling loads, apportionment of the 
loads, cumulative furnace and air conditioner 
outputs, hourly inside temperature data, and graph- 
ical plots showing hourly ldads and temperatures. 

The graphics printout of the program 

0 
0 

0 0  
0 0  I cu I C U O D  

The quantitative results from TWOZONE are 
presently being calibrated with the NBSLLI program. 
There has been good agreement with the field 
measurements that are available: Pacific Gas and 
Electric Company values (from household heating 
bills) for an uninsulated house in the Bay Area, 
and Southern California Edison values for electri- 
cally heated homes in Southern California. 
RESULTS ON THE EFFE(JTIVENESS OF VARIOUS 
RETROFIT MEASURES 

A sunrmary of the preliminary results on the 
effectiveness of retrofit measures for Oakland, 
California (3000 degree days) is presented in Figs. 
3(a) and 3@). The typical Oakland house 's taken 

with 20% single-pane glass on the walls. In the 
figures, the furnace output has been apportioned 
to show the energy used to offset air infiltration 
and losses through the floor, windows, walls, and 
ceiling. The retrofit measures under consideration 

to be a single-level, uninsulated, 1450-ft 3 house 
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Fig. 3. Savings possible by thennostat setback or 
conservation retrofit measures on an uninsu: 
lated Oakland house, calculated using a 1955 
weather tape. 
measures, and apportioning of loads, are 
discussed in the text. Figures 3(a) and 3@) 
start at the left with a bar representing a 
house kept at 72'F day and night, followed by 
a house kept at 70'F. In 3(a), no night ther- 
mostat setback is assumed until the last bar; 
instead, insulation and storm windows are 
retrofit in sequence. In 3@), night thermo- 
stat to 60'F (N= 60') is assumed at. the third 
bar. 
are less cost-effective. Both plots end at 
the same bar, representing all conservation 
measures, including night setback and furnace 
output down to 238 them. The dollar cost 
scale at the right is based on a gas price of 
20# per therm divided by a furnace efficiency 
of 0.6, resulting in a cost of 334 per therm 

Costs for fuel and retrofit 

The retrofit measures come last; so they 

of furnace output. (XBL 773-45oA) 

are the following: thermostat timers, ceiling 
insulation, wall insulation, and storm windows. 

Retrofit costs per sq.ft. were assumed to be: 
to add R-19 insulation to ceilings - 25#/ft2 
to add R-11 insulation to walls - SO#/ft2 
to add stom windows - $2/ft2. 

From Fig. 3(a) we see that: 

(1) Simply lowering the thermostat decreases 
the fuel bill by 6% per degree. 

(2) Adding R-19 ceiling insulation decreases 
the fuel bill by $90; if installation 
cost is $360, this gives a 25% annual 
return or a payback time of four years. 

(3) Adding R-11 wall insulation gives a 14% 
return or approximately a 7-year payback 
time. 

(4) The installation of storm windows gives 
an annual return of 7% or a payback time 
of over 14 years. 

(5) A further reduction in the heating bill 
can be attained by night temperature 
setbacks, say from 70°F to 60'F at bedtime 
until 30 minutes before waking up the next 
morning. 

Alternately, in tern of cost effectiveness, 
one might choose nighttime temperature setbacks as 
the f i rs t  measure to be instituted. This is illus- 
trated in Fig. 3@). A setback of lO'F reduces the 
fuel bill by approximately 25%. The installed cost 
for an automatic thermostat timer is $100. 
annual return on this investment is 75%. 
at the rest of the graph, we see that the installa- 
tion of ceiling and wall insulation is still cost- 
effective, with returns of 19% and 11%, respectively, 
whereas storm windows give only a 4% return. 

for Oakland are repairs and caulking, clock thermo- 
stats, qeiling insulation, and wall insulation. 

FWtJRE Rm OF TWOZONE 

The 
Looking 

In sunnnary, the recommended retrofit measures 

In its present form, TWOZONE is an excellent 
educational tool. Although its quantitative 
results still need further calibration, its quali- 
tative results agree with previous studies of this 
type. It has been demonstrated successfully at 
several events including the San Francisco "win 
Bicentennial Exposition, the California State Fair, 
the Second ERDA-Wide Energy Conservation Symposium, 
and the on-going Lawrence Hall of Science Energy 
Exhibition. 

CAL-ERDA project to write public-domain computer 
codes for building energy analysis, will eventually 
become part of the CAL-ERDA program. The principal 
work that remains to be done is to incorporate the 
ASHRAE weighting functions and/or the NBSLD heat 
balance equations. The new version of llvoZONE will 
retain most of its original simplicity but will be 
more accurate. 
consist of three zones (north and south zones plus 
attic zone) or four zones (north and south zones 
plus attic and basement zones). 

TWOZONE, written before the inception of the 

Future residential models will 
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NATIONAL PRDGRAM FOR ENERGY CONSERVATION IN WINDOWS AND LIGHTING 
\ 

S. M. Berman and 

INTRODUCTION 

In June 1975, LBL sponsored a four-week s m e r  
study on the efficient use of energy in buildings, 
and soon thereafter began developing a variety of 
promising prototype devices to improve the thermal 
performance of windows and to utilize direct sun- 
light for interior illumination. As a result, LBL 
was designated by ERDA in September 1976 to be a 
lead National Laboratory, with the responsibility 
for formulating a national research, development, 
and demonstration plan in the area of windows and 
lighting systems. 
in-house research efforts, LBL now has the task of 
implementing the national plan and of continuing 
technical management of projects performed by 
contractors. 

archiEEZ1 expression of a building and have 
important physiological and psychological effects 
on the occupants. They also account, directly and 
indirectly, for a disproportionate share of the 
energy consumed in a building because of their 
impact on requirements for heating and lighting. 
It has been estimated that 20% of our national 
energy production is being used for the space condi- 
tioning of residential and cornnercial buildings. 
Windows, because of their comparatively high thermal 
conductivity, account for perhaps 25% of the annual 
consumption, or 3.5 quads, which is the equivalent 
of 1.7 million barrels of oil per day. Architects 
and designers have long recognized these facts. 
However, the lack of strong economic incentives - 
due to cheap and readily available energy - and 
ignorance of the complex relationships among all of 
the relevant design parameters have resulted in 
buildings that are often wasteful in their use of 
energy. 

accounts for one-third to one-half of 
the tot %= energy consumed in a typical commercial 
building. 
dential, commercial, industrial, and public sectors 
requires about 400 billion kwh each year - about 
23% of the electricity sold annually in the U.S., 

Thus in addition to its own 

Windows are a major element in the external 

Lighting for all buildings in the resi- 

I S. Selkowitz 

or the equivalent of 1.9 million barrels of oil 
Per 

in these two areas is enormous according to prelim- 
h r y  analysis. 
reductions in actual energy consumption will require 
considerable emphasis on implementation. Recent 
studies of problems concerning diffusion of innova- 
tion into the building industry suggest that in the 
area of windows and lighting, the development of 
technically usable energy-conserving products and 
practices will not necessarily be sufficient to 
guarantee their acceptance, their utilization, or 
their effective impact in reducing energy consump- 
tion. We have thus proposed a program that not only 
will develop innovative and effective conservation 
measures, but also will ensure that they are recog- 
nized, accepted, and utilized by design professionals 
and the public at large. 

The potential for reducing energy consumption 

However, to effect significant 

ACCOMPLISWENI'S DURING 1976 

Several major projects have been initiated by 
LBL as part of the National Plan for Energy Conser- 
vation in Windows and Lighting. 
activity began in October 1976, many of the projects 
were just getting under way at the end of the year. 

National Plan 

A research, development, and demonstration 
plan has been formulated for the areas of windows 
and lighting. Broad goals were developed and a 
specific research agenda was identified, with a 
national advisory input from manufacturers, consult- 
ing engineers, and other research organizations. 
An array of strategies was generated to achieve 
these research goals as part of an integrated 
program to translate promising products or policies 
into effective and widely utilized conservation 
techniques. The specific strategies to be employed 
depend upon the nature of the proposed conservation 

Because this 
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opportunity, its degree of prior development, and 
its energy saving potential. 

LBL In-House Research Activities 

Beam-sunlighting prototypes are being designed, 
developed, and tested in cooperation with a faculty/ 
student team in the Department of Architecture at 
the University of California, Berkeley. These 
devices are intended to reflect incident sunlight 
from the upper portion of a window onto the ceiling, 
and then scatter it diffusely to illuminate the 
room. Analytical techniques have been worked out 
to predict illumination levels resulting from use 
of these devices, and initial scale-model testing 
has been completed. The prototype design and 
various activation and control mechanisms are under 
development. 

as well as novel window desiw will be studied 
with the aid of new computer programs that are being 
developed. Testing facilities are being designed to 
enable us to measure relevant optical and thermal 
properties of glazing materials as well as of novel 
window prototypes. This analytical and experimental 
capability will then be used to assist in the devel- 
opment of prototype "dual-mode" shades and blinds. 
These devices, similar in appearance to their 
conventional counterparts, have a heat-absorbing 
mode for winter operation and then are reconfigured 
to a heat-rejecting mode in smer. 
they allow visual contact with the outdoors and 
reduce conduction/convection gains and losses in 
all seasons. 
of existing materials and components, these proto- 
types should lend themselves to innnediate applica- 
tion and use. We have initiated a feasibility study 
to assess the applicability of such devices for a 
retrofit application in wlilding 50 at LBL. 

Research and Development Contracts 

developed two materials of interest to our windows 
research program: 

Thermal performance of a variety of existing 

In addition, 

Since they are based on refinements 

htek Research Associates have previously 

The "heat mirror," which is a long-wave 
infrared-reflecting coating deposited on 
plastic film. 
winter heat loss when applied as part of an 
insulating glass assembly. 

The "optical shutter," which is a light and 
heat sensitive sandwich film that is normally 
transparent but turns translucent white in 
the presexe of high temperature and sunlight. 

It can significantly reduce 

The white, reflecting state will significant- 
ly reduce solar gain and thus reduce air- 
conditioning loads. 

id+ Under subcontract to LBL, Suntek has developed 
manufacturing processes for these products and has 
conducted marketing studies as part of a larger 
connnercialization effort to speed these products 
to the marketplace. 

High-frequency ballasts for fluorescent light- 
ing systems were identified in our planning activi- 
ties as an area that promised significant energy 
savings and a high probability for successful market 
introduction. When compared with conventional 
ballasts, these electronic ballasts have been s h m  
to require 35% less input energy with equal light 
output. Additional substantial savings may be 
realized if the dinnning capabilities of these 
ballasts are effectively utilized. At the end of 
1976, we initiated a Fkquest for Proposals to fund 
a two-phase program to demonstrate and validate the 
performance of these ballasts, and to assist in the 
introduction of these energy-conserving devices 
into the lighting market. 

Preliminary negotiations were completed with a 
firm to test and evaluate a novel glass coating 
process by which weather-resistant thin films can 
be applied to the exterior surface of single-glazed 
windows. The coatings would be tuned to reflect 
the infrared portion of incident solar energy, thus 
reducing heat gain without reducing the daylighting 
potential. Such coated glasses would find their 
primary application in conunercial buildings having 
substantial cooling loads. 

PLANNED ACTIVITIES FOR 1977 

All the research, development, and dmnstra- 
tion activities described in the previous section 
were initiated in the last half of 1976; all will 
continue into 1977 and most will be expanded. In 
addition to funding additional work outside the 
Laboratory, we anticipate extending our in-house 
research activity. At LBL, the beam-sunlighting 
activity will move into a demonstration phase; and 
interactions with the artificial lighting and 
control s e  will be studied. The windows effort 
will add% assessment of the daylighting potential 
to the thermal analysis results and attempt to 
generate guidelines for optimal window design and 
size as a function of a large array of relevant 
variables. Our program planning and management 
activities will continue to grow as the number and 
size of our subcontracted projects increase. 
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COME%J!3TION RESEARCH 

F. Robben, Y. Agrawal, B. Angeli, P. Bernard, M. C. ’Branch, N. J. B r m ,  C. Chan, 
R. Cheng, W. K. Chin, A. J. Chorin, P. Concus, J. W. Daily, H. A. Dwyer, C. Fenimore, A. Ganji, 

H. Glaz, R. Greif, W. L. Grosshandler, T. Hadeishi, K. Hayashi, J. Kurylo, B. Launder, R. D. Matthews, 
W 

I. Namer, A. K. Oppenheim, P. J. Pagni, R. Pitz, R:F. Sawyer, R. W. Schefer, D. M. Silver* 

INTRODUCTION 

Research on combustion processes is an impor- 
tant part of our national program on energy conser- 
vation and environmental protection. These two 
subjects are closely linked in many areas, particu- 
larly in regard to the generation of energy by the 
combustion of fossil fuels. It is this coupling 
which makes necessary a deeper, more fundamental 
understanding of the process of combustion, in order 
to design optimized combustion systems. 

needs are met by the combustion of fossil fuels, 
and most projections indicate that fossil fuels will 
continue to be the major energy source for the next 
50 to 100 years. Thus improvements in combustion 
made in the next 10 to 20 years will have a large 
effect on the rate at which fossi1,fuels are 
consumed, and on the atmospheric pollution produced 
thereby. 

Because combustion is a highly complex process, 
combining fluid mechanics and chemistry, it requires 
high- level scient if ic expertise and techniques to 
make significant advances in our understanding. 
Thus a combustion research group, operating in the 
LBL Energy and Environment Division, was formed 
this year by investigators doing combustion research 
at LBL and at the University of Califomia at Davis 
and at Berkeley. 
among members of this group, combined with the 
scientific, technical, and management capabilities 
of LBL, will produce a significant impact in the 
field of combustion science. 

CCMBUSTIQN IN BCUNDARY LAYERS: SURFACE CATALYZED 
COMBUSTICBV AND TURBULENT COMBUSTION .(Agrawal, 
Schefer, Namer, Robben) 

A very large fraction of our national energy 

It is felt that the interaction 

Introduction 

s report presents the status and future 
plans of two current studies: the surface catalyzed 
combustion of lean premixed mixtures in the laminar 
boundary layer over a strongly heated flat plate; 
and the study of turbulence under these conditions - as contrasted with the well researched,. although 
not completely characterized, turbulence without 
chemical reaction. 

from the well knm fact1 that clean and efficient 
systems (e.g., gas turbine combustors and industrial 
and domestic furnaces) can be developed by use of 
lean premixed combustion systems. In addition to 
eliminating unburned hydrocarbon soot and thermal 
N S  emissions, such combustion systems make new 
sources of energy available, such as vent gases 
from mines. The structure of the turbulence that 
accompanies combustion is a problem of fundamental 
interest. 

Interest in surface catalyzed combustion stems 

(xlr studies are conducted in the boundary layer 
formed over a flat plate, a geometry specifically 
chosen for its well understood aerodynamics. 
the catalytic work, we hope to develop a fundamental 
numerical model of the surface activity of the 
catalyst, to study catalytic activity and perfonn- 
ance over a wide range of parameters, and later to 
evaluate practical systems. 

shown in Fig. 1. A flat plate with a sharp leading 
edge, made of 0.3 pm platinum coated q u a r t z  (1.5 mm 
thick), is placed in a jet of uniform velocity air- 
fuel mixture. Electrical heating of the platinum 
is used to heat the flat plate.,. The plate may be 
used to study platinum catalysis; it may be coated 
with Si0 for noncatalytic studies; or it may be 
coated with other catalytic materials. 
jet of air-fuel “mixture is derived from a carefully 
designed stagnation chamber (20 an diam) where flow 
is smoothed and straightened before passing through 
a strong contraction into a streamlined nozzle (2.5 
an diam). The range of available flow speeds is 
broad enough to cover laminar flows and the transi- 
tion to turbulence in the viscous boundary layer 
over the flat plate. 

Diagnostics involve measurements of flow 
velocity by laser doppler velocimetry (LDV), density 
by Rayleigh and Raman scattering of laser light, 
and plate surface temperature .by optical pyrometry. 
Since the overall gas density is knm from the 
hyleigh scattering, the temperature of the gases 
may be obtained. The density of the major species, 
Nz and 02 are relatively easy to detenine. If the 
density of H20 is knm with sufficient accuracy, 
the degree of reaction may be determined. Trace 
species and radicals will be measured in the future 
using gas chromatograph-mass spectrometer systens, 
as well as other optical techniques now being 
developed. 

process under study are expected to compute the 
boundary layer flows, both laminar and turbulent 
(using available closure models) with and without 
chemical r action. Two codes, developed by Blottner2 

several f low geometries and incorporate realistic 
finite-rate chemistry. 

Accomplishments During 1976 

The experimental facility has been completed. 
The open-jet wind-tunnel facility and several flat 
plates have been constructed. The laser doppler 
velocimeter is operating, and refinements have been 
made to improve measurement accuracy. A 0.3-m 
McPherson spectrometer and associated optics are 
in place for Rayleigh and Raman measurements. 

In 

A schematic of the experimental facility is 

The main 

The computer codes used to model the combustion 

and Pratt, 8 have bken combined so that we can model 
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Fig. 1. Schematic of equipnt for canbustion in the boundary layer over a heated catalytic 
flat plate. (XBL 764-2757) 

The laser velocimeter has been used to map the 

Typical data (Fig. 2) are compared 

flow field of the mainjet (the model wind-tunnel). 
Measurements in the boundary layer of a cold plate 
have been made. 
with the exact solution of Blasius. Successful 
measurements of velocity in the heated boundary 
layer have also been made. 
cult problems so far has been to obtain a uniform 
temperature (of the order of 600-1200OK) on the 
plate surface. This is expected to be achieved 

One of the most diffi- 
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with the quartz plate. 
plates heated with embedded Sic rods have been 
employed. 
rediscovered in the context of laser velocimetry, 
and it appears that Lw measurements in a subregion 
of the heated boundary layer, close to the plate 
wall, will not be possible due to thermophoresis. 

At present, it appears that accurate measurements 
of overall gas density (and hence temperature) by 
Rayleigh scattering will be possible. 
measurements by Raman scattering were possible 111 
the absence of background thermal emission from the 
plate surface. 
been attempted. 

ities and construct statistical correlations and 
probability distributions. Measurements of time- 
resolved density have not been attempted. 

been combined successfully, and numerical solutions 
are routinely available for comparisons with exper- 
iments. 
properties are being incorporated. 

Planned Activities for 1977 

In the meantime, stainless 

The phenomenon of thermophoresis was 

Rayleigh and Raman signals have been observed. 

N2 and 02 

More careful measurements have not 

We have been able to measure turbulence veloc- 

The computer codes by Pratt and Blottner have 

Improved gas kinetic data and transport 
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Fig. 2. Ccanparison of measurements in the boundary 

data will be obtained in the laminar boundary layers 
over cold, heated without combustion, and heated 
with combustion, quartz plates. 
checked for similarity in well-known dimensionless 
variables - an essential step if data are to be of 

(XBL 773-639) a fundamental nature. Combustion will be studied 

These will be 

layer of a cold plate with theory. 



with both catalytic and noncatalytic surfaces, and 
various catalysts will be tested. It is expected 
that considerable effort will be involved in the 
study of catalytic activity over extended periods 
of time. 

Simultaneously, numerical solutions will be 
generated for the experimental conditions; and a 
search for a model that describes catalytic surface 
activity will be attempted. 

conditions will be carried out, although data 
processing will be limited to single-point measure- 
ments, and to routine statistical analysis and 
spectral decomposition in the time domain. A 
continued liaison with industry will make commer- 
cially-used catalysts available for evaluation. 
At present, such contacts exist with Aerothenn, Inc., 
Matthey-Bishop, and Oxy-Catalyst. 

species analysis and measurement is planned. 
results of these measurements will also be compared 
with numerically generated solutions. 

NbERICAL OF TURBULENT COMBUSTION, WITH 
APPLICATION TO THE COMBUSTION ENGINE 
(Chor'in, Concus, oppenheim, Bernard, Fenimore 

The goal of this project is to construct a 
reliable numerical model of turbulent combustion 
for use in the design and development of combustion 
systems. The methods we develop should have wide 
applicability, but we plan to concentrate on appli- 
cations to internal combustion engine problems. 

The first step in developing the model involved 
the design of numerical methods capable of handling 
combustion problems. In particular, such methods 
must be able to describe complex patterns of discon- 
tinuities, several scales in both time and space, 
and the dynamical effects of exothermic reactors. 
We have been successful in developing novel 
that satisfy these requirements. 

We are now working on the appropriate 
tion of turbulence. 
turbulent combustion is that the chemical processes 
in a mean flow differ from those in a real flow; 
i.e., the fluctuations :in the pressure and tempera- 
ture fields have a substantial impact on the chem- 
istry. We are testing a new procedure for describ- 
ing the interaction of chemistry with a random flow 
field, using ideas drawn from parametric ce 
theory. 

NUMERICAL MODELING 0 TION 
(Dwyer, Robben, Laun 

A study of turbulence under all of the above 

Acquisition of a mass spectrometer for trace 
The 

I 

The most important fact about 

ent time there does not exist a 
proven fundamental method of approach to describe 
the combustion of a fossil fuel in a turbulent 
enviromnt. Since the majority of real environ- 
ments for which combustion occurs are turbulent, 
this implies that all energy devices using fossil 
fuels are basically designed by a "cut-and-try, 
trial-and-error" approach. The present project is 
a theoretical study aimed at developing methods of 
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modeling turbulent combustion flows, and solving 
these problems through the use of numerical methods. 
The starting point for the project will be the 
simplest turbulent shear flow, that over a flat 
plate. -This geometry generates one of the few 
experimentally documented flows for which theoreti- 
cal methods have been successful in predicting 
time-average flow behavior. However, for flat plate 
flow with combustion, neither experimental results 
nor theoretical models are available. Moreover, 
new numerical methods for solving the complex 
equations with chemistry must be developed. It 
will be the immediate object of this particular 
study to provide theoretical calculations for 
comparison with the parallel experimental program, 
"Combustion in Boundary Layers," previously 
described. 

The physical problem consists of a pre-mixed 
combustible gas flow over a sharp-edged flat plate. 
The wall of the plate is heated and may also be 
catalytic; a large variation in the mixture of fuel 
to air can be studied. This situation is of h d a -  
mental importance to the performance and understand- 
ing of catalytic converters used as pollution 
control devices, as well as being the most basic 
wall turbulent shear flow. Successful development 
of a theoretical model along with a numerical 
solution method will be an important basic step in 
understanding and designing energy devices based 
on combustion. 

The project described herein began October 
1976, and we are now in the process of developing 
the tools necessary to complete the study. 
the method of approach has been worked out for the 
initial phases of the project. 

Accomplishments Expected During 1977 

However, 

The basic approach taken is to solve the time- 
average equations of motion that describe the flow 
of a combustible mixture of gases. The problems 
are : 

(1) physical modeling of the fluctuating 
turbulence terms caused by time averaging; 

(2) numerical modeling of a f l o w  with multiple 
space scales caused by chemical reactions; 

(3) physical modeling of the reactions and 
kinetics that exist in a combustion flame. 

The reaction 
In the present research task, only the first two 
problems will be addressed directly. 
mechanisms and kinetics will be obtained from other 
sources. 

The starting point for physical modeling of 
turbulence will be the existing closure schemes that 
have been developed for nonreacting flaus.4-7 We 
plan to model the flat-plate flow with three levels 
of closure - eddy viscosity, turbulent kinetic 
energy, and full Reynolds stress closure -and 
compare the predictions with experiments. 
these comparisons, new closure models will be 
hypothesized a d  their universality tested. 

From 

The numerical procedures that are being devel- 
oped to solve the complex equations with chemistry 
will center around the relatively new techniques of 



operator splitting and adaptive With 
these techniques the multiple scales and stiffness 
associated with chemically reacting flows can be 
properly treated, and converged numerical solutions 
obtained with good efficiency. These techniques 
also show promise of being very useful on more 
general problems than the flat-plate system being 
used for the initial stages of the project. 

The end result of this research will be that 
the successes and failures of the existing turbu- 
lence closure schemes will be exposed. With this 
howledge, and with the development of new numerical 
methods, a comprehensive program of research can be 
pursued to develop a ratianal and complete model of 
turbulent flow with combustion. 

Planned Activities 

turbulent shear flows With combustion, we hope 
eventually to expand our research to the very 
important cases of combustion in a straining flow 
and to turbulent diffusion flames, rather than just 
to the pre-mixed flows of the initial study. All 
of the methods developed for the sinrple flat plate 
study can be extended directly to these other 
combustion flow research areas. 

AuT(3MoTIvE ENGINE COMBUSTION WITH EXCESS AIR 
(Sawyer,Branch,Daily,Greiff,Oppenheim, Pagni) 

Besides developing new physical models for 

T i  Section Window Sfides 
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Introduction 

Lean bum, stratified charge, and diesel 
engines all involve combustion in the presence of 
excess air. 
efficiency and reduced emissions compared with the 
conventional spark-ignition engine. The full 
realization of this potential has been hampered 
by difficulties in initiating and sustaining fke 
combustion process in very lean mixtures. As the 
lean flannnability limit is approached, engine per- 
formance drops and hydrocarbon emissions increase. 

All have a potential for improved 

Accomplishments During 1976 

Under NSF/RANN sponsorship, a single-pulse, 
compression-expansion machine simulating a' recipro- 
cating engine has been constructed for the study of 
the fundamentals of engine combustion processes. 
This facility, located in the Canbustian Dynamics 
Laboratory of the Department of Mechanical Ehgineer- 
ing at the University of California at Berkeley, 
provides for full optical access for observations 
of both the ignition and propagation of combustion 
(Fig. 3) .  The machine consists of three main 
elements: a square test section, the driver 
section, and the snubber section. The end block 
of the test chamber is interchangeable to allow for 
a variety of configurations, such as spark ignition, 
torch ignition, stratified charge operation, or 
fuel injection. Compression ratios from about 5:l 

Snubber Section 

fuel I Glmi Mdms \ Driver Piston \ Snubber Phtm 
lnjecttov 

Connecting Rod Shock Pff& PdVe SkgrnMs 
rest fiston for Smbber Sectim 

Fig. 3. Brploded view of the single-pulse machine. (XBL 773-2348) 
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to 20:l can be obtained, with a stroke up to 133 mm, 
and an equivalent speed of up to 1800 revolutions 
per minute. 

High speed, color, schlieren motion picture 
records have been obtained which provide detailed 
flow visualization of processes occurring within 
the combustion chamber. 
growth of the piston generated vortex (Fig. 4) ,  
ignition, flame propagation, and quenching of the 
combustion process at the walls have been observed. 
The advantages of torch ignition for very lean 

Such phenomena as the 

mixtures, including the lowering of pollutant 
emission levels, have been observed. 

and air. 
understanding of the chemical kinetic mechanisms 
that are likely to control combustion near the lean 
flanunability limit. 
process is being pursued to provide a fundamental 
understanding and interpretation of the experiments. 
The apparatus also has provided a test facility for 
the time-resolved measurement of wall heat fluxes 
and heat transfer coefficients. 

Studies to date have been upon premixed methane 
Methane was selected as a fuel to simplify 

Modeling of the combustion 

Fig. 4. Cinematographic sequence of schlieren photographs of rolling 
vortex. 
3.81 an X 3.81 an. 

Compression ratio 8.5:l; stroke 13.3 an; cross section 



Planned Activities for 1977 

facility provide the opportunity for detailed 
observations of engine combustion processes in a 
manner previously not possible. 
year, quantitative data on required ignition 
energies, flame propagation velocities, wall 
temperature gradients, wall heat transfer coeffi- 
cients, and the formation of pollutant emissions 
are to be obtained. In many of these studies a 
line igniter will be employed to pmmote a two- 
dimensional flame and resultant simplifications in 
data analysis. 
continued. 

The unique capabilities of this experimental 

In the coming 

Hydrocarbodair reactants will be 

TEU-jNIQUES FOR STABILIZATION OF LEAN COMBUSTION 
(Daily, Sawyer, Oppenheim, Ganji, Angeli, Pitz) 

As part of its continuing program to improve 
ambient air quality, the U.S. Environmental h-otec- 
tion Agency has published maximum aircraft emission 
standards, scheduled to go into effect in 1979, for 
carbon monoxide, oxides of nitrogen and unburned 
hydrocarbons. In an effort to generate technology 
and demonstrate hardware required to meet these 
emission standards, the NASA Lewis Research Center 
is administrating the Werimental Clean Gnnbustor 
Program. 
toward the fundamental study of stabilization of 
lean mixtures in gas turbine combustors and is 
undertaken to supplement the NASA program. 

The research described herein is oriented 

Pollutant emissions from gas turbine engines 
are greatest under two extremes of operation: idle 
or low power, and takeoff or high Fer. High-power 
operation is usually characterized by high combus- 
tion efficiency, high combustor temperature, and 
hence increased NO emissions. When richness of the 
primary zone of the combustor is increased at high 
parer, smoke emissions also-increase. Emissions at 
low power to taxi/idle operation result from low 
combustor efficiency at the low combustor inlet 
pressure and temperature; in this case, carbon 
monoxide and hydrocarbon emissions are high while 
nitric oxide is reduced. Aldehyde emissions reflect 
a dependence on engine power similar to that of 
hydrocarbons. 

The condition most consistent with simultaneous 
reduction of at2 emissions is lean burning with 
high-intensity, stable combustion. In conventional 
gas turbine combustors, nitric oxide is pduced 
predominately in the primary zone in which near 
stoichianetric mixtures are burned in order to 
maintain a high, final flame temperature and a 
stable combustion throughout the system. 
as these high temperatures are the principal vari- 
able controlling combustion intensity, the produc- 
tion of NO remains tied to combustion stability. 

So long 

The activities of our research program have 

The major effort has been the development 
and use of a two-dimensional combustion 
tunnel. This tunnel, with quartz windows 
for optical access, allows detailed exami- 
nation of the combustion process with 
advanced optical diagnostic tools. 

concentrated in three areas: 
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Studies concerned with a fundamental under- 
standing of aerodynamic means of stabilizing 
lean combustion have been undertaken in an 
opposed reacting jet. L- 
Theoretical and experimental studies of the 
use of heat recirculation for stabilizing 
flames at very lean mixture rates are being 
performed. 

STUDIES OF EXUTIERMIC PROCESSES IN COMBUSTION 
(Oppenheim, Cheng , Kurylo , Hayashi) 
Introduction 

The purpose of this program is to study the 
dynamic effects of exothermic processes in chemi- 
cally reacting gas mixtures in order to provide 
basic data for analyzing the initiation and 
propagation of the combustion process, especial€y 
under the relatively law-temperature conditions 
that exist in the case of lean combustion or low- 
Btu fuel. 

In practically all combustion systems used 
today, burning is controlled principally by the 
rate at which fuel is mixed with air, while chemis- 
try plays a lesser role. Modern trends, in response 
to environmental constraints, are directed towards 
the use of ultra-lean premixed fuel-air mixtures, 
as well as low-Btu fuels, which for control rely 
more on the dynamic effects of chemical reactions 
of combustion. Such effects are due entirely to 
exothermic processes, the major source of feedback 
on the flow system in a combustion chamber. It is 
the experimental observation of such effects and 
the establishment of their theoretical background 
that forms the major objective of our studies. 

hevious Work 

Experiment 

The experimental technique we developed for 
the study of the initiation of exothermic processes 
in combustion systems has by now evolved into a 
well-defined procedure by which we can investigate 
systematically gas-dynamic properties of weak and 
strong ignition in progressively more complex 
chemical systems. Preliminary studies of the 
hydrogen-oxygen an the methane-oxygen systems have 
been completed.losi: At present, we are conducting 
experiments to reveal the effect of hydrogen used 
as a reaction-promoting agent in a methane-oxygen 
system. Diagnostics include pressure measurements 
using high-frequency transducers, as well as the 
cinematographic laser schlieren and laser shear 
interferometry used for the determination of density 
profiles and their development, at a microsecond 
resolution in time.12 

The cinematographic system is capable of 
recording profiles of refractive index across the 
whole width (3.2 an) of the test section of our 
shock tube at a rate of up to 1 million frames per 
second. It has been used for the study of strong 
ignition in methane combustion. The method is akin 
to holography in that the eventual photographic 
result is obtained by reconstruction of diffraction 
records taken in the course of the experiment. 
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These are, for this purpose, superimposed on similar 
records made previously of the test section, to 
provide infonnation on the undistorted field under 
observation. Thus from a single experimental record 
one can reconstruct three cinematographic sequences: 
1) schlieren photographs furnishing information on 
the trajectories in the time-space domain of the 
fronts of shocks and compression waves generated by 
exothermic energy from the combustion process, 
2) infinite fringe interferograms providing infor- 
mation on density distribution across the test 
section, and 3) finite fringe interferograms yield- 
ing infonnation on density profiles throughout the 
flow field under study. 

Theory 

Interpretation of experimental results is 
closely p y p d  with the concept of exothermic 
centers. These combustion models have been 
studied over representative sets of initial condi- 
tions, as well as thermodynamic and gas-dynamic 
constraints (constant value, constant pressure, and 
Chapan- Jouguet deflatrations along appropriate 
Rayleigh lines), in one-dimensional, po"t-, line-, 
or plane-symmetrical geometry, for a variety of 
reacting mixtures. In the course of our analytical 
studies we have established the concept of a phase 
diagram in the plane of exothermic energy and its 
rate of evolution (the exothermic power) as the 
most convenient means of expressing the driving 
term for the analysis of the dynamic effects of 
combustion. Flaw fields associated with strong 
ignition are modeled as a coherent array of exo- 
thermic centers whose dynamic properties are 
represented by energy source terms specified in 
terms of integral curves in such a phase diagram. 
For the chemical systems under study we have found 
a satisfactory agreement between analytical predic- 
tion based on this modeling technique and the 
experimental results pertaining to wave trajectories 
and density profiles. 

At the same time, as an integral part of our 
research program, we are evaluating con ntration 
histories for all the reacting specie 
in effect, the methods of Kondratiev,fb Br0kaw,17 
and Sdrott and Getzinger.18 In this connection we 
have developed an approximate analytical technique 
applicable to diluted combustible mixtures whereby 
the chemical kinetic rates are expressed in tern 
of a simple set of algebraic and ordinary differ- 
ential equations. These lend themselves readily to 
integration without any difficulties due to stiff- 
ness, the characteristic feature of the exact set 
of kinetic rate quat ions. 

Concomitantly, we have studied a variety of 
blast wave problems, including such effects as the 
influence of transpor properties ,I9 atmospheric 
density distribution,$o and unusual thermodynamic 
properties of the medium.21 Currently under study 
is the development of a novel method of phase spa 

and of point explosions with variable energy.23 

following, 

for the analysis of non-self-similar blast waves, B 

The results of these studies can be sunnnarized 

(1) Reduction in size of kernels of exothermic 
L) as 

centers cause their dynamic behavior, as expressed 

by the power pulse on the phase diagram, to approach 
that of ah adiabatic process at constant pressure, 
while increase in their size leads to the opposite 
limit of an adiabatic process at constant voltrme. 
The shape of the exothermic power pulse on the 
phase diagram is practically independent of the 
concentration of reactants. The dilution by an 
inert gas has a significant influence on the value 
of the maximrm of the specific power, while its 
effects on the abscissa of the point of maximum 
power and on the half-width of the pulse are 
relatively minor. 

to the fact that the temperature gradient at the 
center must be zero. This gives rise to a layer 
in the central region of blast waves where the 
effects of transport properties cannot be neglected. 
Our analysis provides means for the evaluation of 
the size of this central region. The solution 
indicates to what extent the results of inviscid 
analyses can be trusted, in spite of the well-known 
anomaly they exhibit in maintaining zero density 
and infinite temperature at the center for all 
times, even when the blast wave has decayed to a 
mere sound wave. This is of particular importance, 
since the preponderance of publications one finds 
on blast waves are concerned exclusively with 
inviscid media. 

(2) The boundary layer in a blast wave is due 

(3) A comprehensive analysis of gas motion 
created by strong explosion in an atmosphere whose 
density is an exponential function of altitude has 
been worked out. In particular, it provided a link 
between the results of a number of seemingly 
unrelated studies which have been performed in 
the past by many investigators, including such 
outstanding authorities as Zel'dovich, Raizer, 
Hayes, and Probstein. 

(4) An analytical method of phase space has 
been developed for the treatment of non-self -similar 
blast waves. The method has been applied to the 
classical problem of point explosion with non-zero 
counter-pressure, yielding a smoother approach to 
sonic bound than that obtainable by strictly 
numerical solutions. 

(5) Self-similar solutions for blast waves of 
variable energy have been derived for a full range 
of rates at which energy can be deposited or removed 
from the flow field. Results for a number o f  repre- 
sentative cases, obtained as integral curves on the 
phase plane of reduced wave variables, are expressed 
in terms of the particle velocity, density, pressure, 
and temperature profiles throughout the flow field. 
In particular, they emphasize the importance of 
differentiating among three fundamentally different 
modes by which energy can be deposited: at the 
front of the wave, at its center, or in the middle 
of the flow field. 
most difficult to analyze and the least understood, 
forming therefore a prominent objective for future 
studies. 

Future Work 

The concept upon which we propose to base our 
studies is as follows. 
propagation of the combustion process in a gaseous 
medium are crucially dependent upon the amount and 

It is the third case that i s  

Both the initiation and the 
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rate at which energy is deposited in the substance. 
For initiation this energy is supplied from outside, 
while for propagation it is derived from the exo- 
thermic' process of combustion. 
dynamic features play a predominant role in both 
cases. We propose to observe and study these 
features with particular care in a well coordinated 
manner. 

Non-steady gas- 

To ignite lean gaseous mixtures, more energy 
is required than in the stoichiometric case. 
However, the amount of energy generated by combus- 
tion per unit mass of the substance is then smaller. 
The practical way of dealing with this problem is 
to distribute the ignition energy over a sufficient- 
ly large volume so that the combustion process is 
properly enhanced throughout the whole extent of 
the chargewithout a destructive explosion. 
order to accomplish this successfully, fundamental 
data are required on the effect of the rate of 
energy deposition on the initial non-steady stages 
of the combustion process. We propose to acquire 
such data by an experimental and theoretical 
program of studies. 

Ekperiments will be performed using hydrocarbon 
fuels mixed in the gaseous phase with air, nitrogen, 
or argon, depending upon the particular requirements 
for the interpretation of the results. The test gas 
will be contained initially at room temperature and 
atmospheric or subatmospheric pressure in an explo- 
sion vessel fitted with optical windows and instru- 
ment plugs, or in a properly instrumented shock 
tube. Both types of apparatus are available in 
our laboratory. 
various means, ranging from shock heating, with 
observations made behind the reflected shock wave 
as in our previous studies, to an assortment of 
flame torch igniters, spark plugs, and plasma jets, 
with or without electromagnetic enhancement. 

Experimental records will be primarily photo- 
graphic in -nature, being obtained by the use of 
techniques developed in our laboratory for the 
observation of refractive index fields with a high 
time resolution. Prominent among them is the cine- 
matographic schlieren and interferometer system 
associated with a stroboscopic laser used as the 
light source. 
technique was developed and has been used by us 
before, the capability for cinematographic inter- 
ferometry has been just attained. The first is 
capable of yielding up to 106 frames per second, 
while the second can provide records from which 
time-frozen density profiles across the full extent 
of the test section can be deduced at time intervals 
of 2-5 microseconds. These data will be supple- 
mented with pressure records obtained by the use 
of ultra-high-frequency response transducers 
developed in our laboratory, as well as pulse laser 
spectroscopy for time resolved measurements of 
temperature and species concentration. 

Experimental results will be interpreted by 
the use of numerical and analytical techniques 
described in the previous section. As far as the 
properties of the reacting medium are concerned, 
the information obtained thereby will be expressed 
in terms of power pulses relating the rate of the 
evolution of exothermic energy with its relative 
amount. 

In 

Combustion will be initiated by 

Whereas the cinematographic schlieren 

The analytical studies will elucidate the gas- 
dynamic features of the non-steady flow fields 
generated by the deposition of energy in the medium. 
In this respect our studies should also bear upon 
the gas-dynamic phenomena associated with laser 
fusion. 

b 
'IHE CCMEUSTION OF COAL AND COAL-DERIVED FUELS 
(Sawyer, Grosshandler, Brown, Chin) 

Introduction 

The utilization of coal in energy-producing 
devices requires either the direct combustion of 
the coal or the combustion of a fuel derived from 
coal. 
coal and coal-derived fuels concern their adaptation 
to existing and planned combustion devices, and 
their likely production of increased pollutant 
emissions compared with petroleum fuels and natural 
gas. 

Major problems in the successful use of both 

Fundamental and exploratory studies have been 
initiated on the mechanisms of coal burning with 
emphasis on adaptation of the opposed-flow diffusion 
flame apparatus (Fig. 5) to the burning of coal 
fuels. This technique and apparatus, originally 
developed under NSF sponsorship for studying the 

i- 
v) 
3 
I 
X 

i 
\ 

. 3  mm 
STEEL BALLS 

WIRE SCREEN 
JET NOZZLE 

4 

- 

LD 
FLAME FRONT I 

STAGNATION 
PLANE - 

I 
E 
E 

\A WATER 

AUTOMATIC 
FEED RATE I 

Fig. 5. Schematic of opposed-flow diffusion flame. 



123 

, 
4 -  

! 

I 

:oI, , 

I 
I 

4 

i 
1 

! 

i 
! 

burning of polymers (thermoplastics, charring 
plastics, and wood), provides a laboratory tool for 
the steady-state combustion and detailed observation 
of solid fuels. It is particularly suited to deter- 
mining the gas phase flame structure, temperature 
profiles in both the gas and solid (pyrolysis 
region) phases, and the formation of pollutants 
from fuel-contained conpounds (particularly those 
containing nitrogen and sulfur). 
sampling techniques can be complemented by optical 
measurements to analyze gas phase compositions. 

A study of the combustion characteristics of 
u coat/methunoZ stwlry was undertaken to determine 
the radiation heat transfer characteristics of the 
combustion gases. The use of methanol in conven- 
tional furnaces or boilers is hampered by the low 
emissivity of the methanol combustion products, 
especially in comparison with residual and distil- 
late oil fuels. The augmentation of emissivity 
through the addition of pulverized coal to the 
methanol was sought. 
of additional interest because of their advantage 
in the pipeline transportation of coal and because 
of their potential use as a direct substitute for 
petroleum fuels. 

formation of odd-nitrogen pollutants in combustion 

Standard probe 

Coal/methanol slurries are 

Both these projects relate directly to the 

6= n IGNlTER 
PROPANE 

SECONDARY AIR U 
STREAM ~-\ 

PRESSURE REDUCER 7 \ I- 

processes. Coal fuels contain high concentrations, 
up to 3% by weight, of bound nitrogen which 
in high emission levels of the oxides of nit 
and possibly other nitrogen-containing p 

Accomplishments During 1976 

flame apparatus to burning rods of graphite, and 
pressed pulverized coal has been demonstrated. 
Techniques for pressing pulverized coal into rods 
have been developed, and the use of more sophisti- 
cated sample preparation procedures is currently 
being explored. 

slurries has been completed and reported. An 
experimental facility was built to examine the 
combustion of methanol and a slurry of methanol 
plus 5% coal in an environment similar to that of 
industrial and utility boilers. The fuqmce used 
(Fig. 6) was a horizontal water-cooled cylinder, 
20 cm diam x 100 an long, with a firing rate of 
60 kW. Measurements taken throughout the furnace 
included temperature and concentrat ion of carbon 
monoxide, carbon dioxide, water, oxides of nitrogen, 
methanol, and particulates; spectral radiation 
intensity measurements were taken along the axis 
of the furnace. 

The suitability of the opposed-flow diffusion 

Our study of the combustion of coal/methanol 

I 
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Fig. 6. Flow diagram of methanol furnace. 
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We found that, in general, temperatures in the 

Levels of nitrogen oxides were low 
pure methanol flame were higher than in the metha- 
nol/coal flame. 
in the pure methanol flame, less than 20 ppm NO; 
but addition of 5% coal to the methanol caused the 
NO concentration to increase to 100 ppm. This 
represented a conversion of 40% of the coal bound 
nitrogen to NO. Particulate levels increased from 
less 9 0.001 g/m3 for the pure methanol to Over 
0.25 g/m when pulverized coal was added. 

methanol flame were found to have an effect on the 
spectral intensity. No continuous radiation was 
measured in the methanol flame, but a small amount 
of particulate radiation was observed in the spectra 
crf the methanol/coal flame. The total emittance of 
the flame increased from about 0.10 to 0.135 with 
the addition of 5% pulverized coal, but the radia- 
tion intensity was reduced because of the lower 
flame temperatures. This effect was due, in part, 
t o  the presence of the coal particles and to the 
different nozzle that was used to burn the slurry. 

A nmerical program was written to calculate 
the spectral intensity from an inhomogeneous mixture 
of combustion products. Comparisons were made 
between the calculated intensity and the measured 
intensity for both fuel systems; Fig. 7 shows the 
results for the pure methanol case. The numerical 
results were approximately 25% lower than the 
measured results. 
were investigated, and the results of other simpli- 
fied models were also compared with experimental 
results to test the applicability of the models. 

The low levels of soot and particulates in the 

Reasons for the discrepancy 

1.35 
L 

LPO - 
f :  

----MEASURED 

WAVELENOTH. pm 

Fig. 7. Calailated spectral intensity (X = 26.9 an). 

Planned Activities for 1977 

Burning rate studies of a variety of coal 
fuels (coal, pressed pulverized coal, graphite, 
coke, and solvent refined coal) will be undertaken 
to obtain background data on their relative burning 
rates and the importance of experimental parameters 
such as oxidizer concentrations, oxidizer flow 
rates, and fuel physical properties. Techniques 
for determination and interpretation of temperature 
profiles in both the solid and gas phases will be 
pursued. We also planned to use this facility to 
study the fate of fuel nitrogen in the combustion 
of coal fuels. 

FORMATION OF ODD-NITlWEN POLLUTANTS IN CaMBuSTION 
PROCESSES (Brown, Sawyer, Schefer, Matthews) 

Combustion processes are the primary sources 
of nitrogen oxides as air pollutants. 
combustion of conventional fuels, nitrogen oxides 
result principally from the oxidation of atmospheric 
molecular nitrogen (thermal NO$ and the oxidation 
of nitrogen-containing compoun in the fuel (fuel 
nitrogen N&). According to Mezey et al.,24 the 
amount of fuel nitrogen contained in fossil fuels 
can vary considerably, with negligible amounts in 
natural gas, significant amounts in distillate 
fuels, and amounts from 0.5 - 3% by weight in 
heavier fuels (residual oil, coal, coal-derived 
and shale-derived fuels). 
become a significant and even dominant source of 
N4( in the future because of increased reliance on 
heavier fossil fuels. 

In fhe 

Fuel nitrogen will 

Consideration of odd-nitrogen compounds (essen- 
tially all nitrogen-containing compounds other than 
N2) as air pollutants has been primarily focused 
upon the nitrogen oxides, NO and N2, with occasion- 
al interest in annnonia. Although the thennal N4( 
mechanism in lean and near stoichiometric mixtures 
is treated successfully with Zeldovich kinetics ,25 
and it is now possible to qualitatively describe 
sane features of the fuel nitrogen conversion to 
NOx, no single experiment to date has quantitatively 
accounted for all the nitrogen in product gas anal- 
ysis. Moreover, the chemical identity of the 
nitrogen-containing products of combustion under 
rich conditions and in processes involving fuel with 
chemically bound nitrogen has not been established. 
The importance of odd-nitrogen compounds other than 
NO and No2 is not well understood, but it is reason- 
able to assune that they are at least as reactive as 
the oxides of nitrogen and therefore shoyld be of at 
least equal concern on an equal-mass basis. 

support in 1975 from the Electric Power Research 
Institutez6) has been concerned with the identifi- 
cation and quantificatiun of nitrogen-containing 
products formed in the combustion of hydrocarbon 
fuels containing additives of low molecular weight 
nitrogen compounds. 

In a review of the scientific literature, 
we found that an understanding of the fundamental 
chemical kinetics necessary to explain the reac- 
tion of fuel nitrogen compounds in combustion 
processes was lackmg. Usmg COIIVeIltlOMl chdlum- 
inescent techniques, we attempted to determine NO 
and NO2 in the presence of other nitrogen compounds. 
NO was measured successfully; but the determination 
of N02, which depends on the catalytic conversion 
of NO2 to NO and its measurement as NO, was not 
possible in the presence of other low molecular 
weight nitrogen compounds (e.g. NH3 and HCN) 
because they are also catalytically converted 
to NO, under the same conditions as N02. 

We then used an interfaced analytical system 
consisting of a gas chromatograph and a chemilum- 
inescent analyzer. NO2 analysis was not successful 
with the interfaced systan either because dis- 
sociated during chromatographic separationYLw- 
ever, NH and HCN analysis appear promising with 
t h i s  t&que. 

(xn: research to date (which received initial 
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Conversion of the low molecular weight nitro- 
gen compounds to NO in four catalytic reactors was 
investigated. We found that the stainless steel 
reactor offered the best compromise among ease of 
construction, structual integrity, and quantita- 
tive conversion. Product compositions of fuel- 
rich C3q/02/& premixed, laminar flames were mea- 
sured, unth either m n i a  or nitric oxide addi- 
tion; in both cases, more than half of the nitro- 
gen appears in the combustion products as species 
other than N NH or NO. Although positive identi- 
ficiation ad'dtitative analysis were not ob- 
tained, likely candidates include nitrogen dioxide, 
hydrogen cyanide, amines, and other cyano compounds. 

ment via chemiluminescent techniques,27 $e found 
two factors that affect the quantification of NO 
and No2 concentrations measured with chanilunin- 
escent analyzers. The first is the dependence of 
the chmilwninescent intensity on the quenching 
efficiencies of various gases present in combus- 
tion gas samples. Quenching efficiencies were 
as a function of concentration (Fig. 8); and an 
expression was derived that allows calculation of 
the actual concentration of NO, given the measured 
concentration of NO and the concentrations of 
species in the product gas sample. The second fac- 
tor investigated imrolves the cornersion of low 
molecular weight nitrogen canpounds to NO in ccm- 
mercial N4, catalytic reactors. Comrersion effi- 
ciences for six species were determined using a 
cgnnercial stainless steel conversion oven at 
920R. 

In an addititma1 study of and NO measure- 

An atmospheric pressure flame study in which 
low molecular weight nitrogen compounds are ad- 
mixed to propane/oxygen/argon is in progress. 
Product gas canposition will be analyzed for N2, 

and HCN to determine the fate of the 
fuel nitrog n a r i a  analytical techniques are 
being pursued to successfully analyze these com- 
pounds. The construction of a flat flame burner 
having a monolithic ceramic substrate with a 
y-alumba washcoat and 10% plat- loading has 
been canpleted. Initial experiments are under way 
to characterize the flow downstream from the 
catalyst; preliminary results indicate flame 
stability. 

Because the research facilities and possible 
collaboration with other imrestigators at 

-Lawrence Berkeley Laboratory .present an opportun- 
ity-for definitive research in this area, two-year 
experimental and theoretical program consisting 
of four following primary tasks is proposed: 

Ex3, % 3,. 

1) Identification and classification of odd- 
nitrogen compounds and preliminary estima- 
tion of source concentrations based on 
existing data; 
Exploration and 
quacy of analytical measuranent tech-. 
niques; 
Identification of odd-nitrogen compound 
formation mechanisms and product level 
in co&usti.on processes; 

4) Identification of odd-nitrogen compound 
formation mechanisms and product levels 
in pbllutant control processes. 

. 
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Fig. 8. Relative chemiluminescent intensity as a 
function of the third2m concentration ;in 
the reaction chamber. 
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ograph-mass spectrometer 
analytical system at Lawrence Berkeley Laboratory 
will improve the sensitivity of nitrogen compound 
analysis. The spectroscopic measurement of NO, 
NO , W3, and HCN as an independent check on the 
gag analysis procedures using a e m d m c a l l y  
quenching microprobes will be an important part 
of this work. 

REACTIb, AND INELASTIC SCA'lTERING 
(Brawn, Silver*) 

Introduction 

Combustion science is concerned with chem- 
istry and fluid mechanics and the coupling 
between them. A detailed hawledge of combustion 
chemistry remains elusive since multistep mechan- 
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iSmS'prevai1 and individual reaction steps are 
difficult to isolate for experimental study. The 
application of theoretical kinetics to combustion 
chemistry has been quite minimal relative to the 
experimental effort; hawever, some theoretical con- 
siderations are often used to eliminate potential 
reaction steps in a proposed chemical mechanism. 
One such idea is that biomolecular reactions be- 
tween stable molecules generally have high reaction 
barriers and low frequency factors. The idea has 
been challenged for simple exchange reactions.32-s8 
To further imrestigate the feasibility of such bi- 
molecular reactions, a theoretical study of a 
prototype reaction, H2+DZ exchange, was undertaken. 

tion of four H4 potential energy surfaces and the 
investigation of the inelastic and reactive scat- 
tering of H2+D2 on them. The dynamics are treated 
quasi-classically; this formalism incorporates 
the following three approximations: treating the 
dynamics with classical mechanics, restricting 
initial molecular energies to experimentally 
determined eigenenergies, and using Monte Carlo 
techniques to compute average final state prop- 
erties of several collisions with identical initial 
energy configurations. The results of the scat- 
tering study are presented in terms of reaction 
probabilities, average final state properties of 
the molecules, and average final state energy 
distributims. The effects of alignment and 
surface properties are examined. 

This four-part study involved the construc- 

Accomplishments Arring 1976 

The initial study39 of t h i s  set made use of 
a simple model potential energy surface of the 
London type which had an anomalously low barrier 
(canpared with ab i n i t i o  results) in the square 
planar saddle point configuration. This type of 
surface has become increasingly popular for 
molecular scattering calculations because of its 
relative ease of construction. Hence the purpose 
of our study was to provide a prototype calcula- 
tion of a bimolecular reaction process occurring 
on a London surface. The total system energy con- 
sidered in the study was less than the H2 dissoci- 
ation energy. The only reaction observed was the 
four center exchange reaction forming two HD 
molecules; its probability decreased with in- 
creasing initial vibrational energy, since vibra- 
tional energy decreased the probability for the 
favored reaction geometry. The product molecules 
exhibited a greater degree of vibrational excita- 
tion than rotational. Examination of the nonreac- 
tive inelastic collisions revealed comparable 
amounts of T + V and T + R energy transfer. 
Evidence for intermolecular (Figs. 9 and 10) and 
intramolecular energy transfer was presented. 

A second study employing a semiempirical 
valence bond type surface was conducted at total 
energies of 150 kcal/mole. Four reaction paths 
were found: 

H2+D2 + 2H+D2 (hydrogen dissociation) 

H2+D2 + H2+2D(deuteriun dissociation) 

1 
o b  bo 

E,(H.l (mill;-nanretl E,(DJ (mili-hortml 

Fig. 9. Evidence for intermolecular energy transfer. 

Fig. 10.Evidence for intermolecular energy transfer. 

H2+D2 -+ IU)+H+D(shgle exchange) 

H2+D2 -+ ZHD(doub1e exchange). 

The particular path followed by the reactants was 
found to be extremely sensitive to the system's 
initial energy configuraiton. In general, total 
reactivity was directly related to the amount of 
initial vibrational energy in the system; and 
specific reactivity along the four paths was re- 
lated to the distribution of initial vibrational 
energy between the reactant molecules. The results 
for the various sets considered are sumnarized in 
Table 1; a set is designated~by values of the four 
initial quantum numbers (jH2, vH2, jD , v ). The 

2 D2 
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energy transfer for both nun-reactive and reactive 
collisions was examined and related to initial 
conditions. 

Planned Activities for 1977 

been constructed using the valence bond theory to 
generate a simple model wavefunction, and are 
presently being analyzed and described. These 
surfaces are constructed using the semiarrpirical 
treatment of the Loladan-wing-Polanyi-Sat0 type, 
but modified to include all overlap and dtiple 
exchange integrals. Canparative scattering studies 
have been perfmed on the four potential energy 
surfaces to relate reactivity and energy transfer 
to surface properties; analysis and description 
will follow. 

'Iko additional potential energy surfaces have 

-4ENT. OF NO DENSITY BY RESONANCE ABSORPTION 
OF ZEFMN "UNED Cd+ LINE (Hadeishi, Agrawal, 
bbben) 

Introduction 

In situ measurements of chemical species in 
combustion are essential to the development and 
evaluation of fundamental theories concerning 
pollutant formation. O f  particular interest from 
the environmental viewpoint have been the oxides 
of nitrogen, NO and w. Ihe prevalent technique 
of species measurement by probe sampling and sub- 
sequent analysis is not entirely reliable because 
of the chemical reactions in the probes themselves; 
these reactions form the subject of several current 
investigations, same within our own effort. More- 
over, the extractive process does not permit rapid 
measurements which are required for studying tur- 
bulent combustion. 

Optical techniques offer the promise of non- 
extractive measurement with good space and time 
resolutian. O x  current effort is directed toward 
measuring NO2 by laser excited fluorescence and 
NO by resonance absorptian. Several other re- 
searchers have also attempted species specific ab- 
sorption measurements of NO; however, in all these 
cases the problem of calibration (also in situ) has 
not been resolved. The technique described below, 
in principle, circumvents the problem. In addition, 
it can be further developed for extremely good 
space and the resolution by use of frequency- 
doubled w lasers. 

Description of Project 

rotational level of NO is achieved by the Zeanan 
tuning of an atomic line. Several such atomic lines 
are available; however, from the standpoint of ob- 
taining large oscillator strengths to achieve high 
sensitivity, the 2144.38A Cd I1 line was used to 
excite the A2C K = 13 transition of the 0-1 vibra- 
tional band of NO. The cadmium lamp is placed in 
a magnetic field leading to splitting of the above 
line into its u+ and a-components. The a'and u- 
lines each have two components whose separation is 
proportional to the magnetic field. The total in- 
tensity in the right circularly polarised light 
(a+) and the left circularly polarised light 

In essence, resonance excitation of a single 

(a-) is exactly equal. By adjusting the magnetic 
field, the a- lines are brought into resonance 
with the NO line. The other components, u- , are 
used as reference and their absorption is attri- 
buted to particulate matter or other species. The 
differential absorption is due to No. The absorp- 
tion line-shape is mapped by scanning the magnetic 
field, and then is decomroluted on computer to 
obtain the NO line shape. The measurement of the 
differential absorption in this manner makes the 
technique insensitive to the presence of other 
absorbing species unless such a species also has 
a line coincident with the No line and of a com- 
parable width. Ely measuring the absolute absorp- 
tion, we obtain absorption cross-sections under 
low pressure conditions. 

the following way. When measuring in canbustion, 
by scanning the magnetic field, we obtain the 
in situ line-shape of NO. Knowing the in situ 
absorption line shape, we apply a correction to the 
measured absorption which yields the absolute con- 
centration of nitric oxide. Frcin independent 
knowledge of the temperature (e.g. from the in- 
tensity of the Rayleigh scattering of laser light 
and from pressure) corrections for the Boltzmann 
distributions can be applied. It must be emphasized 
that a direct calibration of NO in ccanbustion is 
impossible since calibrated quantities of NO 
introduced into the flames are altered by the 
combustion processes. 

Accomplishments hring 1976 

An experimental set up was devised to test 
the proof of concept. The basic equipment is the 4o 
same as used for IZAA and is described elsewhere, 
except that the lamp was placed in a variable- 
field electromagnet. Lineshape at low pressure, 
pressure broadening, and collision broadening 
cross-sections for NO and N2 were measured. 
Absolute measurement sensitivity was determined to 

over a 10 an path length, although it is belx believed that this limit can be lowered consider- 
ably by oved signal processing. Preliminary 
measurements in a hydrogen-air flame were made to 
demonstrate feasibility, Careful calibrated mea- 
surements are d e r  way. A computer program to 
process the obtained data was also developed. 
Further details can be obtained in a preliminary 
report. 41 

Planned Activities I)uring 1977 

Further work will improve signal processing 
to increase the sensitivity of the instment; 
t h i s  will primarily involve multiple-scan signal 
averaging to obtain the absorption lineshapes . 
We expect this will be followed by carefully cali- 
brated measurements in flat flame burners where 
similar data on NO concentrations are available 
from sampling probe studies. A comparison of 
the two will yield important information on the 
reliability of the probe measurements. 

A few shortcanings of the method must be 
acknowledged. Because it involves a line-of-sight 
absorption measurement, point measurements cannot 
be obtained. (Fluorescence measurements are made 
unduly complex by severe quenching due to 02.) 

The problem of calibration is circumrented in 

6 . 1  



Furthemore, incoherent light sources such as the 
one employed here do not allow high space reso- 
lution. And since the exciting source is not very 
bright, *roved temporal resolution is at present 
not possible. However, as w lasers becane avail- 
able in this wavelength region, it is conceivable 
that greatly improved sensitivities and resolutions 
in both time and space will becane possible. 

LAsER-INlWCED FLUORESCENCE SPECTRECOPY APPLIED 
To CCMBUSTICPJ FU3V.S (Daily, Chan) 

are satisfied by the combustion of hydrocarbon 
fuels. As has been well documented, an under- 
standing of the combustion process is essential 
to the development of more efficient and less 
polluting devices, ancl,dexices operating on newer, 
untested fuels. Such devices include laboratory 
burners, gas turbine engines, autanboile engines, 
and combustion driven MHD generators. The major 
contribution to such understanding must cane from 
the laboratory. Until recently, though, it has been 
virtually impossible to make in situ nondisturbing 
measurements of the parameters of most interest in 
a flame: velocity, temperature, and species concen- 
tration. The advent of lasers has opened the door 
for diagnostic techniques that can make such mea- 
surements. 

One technique that shows great promise as a 
diagnostic tool for measuring species concentra- 
tions is that of laser-induced fluorescence 
spectroscopy (LIFS.) The method consists of 
illuminating the gas with a laser source tuned to 
an absorption line of the species of interest. 
The molecules are excited, re-radiating spontane- 
ously, and fluorescence is observed at 90" to the 
laser beam. The beam diameter and the collection 
optics define the spatial resolution which may be 
as fine as 0.1 to 0.5 m. In our laboratory we 
are exmining the use of LIFS to measure radical 
species concentrations. 

The primary difficulty w i t h  using laser- 
induced fluorescence spectroscopic to make density 
measurements has been that collisional de-excita- 
tion in high pressure flames completely dominates 
radiative de-excitation, causing fluorescence 
quenching. In the present work, this difficulty is 
overcome by using a laser source of 'sufficient 
intensity to saturate the exciting transition. 

Wst of the energy needs of the United States 
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1976 WORKSHOP ON AN ENERGY EXENSION SERVICE 

A. H. Rosenfeld, C. York, P. P. Craig 

BACKGRCUND OF ?HE WORKSHOP 

A Workshop on an Energy Extension Service was 
held July 19-22, 1976, on the Berkeley campus 
of the University of California. It was organized 
by Lawrence Berkeley Laboratory and the U. C. 
Council on Energy and Resources, and sponsored by 
the U. S. Energy Research and Development Artrnin- 
istration, the Office of University Programs, the 
Federal Energy Administration (through the Cali- 
fornia public Utilities Commission), and the 
California Energy Resources Conservation and 
Development ~Comnission. 

The 143 workshop participants, who included 
staff from federal and state agencies, private 
industry, utility companies, colleges and 
universities, national laboratories, public in- 

terest groups, and labor unions, attended meetings 
on five topics: 

Reexamination of the analogy between 
Agricultural Extension and Extended 
Learning hograms and the concept of 
an Energy Extension Service; 

Review and assessment of current 
programs dealing with energy conservation; 

Fmiew of the plans and programs in 
energy extension services in a few 
states; 
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Estimate of the economic impacts 
of energy conservation in both the 
United States and other countries; 

Conservation programs that have been 
instituted by utility companies. 

I 

General agreement .was reached in the following 
areas : 

INFOIWITICBI BASE FOR ENERGY CONSERVATION 

Every program dealing with the concept of an 
Energy Extension Service postulated the existence 
of a credible body of howledge about energy 
conservation. Much of the discussion, however, 
centered on the lack of specific credible and 
accurate informatian and data in certain areas. 
The organizational plan for howledge about energy 
conservation was based on the major economic 
sectors of our society. Although t h i s  choice led 
to certain overlaps and redundancies, for example 
in the insulation of residential, cmnercial, 
industrial, and government buildings, it has 
provided a familiar frame work for organization. 
There was broad consensus that an authoritative 
information source or clearinghouse needs to be 
established to prevent wasteful duplication of 
effort as the Energy Extension Service spreads 
throughout all fifty states. Such a clearinghouse 
system would not be a static inventory of ideas, 
but would be updated continually as new concepts 
and devices emerge and develop from the experi- 
mental state to generally accepted practice. 

The generation of new knowledge has a natural 
home in the R and D activities of federal 
laboratories, industries, and universities. The 
system is clearly responding to the nation's needs 
for better energy saving methods, new energy 
sources, and an improved understanding of the 
role of energy in our society. 

Many of the Workshop discussions centered on 
current R and D programs and new ways to -le- 
ment their results. For example, the life-cycles 
of home appliances need study. New labeling pro- 
cedures need to be developed which enable the 
consumer to make choices on the basis of energy 
efficiency. The challenge of introducing a new 
technology, such as solar heating or the storage 
of ice sludge also was dealt with. 

ENERGY CONSEHVATION INFORMATION DISSEMINATION 

The primary purpose of t h i s  Workshop was to 
review the ways in which the knowledge that has 
been accrued can be passed on to the people who 
need it, want it, and will use it. Such a network 
for dissemination is what is meant by an Energy 
Extension Service. Two approaches to t h i s  prob- 
lem were identified: 

0 The i nd i rec t  approach, which includes 
teacher education, curriculum changes, 

LJ 

technician and professional skill updating, 
and similar long-range methods to use the 
mWiplier effect of the classroan to 
produce changes. 

advertising. The person-to-person tech- 
niques of the county agent system of the 
agricultural extension have been copied by 
those utilities that have revamped their 
marketing from selling energy to selling 
conservation measures. Mass media ad- 
vertizing, the introduction of "hot lines" 
to answer questions about energy, special 
courses at adult continuing education 
centers, and a host of other direct marketing 
techniques were discussed. In each case, 
the essential ingredient was identified 
to be the ability to provide believable 
and accurate information about energy 
conservation. 

The d i rec t  approach of marketing and 

EVALUATION OF PROGRAI% FOR ENERGY CONSERVATION 

Some utility cmpanies have begun work on 
Itenergy audits" and on estimates of how mch energy 
is actually saved by conservation programs of the 
kind discussed throughout t h i s  workshop. They are 
the first to say how difficult it is to obtain ob- 
jective measures of the energy saved in a specific 
situation, much less in a national program. As the 
new Energy Extension Service begins to coordinate 
the individual programs of all fifty states, 
extreme care and fudgment will be required to 
establish reasonable, and probably different, sets 
of criteria for program performance. These per- 
formance criteria will need to be changed as the 
programs mature and develop and as new technology 
and howledge are applied. A major component of 
the new Service should be a flexible, sensitive, 
and diversified program of evaluation and assess- 
ment. 

131HER RECURRENT 'MEMES 

Several other concern were repeatedly men- 
tioned. First was the question of whether the 
adoption of a "conservation ethic" will have an 
adverse impact on econcnnic growth, jobs, and our 
standard of living; several spe-&rs agreed that 
it will not. Next was the conrmon belief of the 
participants that although conservation will help 
to solve our national energy problems, it will not 
obviate the need-for continued efforts to develop 
new sources of energy. Most of the discussions 
tended to focus on methods to conserve energy and 
how to introduce them to the public. 

WORKSHOP PAPERS 

A series of background papers were presented 
on various topics related to the development of 
an energy extension service. These have been col- 
lected as the "Proceedings of the 1976 Workshop 
on an Energy Extension Service," which will be 
available late Spring 1977. Authors arid titles 
appear belows : 
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Examination of Agricultural Extension and Extended 
Leamug Pr  OgramS 

The Need for a Coordinated National Energy 
Extension Service 

Eon. R~ry f i h ~ m r t a  (D-Ark.) 

What is Agricultural Extension and How 
Might Its Experience Relate to an 
Energy Extension Service? 

Otto C. Doesng, 111 

Richard C. Dorf 
The Nature of Extended Learning FVograms 

Why Connecticut Does Not support the 
Concept of an Energy Extension Service 

Lynn AZan Brooks 

A Review of merit Energy Conservation Programs 

Federal Programs for Energy Conservation 

A Status Report on Legislation Before 
CjJngress: Conference Report on 
H.R. 13350 

M d n e  S a v i t s  

Thaas Laughtin 

Edward E.  A l l e n  
The Business of Saving Energy 

The California Energy CQIPaission's Plan 
for Energy Conservation 

Robert Foster 

Energy and Agriculture 
Eeman E. KO-, Larry J .  Comzor, 
Bill A. Stout 

Residential Programs 
Fmnk Sinden 

Energy Management in  Comercia1 Buildings 

~ n e r g y  rnnservation Research: Objectives vs. 

Fred S .  Dubin 

Directions 
Chmles Berg 

Solar Denonstration Projects 
Jerome Weingart, Scott Mattheos 

State Programs and Plans for Energy Extension 
Services 

The Energy Advisory Service for Texas 

We &I Solve the Energy Crisis: The 

Stephen R i t e r  

Transfer of Energy Conservation 
Technology 

E&n F .  Shelley 

Upgrading Energy Information: Preliminary 
fhidelines for Michigan 

R&?hmdV. Famce 

Energy Extension for California: Context 
and Potential Impact 

L r  

Paul P .  Craig, David 8. Goldstein, 
Ronald W .  Kukulka, Arthur E .  RosenfeM 

The Economic Impacts of Energy Conservation 

Understanding Energy Conservation 

Perceptims about the Relation Between 

Lee Schipper 

Energy and the Gross National Product 
Sidney Sonnenb lum 

The Energy-Brrployment Wstion 
Bruce M. Bannon 

The Impact of Energy Conservation on the 
Building and Construction Trades 

Energy Conservation Programs in Other Countries 

Edward P.  Park 

Efficient Energy Use and Well Being: 
International Comparisons 

A. J .  Lichtenberg 

Sweden and the United States 
Comparative Analysis of Energy Use in  

A. Doernberg 

Staffan St i l les jo  
Sweden's Energy Conservation Program 

Conservation PRograms Instituted by Utilities 
Cornowes 

Retrofit of Hrme Insulation 

Experiments in Peak Load Pricing 

Jack Reed 

John A. Leo 

Services to Disadvantaged (hstomers 

Pacific Gas and Electric Campany's Residential 

C. J .  Kinnamon 

Conservation Programs 
John S.  Cooper 

Load Reduction Plan 
Southern California Gas Company's Voluntary 

W .  E .  Miller 

The Role of an Energy Management Firm 
Marvin Winders 

Marketing Energy Conservation 
John Hamrick 

Water Conservation and Energy Conservation 

Water Conservation in California 

The Relationship Between Water and Energy Use 

Jim Koyasako 

and Conservation 
Larry K. Baker 
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Water Consewtion and Energy Conservation (cont) Innovations and New Ideas for Energy Conservati~ 

Implementation of Water Conservation by a Electric Load Leveling by Chilled Water 
Public Water Utility Storage 

John OZaf Ne18 Arthur E. RosenfeM, 6, 

ENERGY CONSEINATICN COST/SAVIN(;S TABLES FOR CALl'FORNM 

A. H. Rosenfeld, K. Anderson, P. P. 

We have studied California's energy problems 
and have developed a methodology for presenting in 
tabular fom the capital cost and annual savings 
of many conservation measures in the residential, 
cumnercial, industrial, and transportation sectors. 
A full account of t h i s  work may be found in the 
proceedings of the 1976 Workshop on an Ehergy 
Extension Service.1 Here, however, we focus our 
attention on the residential sector to illustrate 
the usefulness of cost/savings tables; we also 
sunnnarize the overall conservation potential in 
California. 

Craig, I). B. Goldstein, R. W. Kulailka 

RESIDENTIAL FETROFIT CONSERVATION OPTIONS 

Data on residential retrofit measures - 
conservation options which residents can undertake 
for their own homes - are given in Tables la and 
lb. Column 1 lists the capital cost to the consumer 
of each option, at current retail prices. If labor 
is involved in the option (e.g. for the insulation 
meares), this cost is included in the entry. 
For example, the entry for retrofit attic insula- 
tion, $275, is the current California price for 
contractor-installed attic insulation for a typi- 
cal house of 1200 sq. ft. 

6 Table la. California residential sector retrofit - natural gas. MBtu = 10 . M$ = lo6 $ . - 
I 

W I O N  PER UNIT - STATEIIIDEP~~IEN~IALS 
1.COST 2.ANNUAL 3a. 3b.ANNUAL 4.TOTAL 5.TOTAL 6.ANNUAL 

ENERGY RETURN UNITS CAPITAL ENERGY 

SAVINGS (col.l/ IN- 
SAVINGS ON SAVED 

- col.2)- VESTMENT 
t 

[SI fMBtu/vr] [ v] [%/I [ Y r ~ O N S l  [d] [*I 
------- 

COLD WATER LAUNDRY $0 5 - - 4 - 20 

SHOWER FLOW RESTRICTOR $2 3.5 0.6 270% 6.25 $12.5 22 

INSULATE WATER HEATER $6 2.5 2.4 63% 6.25 $37.5 15.5 

NIGHT-TIME THERMOSTAT $50 21 2.4 63% 6.25 $313 131 
SEI BACK 70' TO 55' 

WWfACE 3veR*u HWSING) 

SOLAR POOL HEATERS $1400 150 9 16% .25 $350 38 

RED MEASURES ARE ASSUMED TO BE PERFORMED IN SEOUENCE BEFORE NIC 

I .  RFTROFIT ATTIC INSULATION (R-19) 3 0 -  9 16% 2.25 $620 68 

2. RETROFIT NSULATION (R-11) 
$450' 29 15.5 10% 4.0 116 

$250 22 11.5 13% 1.8 $450 40 
3. SrORM WINDOW 

SINGLE FANILY HOUSE $440 12 37 4% 4 .O ($1.800 ] - - 
MULTI-FAMILY UNIT 8 31 5% 1.8 

SINGLE FANILY HOUSE $1.215 82 15 tO% - COMBINED HOUSEHOLD HEATING MEASURES G NIGHT THERYOSTAT -SETBACK 

ULTI-FANILY UNIT 15.3 9.8% - 
HOT WAT€R HEATERS . 55 2.7%. 6.25 

TOTAL REXDENTIAL NATURAL CAS CONSERVATION POTENTIALS $3.583 379 
CONPARE WITH 1975 CONSUYF?lON FOR THIS SECTOR 

TOTALS FOR (INCLUDES STORM WINDOWS BUT NOT SOLAR HOT WATER) 
SINGLE FAUILY MOUSE $1.223 93 $13.15 11.4% 

MULTI-FANILY UNIT $558 47 $11.90 12.6Z 
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6 Table lb. California residential sector retrofit - electric. MBtu = lo6 Btu; M$ = 10 $ . 
COST UNIT -WIDE POTENTIALS 

1.COST 2.ANNUAL 3a. 3b.ANNUAL 4.TOTAL 5.TOTAL 6.ANNUAL 
ENERGY RETURN UNITS CAPITAL ENERGY 
SAVINGS SAVINGS ON SAVED 

G Q l d  IN- 
iCOL.21 VESTMENT 

w t [%/yrI(*) [lo6] 
yr [MBtuhJ 

[SI ------- - - 0.5 COW) WATER LAUNDRY so 11 500.000 - 
SHONER FLOW RESTRICTOR $2 8.25 0.24 1350% 800,000 $1.6 6.6 

INSULATE WATER HEATER $6 3.5 1.70 190% 800,000 $4.8 2.8 

NIGHT-TIME THERMOSTAT $50 24 2 160% 750.000 $37.5 18.0 
IsCr BACK TOo 'TU 55O) 

SINGLE FAMILY mxlsc 
STORM WINDOWS 

N O R n a R N  ULIFORNU 

SOVMERN C A L I r n U  

MULTI-FAMILY UNIT 
NORWERN CALIFORNIA 

$440 
4.3 29% 110,000 $48.4 39 11.3 

23 19.1 17% 140.000 $61.6 3.2 

$250 
21 11.9 27% 90,000 $22.5 1.9 

SIxrmCRw CALIFORNU 11 22.7 14% 385.000 $96.3 4.2 

KITCHEN FLUORESCENT LAMPS $30 2.65 11.3 29% 4,000,000 $120 10.6 

S O U R  HOT WATER $1000 41 24.4 13% [800.000 $800 331 

TOTAL (EXCLUDING SOLAR HOT WATER OPTION) $413 52.1 
-- 

COMPARE WTli 197s C O N S W A I O N  FOR RIB SECTOR 478 
" FOR NON-r\ppLI*wCE K&StD€NTIAL USES 185 - I -  

THE ITEMS BELOW HAVE ATTRACTIVE RATES OF RETURN. AND ARE SEPARATED ONLY BECAUSE WE HAVE NO DATA ON HOW 
MANY POTENTIAL UNITS EXIST. 

RETROFIT ATTIC INSULATION 
(SNGLE FAMlLY HOUSE ONLY) 

R-0 to R-19 m 
m 

R-11 Lo R-19 W M r m ;  
rn 

RETROFIT WALL INSULATION 
SINGLE FAMILY HOUSE 

NORTH 
Jom 

MULTI-FAMILY Houst 
NOKm 
m 

$350 107 3.25 101% 9 > 7 

$350 69 5. 65% 7 > , 
$150 14 10.7 31% , > > 
$150 9 16.7 20% 7 7 > 

$500 
85 5.9 56% 7 7 7 

57 8.8 37% > 7 > 

$250 
58 4.3 76% 9 9 > 
33 7.6 43% 9 > > 

Column 2 gives the average annual energy 
savings in mtu (106~tu) per year for each option. 
We have used the 1976 average California prices of 
$1.50 per MBtu for gas and $3.27 per MBtu for 
electricity in these tables. (The electricity 
price is equivalent to 3.64 per kWh a t  11,000 
BtUjkwhe.1 

The energy conservation options in  the tables 
are arranged in  order of increasing cost/savings 
ratio. This ratio, given in Column 3a, is the 
number of dollars of investment in the option re- 
quired to save one MBtu/yr of energy. To put these 
numbers in perspective, we note that the alterna- 
tive to  increased energy conservation is increased 
energy suppZy. The 1976 estimates of the invest- 
ment needs for a synthetic gas (syngas) manufac- 
turing plant are about $16/@lE3tu/yr) of capacity. 
This investment simply erects the plant; to pro- 
duce gas one must also buy the coal, ship it to 
the plant, and pay operating expenses. New elec- 
tr icity supplies are canparably expensive. A new 
base-load electric power plant requires an invest- 
ment of about $17/(MBtu/yr) of fuel burned; and 

again, one must then add yearly costs for fuel 
and operating expenses. In contrast, for conserva- 
tion measures, the investment is the only cost to 
be paid; one is inmediately able to s t a r t  saving 
money from reduced u t i l i t y  bills. 

of investment saved per year, is given in Column 
3b. These percentages w i l l  r ise as energy costs 
rise. For example, when gas prices have doubled, 
the return to a consumer who insulated his attic 
w i l l  have gone from 19% to 38%. 

h u a l  gross return on capital, in percentage 

Colwnns 4 through 6 total the potential costs 
and savings on a statewide level. Column 4 gives 
the number of candidates for the conservation 
option. For example, for attic insulation, we 
estimate that there are 2.25 million uninsulated, 
gas-heated houses in  California which can be in- 
sulated. We make no attempt to estimate how many 
of these houses actually wiZt be insulated. 
Columns 5 arid 6 give the potential capital costs 
and savings statewide. 
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At the bottm of Tables l a  and lb, (ad 
gathered in Tables 2 and 3) are the statewide costs 
and fuel savings of retrofit options, totalled over 
all measures with an annual rate of return of over 
8%. We believe these results are remarkable. In 
the case of residences, about one-half of the 
natural gas now used could be saved. This would 
require an outlay of $3.5 billion, and the creation 
of 210,000 man-years of jobs, but the axmual re- 
turn on imrestment would be 21%. For the marginat  
cost of new gas (about $3/MBtu), the rate of re- 
turn is 32%. For residential electricity, the fuel 
savings are smaller than for residential gas but 
are still substantial, even though appliances are 
not considered in these tables. A total of $413 
million of investment is warranted, and the percent 
savings for the electric options is 28%; the annual 
return on investment is 40% at the assumed price 
of 3.6tMnTh. This mice will undoubtedly increase, 
*reby increasinzr the rate of return.- In these 

praising, but still uncertain, ,solar hot-water 
options. 

U calculations, we bve not even included the 

Table 3. Conservation potentials fran Table 2. 
_B 

-- 
431 40.3 12,500 1. Potential Savings 

fran Table 2 
2. 1975 Consumption 1665 151 27,000 

Savings - -26% 27% : 47% onsmption 
4. Potential Reduction in _,  

Annual Growth Rate % 5% 
(One Tenth of Line 3) 

5. Utility-Projected Annual Short- 4.9% 6.4% 
Growth Rat age 
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!XM&IRIES OF CONSERVATION WTENTIALS 

The total statewide conservation potentials 
from all sectors are sunnnarized in Tables 2 and 
3. Table 2 lists required investments, savings 
in energy and power, cost/savings ratios, and 
returns on investment, in a fomat similar to 
that of the detailed option tables. Conservation 
potentials are arranged by fuel and by sector. In 
addition, Column 2 of Table 2 and Row 3 of Table 
3 give ten-year savings potentials expressed as 
fractions of 1975 consumption or peak power; 
roughly 25% of present energy and 50% of peak 
power could be saved in ten years. If we want to 

restate these percentage savings as reductions'in 
annual growth rates, we simply divide by 10 years; 
this shows that we could reduce annual energy / 

i growth by 2.5% and peak power by 5%, as sh& in 
Row 4 of Table 3. 

REFERENCE 

1. Paul P. Craig, et al., "Energy Extension for 
California: Context and Potential Impact," in 
Proceedings of the 1976 Workshop on an Energy 
Extension Service, Lawrence Berkeley Labora- 
tory (in press). 

ENERGY CONSERVATION ASSES=* 

S. M. Bennan, C. Blumstein, V. Adams, K. Block, R. D. Clear, D. B. Goldstein, 
B. A. Greene, M. W. Horovitz, E. P. Kahn, W. Klein, E. L. Krieg, R. Kuhlka, I. Iasater, 

F. B. Lucarelli, C. orloff, C. schmeder;t L. Vincent, W. Walzer, W. W. Wilms+ 

In 1976 the Fhergy Conservation Assessment 
group concentrated its efforts on work for the 
California Ehergy Resources Conservation and 
Development Connnission (CERCDC) . The ERDA-sponsored 
effort reported in the 1975 Annual Report was 
tenninated for budgetary reasons. 

The focus of the work for the CERCDC was the 
"conservation plan," a part of the Biennial Report 
that must be prepared by the Canmission. This 
plan is intended to set forth the State's program 
for energy conservation. 
hensive in that all consuming sectors (i.e., 
residential, commercial, transportation, etc.) 
are involved and conservation efforts are aimed 
at both fossil fuels and electricity. 

The development of such a program requires 
both the analysis of specific measures and the 
synthesis of a group of measures into a coherent 
plan. The LBL effort was concentrated on the 
fonner task. As a first step, an outline was de- 
veloped by LBL and CERCDC staff menbers to serve 
as a framework for the analysis of conservation 
measures. This outline (presented below) is 
similar to that developed for the previous ENN- 
sponsored program, but includes changes that 
reflect CERCLK's greater concern with implementa- 
tion strategies. 

The program is compre- 

Outline for Analysis of Conservation Measures 

I. Title of program or measure 

11. slnlmlary 

A. Brief description of program or measure 
highlighting key issues and sumarizing 
results on energy-saving potential and 
other costs and benefits 

B. Recmendations for implementation 

111. Background 

A. Total current and projected energy use 
in affected sector(s) including infor- 
mation on loads curves where relevant 

B. Maximum t'technical" potential for 
energy and/or capacity savings, given 
current or foreseeable technology or 
policies 

C. Previous conservation efforts 

N. Implementation Strategies 

A. Description of strategies 

B. Estimated actual energy and/or capacity 
savings (impact dates) 

c. Costs 
D. Side effects (positive and negative) 

1. Environment impact 

2. Economic impact (aggregate economic 

3. Social impact (quality of life, life- 

activity, employment, etc.) 

style changes, business-decision 
changes, etc.) 

4. Health and Safety effects 

5. Impact on other conservation programs 
\ 

E. Anticipated problem and constraints 

1. Regulatory, legislative 

2. Public acceptance 
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3. Technological 

4. Resource requirements (materials and 
labor) 

5. Ecodc, fiscal 

partial success) 
6. Risk (consequences of failure or 

F. Administrative requirements 

for implementation 

methods 

private sector) 

1. Actions needed and responsibility 

2. Program monitoring and evaluation 

3. Coordination required (other agencies, 

V. Information 
A. Additional data needs and proposals for 

obtaining 

B. Data sources and bibliography 

Following t h i s  outline, we 

0 Retrofit ceiling insulation for gas-heated 
residences 

0 Retrofit insulation for electric water 
heaters 

0 Installation of shower flow restrictors 
in existing and new residences 

0 Reduction of lighting in c&ercial 
buildings 

analyses of six energy conservation measures; 

0 Load management for agricultural (on-farm) 

' 0  Cogeneration of electricity and process 

irrigation pumping 

steam for industry. 

Results of these first studies have been reported 
to CERCDC.~ The topics of retrofit insulation, 
cogeneration, and cmercial lighting are examined 
in more detail in reports now in preparation. 
Additional topics being studied include power 
pool%, professional education and licensure, 
passive" solar heating and cooling, and load 
management on large water-delivery systems (e.g. 
the California aqueduct). 

Recently, we have been exploring the possi- 
bility of undertaking continuing projects on 
some of the above topics. One that has been 
agreed upon is an effort to implement some of the 
reccmunendations developed in our study on profes- 
sional education and licensure. In this project 
LBL will work with California boards responsible 
for licensing professionals (such as architects) 
in order to develop questions on energy conserva- 
tion for inclusion in licensing examinations. 

FaYrNmANDFmEENcE 
* 
Work supported by the California Energy Resources 
Conservation and Development collpnission. 
%niversity of California at Berkeley: Earl Warren 
Legal Institute 
*University of California at Berkeley: Institute 
for Govemental Studies. 
1. S. M. Bennan, et al., Preliminary Report on 

the Assessment of Energy Conservation 
Strategies and Measures, ERcDc,1111 H owe Ave., 
hcramento, CA 11976). 

ELECl'RIIcAL ENERGY CONSUMPTION IN CALIFORNIA: DATA COLLECTION AMI ANALYSIS 

S. M. Bennan, M. W. Horovitz, C. Blumstein, V. A. Adams, K. B. Anderson, P. Caesar, 
R. I). Clear, D. B. Goldstein, B. A. Greene, D. M. Gustafson, E. P. Kahn, L. B. King, R. B. Weisenmiller 

This project was performed on behalf of the 
California Energy Resources Conservation and 
Development Comission (CERCDC), which is required 
by law to develop a methodology for forecasting 
electricity sales and danand in the State. We have 
provided CERCDC with a data base on the patterns 
and efficiencies of electricity use in California 
that is flexible enough to be adapted to a variety 
of forecasting needs. In the course of gathering 
data and analyzing the components of end use, we 
also developed a model to account for historical 
trends and future changes in the pattern of elec- 
tricity use. The model starts from an end-use 

ew, smarized in Fig. 1. 

The accounting model can be adequately em- 
ployed only for residential electricity consump- 
tion because data on the stock and efficiencies of 

( electricity End-use ) = ( households ~otal ) x (sa%z:on) 
consumption 

Unit Total 
x (electricity) consumption x (electricity) consumption 

Consumption 

end uses 
= Sum of ( by all ) 

Fig. 1. 

devices in the other sectors are sparse or non- 
existent. In the residential application, devices 
are household appliances. 



Table 1. 1975 Electricity sales in the residential sector. 
UEC(75) is the unit consumption of new equipment sold in 1975; UEC(80) is an estimate of the unit consumption that would result from imposition 
of appliance efficiency standards and energy-conservation building codes. 

is the unit electricity consumption of a device type, averaged over the stock; 

UEC Lifetime Saturation Total number Total sales Total sales 
(PI (%I of e t s  (~103) (1rwh/yrxi06) ($1 

Households (all devices) 

Ref rigerators 

Lighting 

Resistance heaters 

Ranges 

Water heaters 

Central air conditioners 

Color television - 

Freezers 

Clothes dryers 

Room air conditioners 

Black 6 white television 

Dishwashers I ,  . 
Clothes washers 

5,881 

1,200 

1,130 

5,330 

1,200 

4,000 

2,500 

420 

1,400 

950 

900 

140 

250 

70 

1,575 

5,040 

1,200 

1,950 

255 

1,400 

875 

60 

300 

70 

1,050 

2,750 

1,075 

960 

220 

1,050 

825 

640 

35 

20.0 

16.9 

15.5 

24.5 

15.3 

13.8 

13.6 

12.3 

100.0 7,441 

115.0 8,557 

100.0 7,441 

10.0 752 

36.3 ’ 2,701 

10.7 796 

15.1 1,124 

75.0 5,581 

22.2 1,652 

29.1 2,165 

23.6 1,756 

80.0 5,953 

36.6 2,723 

64.7 4,814 

Miscellaneous (residual) 195 100.0 b 7,441 
_c 

43,517 

10,269 

8,408 

4,006 

3,241 

3,185 

2,809 

2,344 

2,313 

2,057 

1,580 

833 

681 

337 

1,454 

100.0 

23.6 

19.3 

9.2 

7.4 

7.3 

6.5 

5.4 

5.3 

4.7 

3.6 

1.9 

1.6 

0.77 

3.3 

c c 



139 

To roduce a model which fits historical 
data anlwhich is suitable for forecasting, we 
developed a metbd to account for changes in the 
stock of appliances and changes in the efficiency 
of those devices. The central conceptual element 
in our &el is the exponential lifetime assumption. 
This means that for every type of device, we 
assume that a constant fraction of the stock is 
removed (i.e. junked) in each unit time interval, 
independent of the age or year of manufacture. To 
apply this conceptual framework to the available 
data requires estimating the lifetime of each 
appliance. Studies have been done of retention 
times (how long one m e r  keeps an appliance); 
but the relevant information is the sum of all 
retentions, or the total lifetime. We developed a 
d e l  which approximates t h i s  total lifetime fran 
data on retention times of new and used appliances. 
The decay constant in our stock model then is 
simply the inverse of the device lifetime. 

In any given year the unit electric5ty con- 
sumption of a device is an average weighted by the 
stock and efficiency of all existing devices of 
the given type. The unit energy consumption will 
change as the stock of a particular appliance 
turns over due to sales and rands. We collected 
data on the distrihtion of sales and efficiencies 

ad C over the stock for fourteen end-uses ard 
two miscellaneous items. This is shown in Table 1, 
which also includes estimates of the unit elec- 
tricity consumption that would result fran the 
imposition of appliance efficiency standards and 
energy conservation building codes. 

Data on heating and cooling energy require- 
m e n t s  is disaggregated by single-family, multi- 
family, and mobile units. This type of disaggre- 

oduce average unit electricity consumptions 

gation is very important when considering heating 
and cooling requirements, which differ markedly 
by unit type. The exponential lifetime model was 
applied to 1970 Census data and new construction 
figures for 1971-75 to calculate the 1975 stock 
of housing in our three unit-type categories. Unit 
electricity consumption for heating and cooling 
were determined using the LBL thermal load program 
TWOZONE. Loads determined by "WOZONFi were weighted 
by the stock sizes of each housing type in each 
geographical region. The conservation measures 
evaluated were: (1) the requirement that housing 
units with central air conditioners or resistance 
heat have double-glazed windows, and (2) a 35% 
improvement in the efficiency of central air 
conditioners. 

Iko basic sources of appliance saturation 
data are the U. S. Census and utility company 
surveys. There are problems with both sources. 
Census questions are typically less detailed than 
utility questions and occasionally misleading. 
For example, the question 'Tb you have a refrigera- 
tor?" cannot reveal that a significant d e r  of 
California households have more than one refrigera- 
tor. &I the other hand, the Census data are more 
representative than utility surveys, which have no 
mechanism to assure responses fran low-income 
groups. Spanish-speaking groups in Southern 
California utility areas probably were poorly 
represented. 
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POWER SYSTEM RELIABILITY 

M. Uvidson, D. Levy, E. K a h  

Electricity consuners expect a certain degree 
of reliability from their power service. Although 
there are variations from one region to another on 
what the standard of service reliability should be, 
all power systems must plan to have some reserve 
generating capacity to insure reasonable service 
continuity. Utility companies have developed 
probabilistic methods to study how much reserve 
capacity is necessary t o  meet the goal they have 
set for reliability. ?)rpically, these models re- 
quire extensive computer implementation and pro- 
vide very precise answers to very particular prob- 
lems. Unfortunately, however, the reliability 
models are not well suited to the present power- 
system planning situation which requires great 
flexibility and the analysis of many alternatives. 
The electric utility is beset by a host of fin- 
ancial, environment, and resource constraints that 
have complicated the planning process considerably. 

To meet the need for flexible planning tools, 
we have developed an analytic approximation to the 

i (epl 
1 
1 most connnon reliability model, the loss of load 

probability (LOLP).1 To simplify the analysis, we 
neglect several parameters employed in the standard 
unnputer calculations. Sane of these factors are 
complementary. For example, utilities typically 
schedule maintenance on gmerators for the off- 
peak season; thus a fully accurate LOU calcula- 
tion is based on load variations during the day and 
over the year, as well as on a forecasted main- 
tenance schedule. We neglect these factors and 
assume that the utility faces only a constant 
load at the peak level; this is a conservative 
assumption. The other main assumption in our model 
is that all generators have the same capacity and 
the same probability of random (forced) outages. 
This assumption is less realistic and is reason- 
able only if the generator mix under study does 
not change quickly over time. Future work will be 
devoted to dropping this limitation and general- 
izing the analysis. 

The basic form of our approximation turns out 
t o  be a normal probability distribution for LOW. 
Fran the expression for IDU, we derive a formula 
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for the reserve margin which has the following 
form: 

where A and B are constants, T is the total gen- 
erating capacity of the system, and R is the 
reserve margin. We have shown that Eq. (1) f i t s  
data from a large power pool with good accuracy. 
In the future, we expect to develop a form of 
Eq. (1) in which the characteristics of the system 

R = A + B / f l  (1) 

d e r  question appear in place of the constants 
A and B. 

REFERENCE 
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Instrumentation Development Program v 

Energy technologies emit pollutants that are 
potentially harmful to man and other forms of life. 
It is desirable to characterize these pollutants, 
to understand their fate, and to assess their bio- 
logical impact. sary for detecting trace elements. 

necessary to find methods for monitoring the level 
of various substances that exist in low concentra- 
tions. The Energy & Environment Division instru- 
mentation development program is designed to meet 
these needs. 
ment of physical methods as opposed to conventional 
chemical analysis techniques. The widely recogniz- Survey for Environmental Monitoring. 

ed advantages include ease of operation 
mal sample preparation. Physical methods sometimes 
provide multi-parameter measurements, and are often 
the only means of achieving the sensitivity neces- 

The areas in instrumentation now being imres- 
tigated include laser optoacoustic spectroscopy 
of gases, liquids, and solids; liquid crystal gas 
detectors; coherent forward scattering as a detec- 
tor for atoms and molecules; advanced forms of 
atomic absorption spectroscopy; and X-ray fluores- 
cence spectroscopy. Work is continuing on the 

In order to control these pollutants, it is 

Emphasis is placed on the develop- 

\ WIRACEWSTICS OF AN OPTOACOLJSTIC DETEfXOR 

* * * * R. W. Gerlach, G. T. Boyd, M. J. Kelly,' H. Birecki, , and N. M. her 

Laser optoacoustic spectroscopy is a refined 
version of infrared absorption spectroscopy. The 
only requirement for its use is that the spectral 
output of the laser matches one or more of the ab- 
sorption bands of the gas to be detected. When 
this requirement is satisfied the incident photons 
can be absorbed and the temperature ofthe sample 
will rise. When the laser beam is modulated with 
a rotating shutter, the temperature change of the 
sample causes a time-dependent fluctuation of pres- 
sure which can be detected with a microphone placed 
in the sample cell. 
cuitry the microphone signal can be recorded and/or 
digitized. 

a first-generation optoacoustic cell that uses 
methane as an absorber for 3.39 micron He-Ne laser 
light. Three parameters were used to evaluate the 
detector: the modulation frequency, the pressure 
dependence of the signal for a fixed percentage of 
methane in nitrogen, and the dependence of the 
signal on methane concentration at constant pres- 
sure. 

A 3" long copper absorption cell with a 1" 
inner diameter was used. NaCl windows sealed the 
ends of the cell and a General Radio electret con- 
denser microphone sensed the pressure fluctuations. 
The detector was also munted on a lead brick base 
to ensure vibrational isolation. 

laserwith an output power of 6 mW at 3.39 p. Phase- 
sensitive detection was used for the microphone 
output. A variable-frequency chopper was used, the 
chopping frequency being swept by applying a ramp 
voltage to the chopper control unit. 

was investigated using a mixture of 12 1/2% methane 

With proper electronic cir- 

This paper deals with the characteristics of 

The light source was a Spectra-Physics He-Ne 

The frequency response of cylindrical cells 

' lb :O i 0  lA0 2b0 5bO lob0 2600 5600' 

Chopped frequency (Hz 1 

Fig. 1. Frequency response of the optoacoustic 
detector with 12.5% methane in nitrogen. 

(XBL 773-648) 

in nitrogen. The results are plotted in Fig. 1. 
The reason for the overall roll-off of the response 
with increasing frequency is that there is a long 
relaxation time for thermal conduction in the gas. 
One can estimate a single relaxation time of '~10 
seconds for the cell. The broad peak occurring 
around 80 Hz is due to mechanical resonance in the 
system. At higher frequency the first two longi- 
tudinal resonances of the cell are observed at 
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2270 Hz and 4545 Hz. These 'resonances are associ- 
ated with the velocity of sound in the mixture and 
correspond t o  solutions of the acoustical wave 
equation with the boundary condition that the pres- 
sure gradient mst be zero at the walls of the cell. 
The second resonance is much stronger than the 
first because the microphone is situated at a pres- 
sure node for the first longitudinal mode whereas 
it is an antinode for the second one. 

Using the 1 2  1/2% methane mixture we observed 
the change of the signal at several frequencies 
with pressure varying from atmospheric pressure t o  
a fraction of a torr. If the laser was exactly 
coincident with the absorption line center, and if 
the absorption linewidth was dominated by pressure- 
broadening over the entire pressure range inves- 
tigated, then the amount of power absorbed in the 
cell would have remained constant, independent of 
pressure, as long as the same fractional methane 
concentration was maintained. However, there is 
a 100 MIz offset between the laser l ine and the 
absorption line center. Doppler broadening begins 
t o  dominate over pressure broadening below 70 torr. 
As a result absorbed power is nearly constant dawn 
to  roughly 150 torr, but then falls off rapidly 
for lower pressure. This falloff in  absorbed 
power causes a corresponding falloff in optoacous- 
-tic signal for a l l  chopping frequencies imresti- 
gated. However, the signal per unit absorbed power 
has different behaviors for different chopping fre- 
quencies. For a 10 Hz frequency this quantity in- 

creases with decreasing pressure over the entire 
observed pressure range, while the signal at 1 ldiz 
is virtually constant. The signal at the 4.54 kHz 
resonance is very nearly linearly proportional t o  
pressure over the entire range. 

frequency for several different concentrakions of 
methane i n  nitrogen at 1 atm total  pressure. The 
lowest concentration investigated was approximately 
120 ppm. A t  t h i s  concentration we measured a signal 
of 68.5 microvolts. 
than 100 nanovolts i n  a 0.03 Hz bandwidth. I f  the 
signal is assumed t o  be linear with concentration 
below 120 ppm, then the signal t o  noise ra t io  would 
be unity for a concentration of 180 ppb. h c h  
smaller concentrations can be detected by acousti- 
cally shielding the detector. 

c 
We measured the signal for a 10 Hz chopping 

(xrr noise level is now less 

We are currently conducting systematic studies 
on isolating noise sources @oth m e c h a n i c a l  and 
electrical). heliminary results indicate that 
the elimination of these sources reduces the back- 
ground signal by three orders of magnitude, thus 
enabling detection at the sub-ppb concentration 
levels. 
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A CARBON M3NOXIDE LASER OPERATING I N  THE 1 -+ 0 BAM) 

* * * 
R. W. Gerlach, , M. J. Kelly and N. h e r  

For highly sensitive and interference-free 
optoacoustic detection of carbon monoxide a laser 
is needed which anits at wavelengths where there 
is strong CO absorption. The strongest infrared 
absorption for CO occurs in  its fundamental 1 + 0 
vibrational band that extends from about 4.5 t o  
4.8 microns. Hot bands, such as 2 * 1, do not ab- 
sorb significantly at reasonable temperatures be- 
cause the v=1 level, 2100 an-1 above the vibra- 
tional ground state, is  not thermally populated 
except at very high temperatures. The overtone 
bands, such as 2 * 0, are not as strong as the 
fundamental because the diatomic molecule forms 
an approximation t o  a hamnic oscillator; the 
overtone transitions are completely forbidden for 
a perfect h a m n i c  oscillator. 

a likely candidate t o  provide wavelengths corres- 
ponding t o  strong CO absorption. However, conven- 
tional CO lasers operate only on hot bands at wave- 
lengths greater than 4.8 microns. Although gas 
discharge1 ,2,3 and chemical lasers4 5 operating 
on the 1 -+ 0 of CO exist, they a l l  exhibit a large 
degree of instability both in frequency and output 
power. In this paper we describe a stable electric 
discharge CO laser which lases on several bands in- 
cluding the 1 * 0 transition. 

A carbon monoxide laser might be considered 

Several modifications were made t o  improve 
the previous scheme. 
charge tube appears in  Fig. 1. The double wall 
was constructed entirely of pyrex. As in Djeu's 
laser, helium passed through the outermost ports 
(A) so that CO molecules are swept out from the 
unexcited end regions in order t o  prevent self-  
absorption. N2, CO, He, and Xe passed through 
the ports above the outer electrodes (B). A l l  the 
gases exhausted through the center of the tube. 
The discharge tube was enclosed in a liquid nitro- 
gen cooling jacket so that the laser operated on 
1 -+ 0 band. Unlike earlier designs, the cooling 
jacket was completely closed off except for four 
1-an diameter tubulations. Liquid nitrogen flowed 
through one of these, and the boiloff exhausted 
through the other three. The liquid nitrogen 
cooling jacket was isolated from ambient room tem- 
perature by thermal insulation. This enhanced the 
output power stabil i ty of the laser and reduced 
the liquid nitrogen consumption by a factor of 2. 

A drawing of the laser dis- 

Another improvement was the large-area nickel 
electrodes that were munted close t o  the main dis- 
charge section. This lowered the discharge vol- 
tage and reduced the amount of unneeded power dis- 
s ipat ion. 

Ld 
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Fig. 1. Carbon monoxide laser tube. 

Teflon Brewster angle window mounts were used 
for the CaF2 windows. These mounts s l id  over each 
end of the tube and O-rings were used t o  seal the 
vacuum between the windows and the Teflon mounts. 

The mirrors used for rmltiline operation con- 
sisted of a 5 meter radius of curvature dielectric 
coated ZnSe output mirror having 98% reflectivity 
a t  4.7 microns and a 6 meter radius Zrcxl mirror. 
For single line operation, the la t te r  was replaced 
by a 300 line/mm grating blazed for 4 microns. 

Transitions P(8) through P(12) in the 1 + 0 
band have been observed (wavelengths 4.734 t o  
4.773 microns) in multiline operation, but only 
P(8) through P(10) have been obtained in  single- 
line operation. The maximum single-line p e r  
thus far observed has been 3mW on P ( 9 ) p d  P(10). 
In concurrence with Houston and Wre, we have 
found that lasing on the 1 + 0 transitions is pos- 
sible without the addition of xenon. 
the P(8) transition was obtained only when xenon 
was not added t o  the gas mixture. 

As t o  the tunability of this  laser, we found 
that without changing the gas mixture or the dis- 
charge current we can grating tune the laser on 

In fact, 

I 

(XBL 773-654) 

70 transitions in  the range from 4.7 t o  5.4 microns. 
Increasing-both the amount of CO in the mixture 
and the discharge current results i n  increased 
multiline output power and shifts the output spec- 
tm toward longer wavelengths. By using NaCl 
windows for longer wavelength transition, we antic- 
ipate lasing action up t o  the 36 + 35 vibrational 
transition. This means that this CO laser pro- 
vides a coarsely tunable coherent light source 
which covers the 4.7 t o  8 micron region and thus 
is an extremely useful laser for detecting a wide 
variety of pollutants. 
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DEvEII3pMENT AND APPLICATION OF ENERGY DISPERSIVE X-RAY FuloREscENcE ANALYTICAL MEl'€K)DS 

R. D. Giauque, R. B. Garrett, 

IrnDUcrION 

ical  analysis group which involves the development 
and application of energy dispersive X-ray fluores- 
cence (XRF) analytical methods. These methods are 

used by research programs funded through the 
Energy E Environment Division-as well as by pro- 
jects receiving outside government funding. hr-  
ing the past year we contributed t o  programs de- 
voted t o  (1) studying physical and chemical pro- 
cesses which transform pollutants in an urban 

There is an ongoing program within the chem- 
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plume, (2) estimating the amount of particulate 
sulfur emitted by vehicles equipped with cataly- 
tic convertors, (3) evaluating the effects of 
trace metal pollutants on specific biological sys- 
tems, and (4) searching for superheavy elements. 

METHOD DEVELOPMENT 

A method for determining twenty-six trace and 
two major elements in geochemical specimens has 
been established. Finely pulverized specimens 
which are infinitely thick for the radiations of 
interest are used for analysis. We take into 
account that for any given X-ray energy between 
adjacent major element absorption edges, both the 
reciprocal of the specimen mass absorption coeffi- 
cient and the spectral background intensity vary 
linearly with the intensity of the colrrptom scat- 
tered excitation radiation.1-4 Hence, Comptom 
scattered excitation radiation serves both as an 
internal standard to compensate for matrix absorp- 
tion effects and as a measure of spectral back- 
grcund intensity as illustrated in Fig. 1. Several 

I /p  (g/cnr')for Ni KQ X-roys 
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Fig. 1. Spectral background curve established for 
nickel using five powdered materials. (This 
curve serves to illustrate that the Camptom 
scattered excitation radiation intensity is 
directly proportional to both the true back- 
g r d  and the reciprocal of the mass absorp- 
tion coefficient.) (XBL 766-2932) 

pure compounds, which have X-ray cross sections 
that vary over a wide range, are used to develop 
individual X-ray line spectral background curves. 
Standardization is achieved using geochemical 
reference standards. Fluorescent X-rays used for 
analysis are in the range of 4.5 to 32 keV. Since 
Fe is typically the only major constituent element 
present which has an absorption edge in this range, 
the specimen cross section curves vary smoothly at 
energies less and greater than the Fe K absorption 
edge. 
matrix correction procedures required for analysis. 

Each specimen is analysed for 20 minutes. 
Tables 1 and 2 list results obtained from French 
geochemical standards of granite and basalt, res- 
pectively, and serve to illustrate the capability 
of the method. The neutron activation analyses 
were carried out by Frank Asam and co-workers. 

This considerably simplifies the overall 

Table 1. Analysis of Granite GA 
X-ray Neutron 

Fluorescence Activation Reported 

Ti 
V 
Cr 
Mn 
Fe 
Ni 
cu 
Zn 
Ga 
Ge 
As 
se 
Br 
Pb 
Rb 
Sr 
Y 
Zr w 
Ag 
cd 
In 
Sn 
sb 
Te 
I 
Cs 
Ba 

0.226% f .lo4 
460 ppm 

712 ppm f 33 
1.94% f .08 

4 1  Ppm 

<8 Ppn 

15ppmf2 
<2 Ppm 
<3 P P  
<3 Ppm 
<3 PPn 
32 ppm f 2 
180 ppm f 2 
313 ppm f 4 

123 ppn f 11 

20ppnf8 
72 ppn f 7 

21 ppm f 2 

<5 Ppm 
<5 PPn 
<4 Ppm 
<5 ppm 
<6 PPm 
<7 P P  
<9 Ppn 
<11 P P  
19 ppm f 15 
840 ppn f 37 

0.174% f .042 

7.4 ppm f 2.6 
631 ppm f 16 
1.95% f.06 
4 6  Ppm 

--- 

--- 
76 p p  f 8 --- 

--- 
<4 Ppm --- 

- - -  
--- 

175 ppm < 12 

6.6 ppn f 0.4 
816 ppm f 36 

APPLICATION OF X-RAY METHODS 

(xlr group as well as groups from other labor- 
atories have participated in two ERDA sponsored 
Da Vinci ballon programs designed to study physi- 
cal chemical processes which transform pollu- 
tants- urban plume. In these programs a 
manned loon, carrying a sizeable package of 
sophisticated instrumentation and sampling equip- 
ment, was launched in St. Louis and traveled in 
the plume from a power plant for approximately 
300 miles over a 16 hour time span. Atmospheric 
particulate sulfur levels were correlated with 
Bsc-t (optical scattering) measurements, which 
serve as indicators of the aerosol mass in the 
0.1 to 1 micron particle size range, and were 
usually correlated with ozone levels (with a time 
lag) * 

bring the past year a group of researchers 
at another laboratory reported that with XRF tech- 
niques they discovered new superheavy elements in 
microcrystalline monazite inclusions exhibiting 
giant halo formations in biotite mica.5 Subsequent- 
ly, we analyzed a large number of geological sam- 
ples as part of an intensified laboratory effort 
to determine the validity of the reported existence 
of these superheavy elements. Our experiments, as 
well as those of researchers at other laboratories, 
produced results which suggest that the claim for 
the discovery is an erroneous interpretation of 
X-ray fluorescence data. 
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Table 2. Analysis of Basalt BR 

X-ray 
Fluorcsccnce 

Neutron 
Activation Reported 

Ti 1.57% 2 .04 1.64% t .OS 1.57% 
V 175 ppm t 86 
Cr 310 ppm t 44 
Mn 1587 ppm 2 36 
Fe 9.13% 1: .09 

N i  232 ppm f 12 
CU 80 ppm 5 11 
Zn 151 ppm f 12 
Ga 17 ppm i 3 

- 
379 ppm 2 10 
1521 ppm 2 36 
9.10% -+ .22 
281 ppm f 41 

- 
171 ppm 2 16 

- 
- 

5.5 ppm ?: 3.2 

240 ppm 
420 ppm 
1600 ppm 
9.01% 

270 ppm 

70 PPm 

(20 )  ppm 

160 ppm 

- 
- 

- 
Pb 6 ppa -t. 4 - (16) ppin 

43 ppm i 2 ‘36 ppm +, 25 45 Ppm 

35 ppm 5 2 (27) ppm 

Ilb 
Sr 1326 ppni 9 
Y 

Zr 259 ppm d 2S 

- 1350 ppm 
- 
- 240 pprn 

Pd <7 PPm 

Cd <6 Ppm - - 
In <6 Ppm 
Sn <7 PP* (8) ppm 

- - 
Ag <6 ppn - - 

- - 
SL <8 PPm 0.28 ppm 5 .26 - 
TC <11 ppin - - 
I <1J ppm - - 
cs <30 ppm 0.65 ppm .I .SO - 
B ii 128s ppq f s1 1095 ppin SO 1050 ppin 

PLANNED ACTIVITIES REFERENCES 

A. XRF method is being developed for the deter- 
mination of forty elements, Ti (2 = 22) through 
Ce (Z - 58) a d  heavy metals Ta, W, Hg, Pb, Th and 
U, in geochemical and industrial solid waste (e.g. 
sludge residues, coal fly ash, etc.) specimens. 
Relatively small sample sizes (100 mg) will be 
required for analysis. Matrix effects will be 
stabilized by diluting the samples with sulfur 
powder, a relatively high X-ray absorbing substance 
for this type of specimen. 
method to determine the concentration of a broad 
range of metals in solid wastes, including those 
frum energy generation, prior to disposal. 

We plan to apply this 
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2. 

3. 

4. 

R.C. Reynolds, Jr., her. Mineral 48, 1133 
(1963). 
R.C. Reynolds, Jr., her. Mineral 52, 1493 
(1967). 
C.E. Feather and J.P. Willis, X-Ray Spect. 
4 41 (1976). 
R.D. Giauque, R.B. Garrett, and L.Y. Goda. 
-, 

5. Science 193, 219 (1976). - 
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DEVEIDMENT OF ATOMIC AND MlLEcuLAR ETECIDR RASED ON COHERENT FORWARD SCATTERING 

T. Hadeishi 

The main purpose of this project is t o  
develop a technique to  measure molecules with high 
sensitivity and specificity i n  the W-visible 
region without the requirements of complex 
chemical pre-preparation. 
a device cannot be overemphasized. Every year 
about 200 new compounds are introduced into the 
enviromnt but there is presently no device 
available to  make 200 molecular identifications 
per year. Our hope is that the coherent forward 
scattering technique may help to  achieve this 
almost impossible task. 

strong optical absorption in the ultra-violet 
region. Unfortunately, because of complex energy 
levels associated with molecules, the absorption 
spectrum is continuous even for relatively simple 
mlecules such as and Noz. Thus, neither 
the absorption spectroscw nor the fluorescence 
technique is suitable for molecular detection 
since it is not possible to  make unique identifica- 
tion. 
molecules having absorption in  a particular 
spectral range. Thus, we must look for some other 
molecular characteristics. One such physical 
phenomenon is magneto-optical rotation. Another 
is magnetic double refraction. Both can be 
described by the theory first discovered by Fara- 
day. These phenomena occur only when either the 
absorbing state or the excited state has a magnetic 
moment, that is, either the ground states or 
excited state must have finite Lande'g-value. 
Lande'g-value is large only for the state with a 
low total  angular momentum quantum number. Since 
the total  angular molIlentun of molecules could be 
quite large, only the smaller angular mcnnentum 
state has appreciable g-value, resulting in  the 
extreme simplification. 
technique we are developing. 

magnetic double refraction effect is due to  inter- 
ference between the primary l ight beam and the 
scattered beam. 
i n  terms of propagation of electromagnetic wave 
through dielectric media. 
consists of placing the media to  be investigated 
between a pair of crossed polarizers i n  the 
presence of either a longitudinal o r  transverse 
magnetic field. When the wavelength of the 
primary beam is at  the appropriate absorption 
wave-length so that there is a f ini te  g-Val- 
associated with the transition, the linearly 
polarized l ight either rotates or becomes 
ell iptically polarized. Thus, the scattered beam 
w i l l  transmit the second crossed polarizer. 
intensity of the scattered beam is related to the 
concentration of scattering media. 

The importance of such 

It is w e l l  known that most molecules have 

This is especially true i f  we have several 

This is the basis of the 

The magneto-optical rotation as w e l l  as the. 

This phenomenon can be described 

The experimental set-up 

The 

The main advantage of this system, i n  addi- 
tion to.the simplification of the molecular spec- 

c. 

trum, is that the p r m r y  beam is not detected. 
%us, the signal to  noise ratio is  quite good. 
Any light source can be used. However, a laser 
light source is better because excellent extension 
between the pair  of crossed polarizers can be 
achieved. Typical sensitivity which we have 
tested for i n  Naz is 1 part per t r i l l ion  (1/10l2) 
w i t h  S/N=lO using a tunable laser. 

characteristics using atoms. 
been conducted for Hg and Cd using electrodeless 
discharge lamps (EDL) and for Na using a tunable 
laser. We have verified that this technique 
is a t  least ten times more sensitive than the 
atomic absorption technique. 
should apply to  molecular detection so that a 
similar gain i n  sensitivity should apply over the 
molecular absorption. 

So far  the test on molecules has been 
limited to  Naz, 12, No, Q, S%, and CH. 
However, we have verified that expected simplicity 
can, in  fact, be achieved by this method. 
are i n  the process of making sensitivity tests a t  
present. Additiunally, we are using this  technique 
to identi@ the molecular transitions i n  uranium 
compounds made a t  LBL. The main effort  w i l l  be 
directed towards : 

A t  present we are testing the performance 
So far the tes t  has 

"he same scaling 

We 

a) Identification of isotopic effect i n  
molecules; 

b) Study of Uranium atom formation by 
collision between the mtastable s ta te  of 
mobile gas atom and uraniun compounds 
such as W: (BH4)4 and U(C0T)z. 

The purpose of this work is  to find a simple 
method for isotope separation. U r a n i u m  atoms can 
be detected by tuning a laser to 5915 A resonance 
transition by means of the coherent forward 
scattering technique. A t  the same t i m e  quenching 
of metastable s ta te  is measured with the ZAA 
techniqg =,by CFS. For the neon metastable 
state 6 2 ,  a dye laser can be conveniently tuned 

transition to investigate the quen cfi ing due to 
collision of the neon metastable state with 
uranium compounds. 

which is superior to  mst other optical techniques, 
is to monitor atoms or molecules i n  the source 
which emits radiation. m i c a 1  examples are 
combustion sources and gas discharge sources. 
using laser l ight the detector can be far enough 
away from the source so that source emissions w i l l  
not be a problem. This is not the case with 
fluorescence, Raman effect and conventional atanic 
absorption. An additional advantage is  that the 
light source need not be narrow as the crossed 
polarizers eliminate the primary l ight beam. 

to 6143 A (2 2P3/63 2s1/2) -* ( 2  2P3 6 3 2P1/2) 

One possible application of this  technique, 

By 

L: 
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ZEEMAN AlUMIC ABSORPTION ANALYSIS 

T. Hadeishi and R. D. McLaug&lin 

This project deals with the utilization of 
the Zeeman effect as a tool i n  analytical chemistry. 
This idea was first demnstrated t o  be useful when 
atomic absorption analysis was  modified so that 
the light source was contained in a magnetic field. 
This made available three closely spaced lines that 
could monitor the process of sample vaporization 
rather than the one line available in traditional 
atomic absorption analysis. Fince one l i n e  coin- 
cided with the wavelength of absorption of the 
analyte and the- other two did not, the Zeeman 
effect provided a rnethod for essentially continuous 
background oarrection as fhe sample volatilized. 
The pawer of this method. was soon dem0nstptei.i 
when the Zeeman*split l ight beam w a s  sent 'through 
the smoke and vapors given off while a piece of 
fish was  being burned and the m m t  of mercury 
'in e i a t e l y  d. 

l X i s  p k f  of concept experiment occurred 
about five years ago. Sirice then efforts have 
been made to  extend this techniquk to  other sample 
types an 
ANNUAL ACTMTIES 

termine a. large variety 

,- 

Last year's efforts can be divided into three 
categories : 1) The application of this technology 
t o  other projects designed to  solve'envi 
problems; 2) The development of limps th 
produce"spectra of different elenmts i n  
f ie ld;  and 3) The design of a f u m c e  tha 
provide an atomic vapor when-'var'ious type 

high tebperatures. 

fer has mainly involved three 
outside groups: The Environmental Protection 
Agency Laboratory at Las Vegas, Nevada; The U. S. 
Corps of Engineers Waterways Experimental Station 
a t  Vicksburg, Mississippi; and The N.S.I. 
Company at Mountain View, California. The Las 
Vegas Laboratory is interested i n  using the 
Zeeman atomic absorption (ZAA) technique fo 
determining rnercury, lead and cadmium in 
biological samples; the Vicksburg laboratory 
interested i n  determining mercury, selenium and 
arsenic i n  water with high s a l t  content; and the 
N.S.I. Company is interested in producing a ZAA 
machine connrercially. Work with these groups 
resulted i n  the sale of prototype-instmnts  t o  
the Las Vegas and Vicksb 

In addition, sample 
a t  the University of Alaska, the University of 
California at  Irvine, and two different grows at 
the Lawrence Berkeley Laboratory. 
selenium was  determined in approximately 250 ' 

samples.) We are analyzing samples to  determine 
the environmntal impact of o i l  shale processing. 
In this case, Hg, Pb, Cd, Zn, As, Sc, Cu, and Cr 
are of interest. Although a long lasting Cr lamp 
has not yet been developed this problem has been 
solved for the other seven elements. Plans have 

(At LBL+ 

been made t o  pfesent this work on o i l  shale analy- 
sis a t  the Second Pacific Area Chemical Engineering 
Conference i n  Colorado. The p e r  of the ZAA 
technique w i l l  become known to more people i n  
analytical chemistry through such activities. 

have largely dictated the directions i n  which ZAA 
has been developed, both in term of sample 
types to be analyzed and light sources to  be 
fabricated. The need for light sources of copper 
and silver led to- the developmnt of a furnace 
assenhly that is capable of holding the elect  
less dischar& M e  (Em) a t  high temperature 
while located between the closely spaced poles of 
a permanent magnet. In order to  obtain several I 

hmdred hours of-service from EDL's i n  this 
configuration, the copper and silver iodide was 
sublimd into the region below the magnet poles, 
and the vapor pressure was  controlled with a small 
air jet. Although this approach has been 
successful for copper and silver, a higher 
temperature is required for chromi 
investigating an assenbly using he 
this EDL. 

It  was necessary t o  make modification in  
furnace design i n  order to obtain optimum sensi- 
t ivi ty  for the different sample types that.have. 
been described. I t  was fomd that a dual chamber 
furnace could be packed with platinum and then 
used to determine mercury. This fumace was 
used in  three configuratians: 1) A liquid sample 
was injected'directly; 2) A biological sample was  
burned i n  an oxygen stream in  such a manner that 
the mercury was  trapped by the furnace; and 
3) Large voluanes (several ml) of sample were 
vaporized in an external furnace, the vapors were 
condensed i n  a reducing solution and the mercury 
was swept f m m  the reducing solution  in^ the 
platinum lined furnace. The last approach was 
somewhat difficult because leaks kept developing 
in the system so that the mercury was not a l l  
transferred to the furnace. 

Experience wi th  the various sample types 
enphasized the need to develop a furnace that 
would break up inorganic mlecules (i.e., PbS, 
Se2) into atoms. This w i l l  occur if the 

-mlecule can be raised t o  a high enough temperature 
before passing into the central &antier of the 
dual chanher furnace. It 'was fomd that retention 
times in the outer chanber could be increased by 
using porous graphite construction. In addition 
this type- of furnace is capable of reaching 
higher temperatures than the traditional dual 
chanher furnace. The developmnt of this  furnace 
is still under way. ~ 

The needs of the research groups mentioned 

PLANNED ACTIVITIES 

The major goal for the future is to  apply this 
technology as rapidly as possible to  the field of 
analytical chemistry. An important part of this 
process is t o  increase the nunher of different 
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elemnts that can be determined and the nuher of 
different sample types that can be analyzed. 
Efforts will be made, through work with other 

grows, and by presenting talks and publishing 
papers, to make as many people as possible aware 
of the paver of this technique. , 

L 

PIEZOELECTRIC-TUNABLE MILLIMETER WVE FABRY-PERUT RESONATOR 
IN INSlXWEWATIoN FOR AIR POLWTION RESEARCH 

* 
B. Leskovar, H. T. Buscher, and W. F. Kolbe. 

INTRODUCI'ION 

The technique of microwave absorption spectro- 
scopy has been used for many years as a research 
tool to study the structure of molecules. Recent- 
ly, these techniques have been shown to be useful 
in the detection of trace quantities of gaseous 
pollutants by means of their characteristic micro- 
wave line spectra.1 Unfortunately, research spec- 
trometers have not classically been designed to 
be both portable and highly sensitive. For this 
reason not much is knm about optimizing such 
instnatlents for these characteristics. 

It has been demonstrated192s3 that signifi- 
cant improvemnts both in sensitivity and compact- 
ness can be made by using Fabry-Perot cavities as 
sample cells. This is especially true at high 
frequencies (above 30 GHz) where conventional ab- 
sorption cells and cavities can become impractica- 
bly small. 

ACCOMPLISIIMENT WRING 1976 

Of the several possible configurations which 
fall under the category of Fabry-Perot resonators, 
the most attractive for stable, high-Q microwave 
operation is the semiconfocal geometry. A new 
70 GHz Fabry-Perot sample cell with variable micro- 
wave coupling and wide range piezoelectric tuning 
for use in a high-sensitivity microwave spectran- 
eter was designed. The Fabry-Perot consists of a flat 

mirror facing a concave one, spaced as shown in 
Fig. 1. The radius of curvature of the concave 
mirror is exactly twice the mirror spacing. This 
semiconfocal geometry has the advantage that it is 
noncritical in alignment, is compact, and exhibits 
high Q. The Q of such a cavity is determined by 
reflection and diffraction losses as well as per- 
turbations to the field structure due to coupling 
energy into and out of the resonator. 

The desired cavity was expected to be part 
of a wrking prototype high sensitivityytmmeter 
which will be packaged as a portable air pollution 
detector. Therefore, the physical size of the 
entire spectrometer as well as the cavity size 
was limited. Mirrors were chosen primarily on the 
basis of compactness, having 5.08 cm diameters and 
a spacing of 7.43 an. The spacing was such that 
diffraction losses could be assumed to be negligi- 
ble compared to reflection losses. 

faces, type 316 stainless steel was used for the 
blanks. 
duced surfaces true to a few wave lengths of 
sodium light on both mirrors. To provide high 
surface conductivity at microwave frequencies, 
7 5 ~  of silver was plated onto each mirror, follow- 
ed by 1.5~ of gold as a corrosion inhibitor. 

cavity, two small holes were drilled in the surface 

To maximize the stability of the mirror sur- 

Optical quality grinaing techniques pro- 

In order to couple energv in and out of the 

a MICA WINDOW 

CONCAVE 
MIRROR \ MjRROR 

PIEZOELECTRIC 
TRANSDUCERS 

-- 

INLESS STEEL SUPPORT LAMP BLOCKS 

COARSE TUNING CONTROL 

Fig. 1. Schematic View of Piezoelectric-tunable 
Millimeter Wave Fabry-Perot Resonator. 

(XBL 766-8142) 
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LJ 
of the plane mirror, and larger holes were bored 
from the rear t o  allow V-band wave guides t o  be 
positioned behind the small coupling holes as 
shown in Fig. 1. The positions of the input and 
output wave guides were made adjustable with re- 
spect t o  the irises, in order t o  allow the energy 
coupling t o  the cavity t o  be as varied as desired. 
To minimize microwave losses in  the coupling struc- 
ture, the i r ises  should be as thin as is practi- 
cable. For the value of 0.13 nnn thickness chosen, 
adequate coupling was obtained with a hole diameter 
of 0.64 mn. The separation between the input a d  
output coupling holes was 6.2 nun. Under these con- 
ditions a measured [loaded) Q of 42,000 and a min- 
inn.nn transmission loss of 22 .dB were obtained 

allowed their  spacing t o  be adjusted while en- 
closed in a vacuum chamber. 
of spacing, a cylindrical piezoelectric transducer 
7.62 an long and coated with a low vapor pressure 
epoxy was used as the h u n t  for the concave mirror. 
The transducer was designed to  provide about lop  
of electrically-controlled tuning as compensation 
for t h e m 1  changes in  the cavity and t o  allow it 
t o  track-a frequency-swept and/or modulated micro- 
wave input. * 

Experimental data describing the electrical 
tuning characteristics and variable coupling per- 
formance are given in  Ref. 4. The completed cavity 
has been successfully used in a high sensitivity 
laboratory-type millimeter-wave spectrometer. It  
has also been used t o  make absolute absorption 
coefficient measurements of a nirber of important 
pollutants and constituents 

PLANNED AfXMTY FOR . -  

The mirrors were mounted in  a fixture which 

For fine adjustment 

I .  

A modified version of the Fabry-Perot cavity 
having l i t t l e  or no exposed metallic parts w i l l  be 
designed and fabricated to  make possible the de- 
tection of unstable species such as 03 and SO. 

We expect t o  use this cavity to  study the tech- 
niques for making direct observations of the life- 
times of short-lived free radicals. Furthermore, 
a very high-Q cavity w i l l  be designed, increasing 
the conductivity of the mirror surfaces and de- 
creasing diffraction and conductivity losses as- 
sociated with the coupling structure. The high-Q 
potential o f  the resonator is an attractive feature 
contributing t o  the ultimate detection sensitivity 
of a high-sensitivity spectrometer and a pollu- 
tant monitor. 
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NIS OF AIR POLLUIINTS BY MILLIMETER-WAVE MICROWAVE SPECI'ROSCOPY 

B. Leskovar and W. F. Kolbe 

INI'ROWCTION 

highly specific and sensitive experiment 
research mthod for investigations of chenucal 
kinetics and the monitoring of gaseous pollutants 
i n  the environment. 

Previous investigations of the technique for 
pollutant monitoring have been restricted to  the 
lower microwave frequency region below 40 Giz.1 
Our calculations have sham that larger absorption 
coefficienw and hence greater sensitivity can be 
expected in the millimeter wave region above 
40 GHz, provided that the spectrometer design can 
be optimized using state-of-the-art components. 

For this reasonwe have undertaken a program to 
develop a spectrometer operating a t  70 Giz where 
favorable transitions exist for a number of 
interesting species. 

The project has i n  the past included a study 
of the rotational transitions of the polar 
molecule 3 . 2  Calculations were made of the 
transi.ticm requencies and absorption coefficients 
of this molecule to determine the most favorable 
transitions. A cavity spectromter capable of 
making absolute absorption coefficient masure- 
ments was  constructed to verify these calculations. 
Theoretical cr i ter ia  were established to  determine 
the components necessary to  construct an optimized 
spectrometer with high sensitivity.3 

Microwave rotational sp 
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PROJECT ACKWLJSMENTS DURING 1976 

Our major activity during the past year has 
been to  develop a high sensitivity microwave 
spectromter for the detection of law concentra- 
tions of gaseous pol luta~~ts .  In addition, we 
have expanded our previous calculatians and 
measurements of the frequencies and absorption 
coefficients to  include a large nunber of important 
pollutants, free radicals and other amspheric 
constituents. 

Micmave Spectrometer Development 

A superheterodyne microwave cavity spectro- 
mter capable of detecting small quantities of 
pollutants diluted i n  air has been constructed. 
lhe major components of the system are shown i n  
Fig. 1. 

lhe sensitivity of such a spectrometer is 
determined by the total  noise introduced during 
the generation of the microwave radiation, the 
absorption process i n  the resonant cavity, and 
the detection and amplification of the resulting 
signal. 

wave sources is primarily due t o  frequency fluc- 
tuations (m.3 To minimize these effects the 
Gunn diode source was  phase-locked to  the 76th 
hamnic of a high stabil i ty General Radio type 
1062 frequency synthesizer. The frequency of the 
stabilized source was  then doubled to  produce the 
final signal. 

In a cavity spectromter the detected signal 
resulting from the gas absorption is directly 
proportional t o  the cavity Q. Hence it is 
desirable to make this quantity as large as 
possible. 
w i l l  be converted to  AM noise by a high-Q cavity 
i f  it is not accurately centered on the source 

The noise contributed by free-running micro- 

On the other hand frequency fluctuations 

freq~ny. lhis problem was alleviated by 
stabilizing the cavity resonant frequency to  the 
microwave source frequency via the quadrature 
phase detector shown i n  the block diagram. A 
semiconfocal Fabry-Perot cavity with a loaded Q of 
about 42,000 was  used and the cavity was  tuned 
with a piezoelectric transducer.4 

tions, a low noise mixer/preanplifier (TRG model 
W125) was used. Local oscillator power was  
supplied by a reflex .klystron &it% was  also 
phase-locked to  the primary frequency standard. 
Further inprovements i n  sensitivity were obtained 
by using Stark mdulation a t  19 kHz or  frequency 
mdulation a t  33 Hz followed by phase-sensitive 
detection and signal averaging. 

L 
In order t o  minimize receiver noise contribu- 

Absorption Coefficient Calculations 

Since the minimum detectable cmcentration of 
any species is dependent on the absorption 
coefficient of the transition selected, it is 
inportant to  select those transitions for which 
the strongest absorptions are obtained. For this 
reason the previous calculations and masurements 
reported for SO$ were extended to  include a wide 
range of pollutant and constituent species. 
Absorption coefficients and transition frequencies 
have been taken for frequencies up to 140 CHz for 

N3, 03, SO, and OH. In a a t i o n ,  measurements 
i n  the vicinity of 70 (332 of a nunber of these 
species were made using the apparatus described 
above. Representative results are shown in  
Table 1 for several pollutants having favorable 
transitions near 70 Wz. 

S O 2 9  Noz, H2S, HzCO, W5, N20, H20, 02, 

PLANNEDACTIVITIES FOR 1977 

We plan during the next year to  complete our 
optimization and evaluation of the performance of 
the law-noise spectrometer. Furthermore, the 

t 
-I- 

Fig. 1. Block Diagram of Microwave Spectrometer. (XBL 792-7501) 



151 

Table 1. Microwave Absorption Coefficients of Pollutants a t  70 OIz 

Calc. Meas. Meas. 

- 
hlecule  Transition Frequency Abs. Coef. Abs. Coef. Linewidth 

Upper h e r  M-Iz cm-l cm -' IMz/Torr 

SO2 6(1,5) 6(0,6) 68 972.1 4.6 x 4.5 x lom4 15.0 

No2 5(1,5) 6(0,6) 70 589,7 1.7 x lo-' 1.5 x lo-' 4.0 

O3 6(0,6) 5(1,5) 67 356.2 1.5 x 4.6 

HZCO 5(1,4) 5(1,5) 72 409.1 2 . 7 ' ~  2.6 x 

ocs 6 5 72 976.8 1.3 x 1.2 x 6.4 

spectrometer w i l l  be mdified to include a data 
processing system i n  order to permit more efficient 
signal averaging, digital  filtering, lineshape 
f i t t ing  and automatic control of the spectrometer 
parameters. In addition, a new cavity having no 
exposed metallic parts w i l l  be constructed t o  make 
it possible to  detect unstable species such . 
as 9 and SO. We plan to  use this cavity to 
ini t ia te  a study of the lifetimes of these species 
as they react with other gases. Finally, we w i l l  
continue t o  develop a high-sensitivity spectro- 
meter using microwave solid state components. 
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?HE SURVEY OF INSTRLMENTATION FOR ENVIRONMENTAL MINITORING* 

D. A. Mack, N. M. Amer, P. Bhardwaja, C. D. Hollowell, 
M. J. xland, R. A. McLaughlin, G. A. Morton, A. V. Nero, S. L. Phillips 

In response to  the need for up-to-date i n  
information on pollution monitoring systems 
technology, Lawrence Berkeley Laboratory p&lishes 
the survey entitled I n s t m n t a t i o n  for Environ- 
mental Monitoring (LBL-1) i n  a loose-leaf format 
that facilitates frequent up-dating. LBL-1 
consists of four volumes: 1. Air (Parts 1 and 2) , 
2. Water, 3. Radiation, and 4. Bimdical .  "be 
contents of the most recent up-dates of these 
volumes are sumarized i n  Table 1 and described i n  
greater detail i n  a brochure pdlished by the 
Technical Informatim Department .1 

nition both i n  the k i t e d  States and abroad as a 
source book for monitoring information in  the four 
areas covered by its wlumes. Over 4000 copies 

Since its inception LBL-1 has enjoyed recog- 

of LBL-1 have been purchased to  date by both 
private and public laboratories and other agencies. 
In addition, som 450 copies have been distributed 
to  environmental sciehtists in government agencies 
and laboratories. 

?he LBL-1 survey has also proven to  be a 
pedagogic tool in the envimmntal  monitoring 
field where textbook materials are as yet limited. 

Sophisticated monitoring equipment needs 
reliable sampling materials and techniques as 
well as primary standardization and calibration 
methods t o  be most useful. 'herefore, the princi- 
ple focus of the past year has been in  the area of 
instnrment calibration, sampling, and standardiza- 
tion of analytical techniques, as well as in  the 



152 

Table 1. Pollutants and Parameters covered in Survey of Instmentation 
for Environmental Monitoring. 

VOl.  I VOl. I1 VOl .  I11 VOl .  I V  
AIR WATER RADIATION BIOMEDICAL 

so2 (updated) 
No and NO2 
Oxidants 
co 
Hydrocarbons 
Particulates 

Mass 
Size 

Compos 1 t ion 
opacity 

Mercury 
Asbestos 
Beryllium 
Lead 
Noise 
Instrumnt 

Calibration 

Techniques 
Sawling 

Metals 
Arsenic 
Cadmium 
Lead 
Mercury 

Nitrogen 
Phosphorus 
Sulfur 
Biochemical Oxygen 

Chemical Oxygen 

Dissolved Ween  daughters 

Demand 

Demand 

Alpha Radiation 
Beta Radiation 
x & Gannna Radiation 
Gamma Spectroscopy 
Neutrons 
Personnel Dosimetry 
Radionuclides 

Tr i t ium 
Krypton- 85 
Strontium-89 & -90 
Iodine-129 & -131 
Radon 222 & its 

.- 
RadiG 
Uranium Total Organic Carbon 

Pes ticides Plutonium 
Phenolics Microwaves 
Fk trochemicals Lasers 
Oil and Grease Ultraviolet 
pH, Alkalinity, A c i d i t y  
Radiation 
Turbidity 
Tenperature 
Instrument 

Calibration 

co 
9 
Asbestos 
Mercury 
Cadmium 
Lead 
Pesticides 
Radiation 

identification and evaluation of standards, both FwlNYIE AND REFERENCE 

*Research supported by the National Science 
Foundation, Research Applied to National Needs and 
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primary and derived, and their  sources and avail- 
abil i ty particularly as they relate to the contents 
of the Air and Water volun~s. 
four voXEes 0-1 is currently mder way, 
including a substantial effort  on the radiation 

?he updating of a l l  

1. Available from the Technical Information 
Department, Lawrence Berkeley Laboratory, 
University of California, Berkeley, 
California 94720. 

MEASUREMENT AND INSTRIMENTATION ATECHNIQES FOR M)NITORING 
PLUIDNIUM AND URANIUM PARTICULATES RELEASED FROM NUCLEAR FACILITIES* 

A. V. Nero, D. A. Mack and R. J. Budnitz 

L.’ 

I Uranium and plutonium, the two basic elemnts may be ingested by h m s ,  and - considering the 
specific pathways fur uptake - t o  the amount which 
may be present in  various environmental media. 
It  is important that ways be developed to mmitor 
both the amounts of these materials that actually 

of both c o m r c i a l  and military nuclear power, 
both pose important radiological dangers to man. 
Accordingly, standards have been s e t  defining 
limits both t o  the amount of these materials that 
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bi 
escape into the environment and their  concentra- 
tions i n  any e n v i r m n t a l  medium. ?he purpose 
of this  work has been to  scrutinize state-of-the- 
art instnrmentation for monitoring release of 
uranium and plutonium into the environment, to 
compare the capabilities of t h i s  instnrmentation 
w i t h  needs specified by current standards, and t o  
identify ways to  improve measuremnt capabilities. 
We have examined the types of instnanentation 
that are currently used at  nuclear faci l i t ies ,  
those that are planned for new faci l i t ies ,  develop- 
mnts which are now taking place i n  laboratory 
instnrmentation, and techniques that warrant 
consideration. 

lhe results of this investigation are 
presented in an LBL report.1 f i e  report discusses 
the occurrence of plutonium and uranium i n  the 
nuclear fuel cycle, the corresponding potential 
for radioactive releases, associated radiological 
protection standards, and m i t o r i n g  objectives. 
Techniques for monitoring via decay radiation from 
plutonium and uraniun isotopes are presented i n  
detail, w i t h  an emphasis on air monitoring, but 
also including so i l  monitoring, as w e l l  as area 
and personnel survey methods. Additionally, 
activation and mass measurement techniques are 
discussed. 

lhe work identi.%ied possible improvements 
i n  monitoring capabilities due to alterations i n  
instrumentation, data handling systems, or overall 
monitoring programs. Improvement of instrumenta- 
tion was  emphasized, including refinement of 
current devices (such as large alpha-monitoring 
systems w i t h  mre sophisticated data analysis), 
extension of specialized techniques (such as 
virtual impaction of particulate matter, and pulse 
shape discrimination) to  a broader range of 
instnrments, and application of additional tech- 
niques (such as mass spectroscopy or X-ray 
fluorescence) to the monitoring of plutonium or 
uranium. 

EWTNOTE AND REFERENCE 

"Supported by the U.S. Envimnmental Protection 
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INrRoJlucrIoN 

The scope of the Environmental Research Program 
can be divided into three broad categories of pro- 
jects on energy related environmental issues. The 
first category is composed of instrumental tech- 
niques and investigations of problems relating to 
marine and fresh water systems. For trace metal 
analysis by anodic stripping voltamnetry, a method 
has been developed for the ozone oxidation of or- 
ganic sequestering agents in fresh or marine water 
prior to analysis. Another project involves the 
use of flameless atomic absorption spectroscopy for 
the study of environmental impacts in the San 
Francisco Bay Area frm future increases in energy 
production, transportation, and utilization. The 
ecosystem stability and dynamics project involves 
perturbation and other experiments on fresh-water 
microbiomes in order to study their nutrient regen- 
eration and stability properties. The project goal 
is to develop stability indicators. 
study is being done using gas chranatography tech- 
niques for the analysis of the methyl mercury con- 
tent in various benthic organisms collected from the 
San Francisco Bay. 

studies and investigations on indoor and outdoor 
air pollution. The atmospheric aerosol group is 
doing research on the formation and transport of 
particulate and gaseous pollutants from fossil fuel 
combustion. Their effort has been directed toward 
studies of certain atnospheric chemical reactions 
under laboratory conditions, application and devel- 
Tent of techniques for the chemical and physical 
characterization of specific pollutants, and field 
studies of pollutant behavior. 
indoor air pollution, is designed to study the chem- 

Finally, a 

The next category includes atmospheric aerosol 

Another study, on 

ical and physical behavior of indoor combustion- 
generated air pollution in residential and comer- 
cia1 buildings. This direct source of pollution 
has been preveiously neglected in air quality stud- 
ies. The populations at risk to air pollutionstudy 
involves the creation of a set of integrated pri- 
mary air pollution data bases, the determination of 
populations at risk to air pollutants, and the anal- 
ysis of associations between air pollutant levels 
and various indices. 

The last category contains environmental projects 
relating specifically to solar, nuclear, fossil fuel, 
and geothermal energy development. A solar project 
assesses the environmental implications of the wide- 
spread application of the solar energy technologies 
being developed by ERDA. The health and safety im- 
pacts project has been performed in order to estab- 
lish a methodology for the review of the health and 
safety aspects of proposed nuclear, geotheml, and 
fossil fuel electric generation sites and facilities 
in California. 
volved in studying the role of membranes in damage 
and protection of cells against environmental ef- 
fects, including the determination of how and where 
various pollutants act on membrane structures. The 
study of water conservation with in situ oil shale 
development has objectives of identifying and as- 
sessing water related impacts of in situ oil shale 
development and developing control measures to mit- 
igate adverse impacts. Finally, a study is being 
performed on the environmental impacts ofthe Geysers 
geothermal developnent and the proposed developnent 
at imnediately adjacent Lake County. 

The cell membrane project is in- 

i 

OZONE OXIDATION OF ORGANIC SEQUESERING AGENTS IN WATER PRIOR To THE 
ANALYSIS OF TRACE METALS BY ANODIC SRIPPING VOLTMETRY (ASV) 

R. G. Clem and A. T. Hodgson 

There has long been a problem in sequestering 
trace metals, determinable with ASV, by naturally 
occurring weakly acidic, organic canpounds in water 
samples such as hunic and fulvic acids. Formerly, 
the only successful way of liberating these metals 
was through acidification to a pH of < 2  so that the 
sequestering agents were converted to their molec- 
ular forms. Unfortunately, the presence of acid 
and mercuric-ion is required for the functioning of 
the ASV method, and this is precisely the condition 
which fauses graphite electrodes to rapidly deteri- 
orate. 

Previous workers recognized this problem and at- 
tempted to destroy the organic sequestering agents 
with persulfate2, and with W (ultraviolet) photo- 
lyzed hydrogen peroxide.3 Both methods are effec- 
tive but have serious drawbacks. 
bors trace metals impurities and the last trace 
which can also cause rapid deterioration of Asv 

Persulfate har- 

electrodes, is difficult to destroy. W photolyzed 
peroxide method is attractive because it is useable 
m neutral solutions. Hawever, it also harbors 
metals impurities, is difficult to carrpletely des- 
troy, and the photolysis times exceed 5 hours.3 

seems ideally suited to the oxidation of trace or- 
ganic matter in water samples. 
oxident (E" = 2.07V - 0.06pH) and reacts rapidly at 
room-temperature with organic matter. In addition 
it inactivates sequestering agents and canpounds 
which are specifically absorbed at ASV electrodes 
over the pH range of frcm 2 to 10. 
ygen gas used in its generation is inexpensive, 
readily available, and does not harbor trace metal 
impurities. The decomposition product of ozone in 
aqueous solutions is oxygen which can be rapidly 
displaced with Ar, N2, or CO2, along with any dis- 
solved ozone. 

In view of the foregoing difficulties, ozone 

It is a very strong 

High purity ox- 

Finally, the setup required for ozone 
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generation, a corona discharge tube and a high volt- 
age transformer, is inexpensive and easy to build. 

To develop the method, ozone was first used to 
destroy the canpounds ethylene diaminetetraacetic 
acid (EDTA), annnoniwn pyrrolidine dithiocarbamate 
(APDC), and tannic acid.1 All of these are hcwn 
to be strung complexing agents for the metals, lead 
and cadmiwn,which are used in this study. 
substance is an amine With carboxyl groups, the 
second a thio canpound, and the last is a phenolic 
canpound with carboxyl groups. These three include 
all the groups thought to exist on the naturally oc- 
curring humic acid and are reported to be the most 
important for the sequestering of trace metals. At 
the levels of sequestering agent tested (3 ppm for - 

EDTA to 100 ppm tannic acid) all the model compounds 
were destroyed within 1 hour or less when ozonized 
at pH2. Oxidation did proceed for all substances 
tested at pH9, but more time, perhaps several hours, 
was required at the higher pH. The oxidation poten- 
tial of ozone drops to only 1.W at pH9. 

contained over 11% ash and had very little exchange 
capacity for Pb and Cd. We devised a method for 
purifying it which involves repeatedly di 
ing it with ammonia water and then precip 

The first 

The hunic acid received was quite impure. It 

with XL. Humic acid purified in this way had an 
ash content of 1%. Further purification with an 
HcL/HF mixture resulted in the virtually canplete 
removal of ash. The ash content of the HcL/HF puri- 
fied humic acid was <0.1%, a level of purity seldan 
mentioned in the literature.4 

Ozonolysis of humic acid at the 25 ppm level 
required Over 4 hours to canplete,but this is not 
surprising considering that this level is one to 
two orders of magnitude greater than the levelsthat 
are present in natural waters. Data is being devel- 
oped t o  illustrate the efficacy of the ozone method 
for bay water and sewage effluent samples. Ozono- 
lysis for these samples requires one hour or less 
to obtain canplete recovery. 
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ENvIRON4ENHL ASSESSMENT OF SOLAR ENERGY CWERSION 

M, Davidson and I). F. Grether 

The objective of th project is to asse 
environmental implications of the widespread appli- 
cation of the solar energy technologies being de- 
veloped by ERDA. In pursuing this objective, the 
project is following the guidelines established by 
the Balanced Program Plan (BPP). This plan was de- 
veloped during 1975 by the Division of Bianedical 
Research of ERDA in conjunction with the various 
ERDA laboratories. The solar input to the BPP~ 
coordinated by LBL. This document describes the 
status of the developnent of the solar technologies, 
identifies potential environmental problems, sug- . - 
gests research that would lead to a quantitative 
understandbg of these problems, and estimates th 
cost and time required for the research. The poten- 
tial environmenta1,effects can be grouped into four 
broad categories : 

1) Socio-economic Impacts of Widespread Utili- 

3) Health and Ecological Effects 
omversion Processes; 

and Ecological Effects from Materials 
of Solar Devices, 

4) 

These categories are described in detail in the 
1975 Energy and Environment Division Annual Report. 

The primary work on the project during 1975 
(subsequent to the fomlation of the BPP) was to 
identify selected areas from the above broad cat- 
egories that could be studied with exisiting tech- 
niques and procedures. In order to focus the in- 
vestigation, a particular solar technology was se- 
lected for initial concentration. The technology 
selected was the central receiver concept for solar 
thermal conversion to electricity since it is ex- 
pected that future, cmercial power plants will 
have the same basic properties as the currently 
evolving designs. 
the advantage, fran an environmental analysis point 
of view, that the facilities will be large, isolated 
from other activities of our civilization, and prob- 
ably of a limited nmber of designs. 

ACCOMPLISIMENTS DURING 1976 

In addition, these systems have 

e principal ef 
year that fell under the atrove categories 1) and 2): 
a study of the socio-econanic effects of solar ther- 
mal conversion, a survey of the ecological effects 
of all solar technologies, and an investigation of 
techniques for assessing climate modification by 
solar energy conversion (especially solar thermal). 

Socio-econanic Effects of Solar Thermal Conversion 

For the purpose of studying the social and eco- 
nanic,impacts of a given scenario of solar energy 
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plant production, a linear model of the U. S. econ- 
omy was developed from several existing blocks. 
The core of the model is an input/output matrix con- 
structed by the Bureau of Economic Analysis and put 
on the LBL computer by E. Schroeder of LBL. To 
this was added a matrix of jobs versus industries 
which was constructed by D. Merrill, also of LBL. 
A matrix of effluents was then constructed by aggre- 
gat' g the extremely detailed data of the SEAS mod- 
el.f These matrices provide a simple and fast mth 
od of analyzing social and economic impacts, once 
one has first constructed a "bill of goods" for a 
scenario t o  be studied. For example the scenario 
might correspond t o  building some number of solar 
power plants per year of a particular design. The 
b i l l  of goods would specify the tons of steel, glass, 
etc. and the cost of converting these materials in- 
t o  the solar devices. This b i l l  is input t o  the 
model, which calculates the final demand in  each of 
93 industrial sectors, jobs in over 400 occupations 
by industry, and total  effluents produced by the 
industries in meeting this b i l l  of goods. A l l  of 
the estimates are approximate and limited in accu- 
racy by the nature of the models as well as by the 
uncertainties in  the scenario. 
give a rough idea of the implications of a partic- 
ular energy strategy, and thus are a useful tool in  
decision making. 

Some preliminary results of the model, based 
only on the materials requirements, were presented 
a t  a meeting of the International Solar Energy 
Society. These results indicate that, for a con- 
struction scenario of 10 GW (electric) per year,the 
demands for steel, glass and concrete would be a 
few percent of the current yearly U.S. demand. 
Major a i r  pollutants from production of the mate- 
rials are estimated to  be < 1% of those currently 
released. 

However they do 

Ecological Effects of Solar Energy Conversion 

A t  the request of the National Research Council's 
Comnitte on Nuclear and Alternative Energy Systems 

the possible effects that the various solar tech- 
nologies would have on ecosystems. 

most detailed consideration was given to  solarther- 
mal power because of its relatively advanced devel- 
opment and due t o  a concern for its impact ondesert 
ecosystems. 
possible effects on such systems, and draws paral- 
l e l s  t o  a particular modern technology (recreation- 
a l  off-road vehicles) which has already been very 
disruptive to  the desert. Since pollution affects 
ecosystems as well as human health, the economic 
model described above was used to  estimate the ef- 
fluents which would be released in the refinement 
of the materials for the solar plants. Water re- 
quirements, a crucial factor for desert based sys- 
tems, were estimated for the use of wet cooling 
towers. A comparison between these requirements 
and the anticipated supply in the Southwest's water 
resource regions indicated that extensive use of 
wet towers would necessitate a significant realloca- 
tion of the already scarce water. 

a report ri was prepared that attempts t o  delineate 

An effort  was made t o  quantify effects. The 

The report describes in  sane detail  

The report discusses the other solar technol- 
ogies in less detail with emphasis on the direct 
effects on ecosystems. 

Techniques for Assessing Climate Modification 

Studies of the climate are generally umducted 
local or micro-climate, regional on three scales: 

or meso-scale, and global. Since (with the possible 
exception of the micro-climate level) real physical 
experiments are ruled out, one must rely on analytic 
and canputer simulation models. Many such models 
have been developed for purposes other than study- 
ing solar energy conversion. The approach of the 
project has been to  construct a scenario appropriate 
t o  the scale under study, perform some simple an- 
alytic calculations t o  estimate the magnitude of the 
effect, and t o  investigate the applicability of ex- 
isting computer models for examining the effects in 
more detail.  
relatively satisfactory conclusion for solar ther- 
mal conversion on a global scale, as w i l l  now be de- 
scribed. 

In collaboration w i t h  J. Weingart of the Inter- 
national Institute of Applied Systems Analysis 
(IIASA), a global scenario was developed for the 
central receiver concept supplying 100 Terrawatts 
(101hatts) t o  a world population of 10 billionwith 
an average energy consumption of 10 Kw each. This 
plan is detailed in Reference 5. For reasons given 
below, the scenaio was deliberately chosen t o  be a 
"worst case" that almost certainly overestimates Ahe 
amount of land that would be devoted t o  the solar 
plants and the change in albedo of t h i s  land. In a 
simple black-body radiation model it was  found.tha$ 
for this scenario the radiation temp ratuee of the 
earth would increase by about . 2 9 K . ?  This increase 
would appear t o  be rather modest for such a massive 
use of energy. However, the model provides no in- 
formation on such possible effects as localized 
temperature changes or shif ts  in precipitation. A 
global climate model developed a t  Lawrence Liver- 
more Laboratory was employed t o  estimate these ef- 
fects. I t  is a two-dimensional model (latitude and 
altitude, averaged over longitude) known as ZAM2 and 
predicts climate change by latitude zone. Potter 
and McCracken6 input the scenario outlined above in 
t o  ZAM2 and observed considerable latitudinal de- 
pendence of temperature change, with the greatest 
changes occurring in the polar regions. They also 
found noticeable alterations in precipitation pat- 
t e r n  in both the northern and southern hemispheres. 
Since the model is averaged over longitude, local- 
ized effects (e.g., in the vicinity of or downwind 
of the solar plants) are smeared out over a zone. 

The next level of detail  would be provided by 
three-dimensional models known as Gad's (usually 
indicating General Circulation Model). General C i r -  
culation Models currently have two difficult ies 
that make their  application t o  solar energy conver- 
sion of questionable value. F i r s t ,  the models are 
very costly to  run. Second, the models are "noisy" 
in the sense that small variations in i n i t i a l  con- 
ditions for the control case lead to  appreciable 
variations in the resulting climate. For a "signal" 
(real climate change) to  show up for the perturbed 

This approach has been carried t o  a 
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case (e.g., the above scenario) the perturbation 
must be quite large. The scenario was originally 
constructed for the GCM of the National Center for 
Atmospheric Research @CAR), with the "worst case" 
approach taken to maximize the perturbation. The 
proposed computer run did not take place, partly 
because it was not clear that even this worst case 
would generate a signal. 

scenario would be noticed by a was the princi- 
pal topic of a recent workshop on solar energy and 
the climate held at IIASA and attended by Davidson 
and Grether. 
was the British Meteorological Office version. Ex- 
tensive discussion failed to resolve the issue. 

The above stated approach has also been applied, 
although not as completely, to one aspect of the 
micro-climate of an individual central receiver 
plant. The question is whether the absorber unit 
and/or the cooling tower will generate an updraft 
that might carry with it dust frcan the surrounding 
area. A survey was made of existing models and a 
simple "Gaussian Plwne" model for convection cur- 
rents applied to a dry cooling tower sized for a 
solar plant generating 100 MW (electric). 
sults give convective velocities as a function of 
distance from the cooling tower and altitude.5 The ' 

results suggest that the dust updrafting will not 
be a problem. The model does not include condensa- 
tion and therefore cannot be used to study fogging 
or cloud formation induced by, particularly, wet 
cooling towers. Sone work has been done on identi- 
fying more detailed models. One difficulty in ap- 
plying these models to solar plants is in estimat- 
ing how diffusion coefficients, used td parameter- 
ize atmospheric turbulence, will be affected by the 
plant. 
overcome this difficulty. Miroscale climatology is 
in any event quite complicated and effects are like 
ly to be site dependent. ' 

P 

The question of whether any reasonable solar 

Here the model under consideration 

The re- 

On site measurements may be necessary to 

planned for 1977: 

1 will be applied 
to other solar technologies. 
be updated as new information or data be- 
comes available ; 

2. Work will cont on the assessment of 
techniques for studying climate modifica- 
tion for solar thermal conversion. As a re- 
sult of collaborations with climatologists, 
the existing scenario will be modified to 

The model will 

- 

account more properly for global redistribu- 
tion of the energy supplied by the solar 
plants. Studies will be continued on micro- 
climate effects such as condensation, 
changes in hydrology, and alteration of tur- 
bulent diffusion coefficients ; 

3. The climate change assessment approach de- ' 
veloped for solar thennal conversion will 
be applied to other solar technologies. 
Prime candidates are the sea surface temper- 
ature effects of ocean thermal plants, and 
the atmospheric effects of solar satellites; 

A few of the many possible alterations of 
ecosystems by solar facilities will be 
selected for further, more detailed study. 
One possibility is the site-dependent ef- 
fects of solar thennal plants. 

4. 
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ESIUAR LLUTANT INVESTIGATIONS 

, C. Girvin, A. T. Hodgson, R. N. Anaclerio, and M, E. Tatro 

INI'RODLJCI'ION 

Within the next decade, the San Francisco Bay 
area will be faced with massive environmental im- 

pacts from increased energy production, transporta- 
tion, and utilization. Currently there are six oil 
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refineries and petrochemical plants operating in 
northern S. F. Bay with a total processing capacity 
of 823,000 barrels of crude per day. Although no 
plans have been announced for expansions of these 
existing facilities, their capacities are expected 
to increase due to the influx of Alaskan oil. In 
addition, new plants will be built. Already, a 
large petrochemical canplex in Suisun Bay is being 
planned. These developnents will result in in- 
creases in the pollutant loads discharged into bay 
and delta waters fran process and cooling waste 
waters and in an increase in the probability of a 
major oil spill. 

The biological significance of the S. F. Bay- 
Delta system is unquestioned. This environment ' 
supports canmercial and recreational fisheries, 
serves as a nursery ground for nunerous econanical- 
ly and ecologically important fish and invertebrates, 
and is a principal wintering ground for migratory 
waterfowl, including several rare and endangered 
species. Therefore, our estuarine pollutant re- 
search group has established lmg range objectives 
which hopefully will contribute to the understand- 
ing and assessment of the present and future im- 
pacts of an expanding energy related industry on the 
environment and biota of this important ecosystem. 

(1) t o  establish a base- 
line for trace element and pollutant hydrocarbon 
levels in S. F. Bay-Delta waters and d m e n t  large 
scale spatial and temporal variations in the concen- 
trations of trace elements; (2) to investigate the 
chemical speciation of trace elements in estu- 
arine waters as a function of salinity and other 
chemical parameters using chemical equilibria 
models; (3) to docunent the concentration of trace 
elements and pollutant hydrocarbons in selected es- 
tuarine species fran locations in S. F. Bay and 
compare these to levels in identical species fran 
relatively uncontaminated locations outside of the 
bay; 
hydrocarbon canposition of waste waters fmn petro- 
chemical canplexes and municipal sewage treatment 
plants; and (5) to employ sensitive methods t o  de- 
tect and evaluate the biological effects of low 
level trace element and petroleun hydrocarbon con- 
tamination on selected estuarine organisms. 

ACCOMPLISHMENTS DURING 1976 

These objectives are: 

(4) to examine the trace element and pollutant 

During the previous fiscal year we conducted a 
survey to determine the extent of trace element, 
chlorinated hydrocarbon, and total alkane and ar- 
omatic hydrocarbon contamination in individual spe- 
cies of shell-fish fran nine locations within the 
S. F. Bay estuary and one location in Tanales Bay. 
Ag, As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, and Zn 
were analyzed in the clams Mya arenaria and Ta 
japonica, the mussels Mytilus &lis and Is& 
demissm, the oysters Ostrea lurida and Crassostrea 
gigas, bottan sedimentms-ed particulates 
using X-ray fluorescence and atanic absorption spec- 
troscopy. 
1254, were analyzed in M. arenaria T. jiponica, z. 
-* edulis 0. lurida, and bt-ent y gas chro- 
matograpFiy.Tota1 concentrations of alkane and ar- 
omatic hydrocarbons were semi-auantitatively deter- 

DDT metabolites and the FCB, Aroclor 

mined in'M. edulis and 2. lurida by thin layer chro- 
matograph?. 

The samples of C. i as fran South S. F. Bay and 

tween trace element bio-accumulation in a contam- 
inated location and bio-accumulation in a relatively 
clean, non-industrialized location. For example, 
the hepatopancreas of S. F. Bay oysters had concen- 
trations of Ag, Cd, Cu, Hg, and Zn which were re- 
spectively 103, 8, 31, 17, and 22 times higher than 
the concentrations observed in the hepatopancreas 
of Tanales Bay oysters. 

Two major regional differences in trace element 
bio-accmulation were observed within the S. F. Bay 
estuary. Shellfish populations along the northeast 
bay shoreline had distinctly higher concentrations 
of Pb than did south bay populations of the same 
species. On the other hand, substantially higher 
concentrations of Ag occurred in south bay popula- 
tions than in north bay populations. 

The presence of biologically available Ag in 
South S. F. Bay, as indicated by Ag accumilation in 
adult shellfish, may be having an adverse effect 
upon the biota. Other researchers have shown that 
Ag, which is one of the most toxic metal cations, 
is lethal to molluscan embryos at low part per bil- 
lion concentrations. Therefore, the possibility 
exists of diminished shellfish reproductive success 
in South S. F. Bay. 

Pollutant hydrocarbons were not differentiated 
from naturally occurring hydrocarbons by our meth- 
od. However, general hydrocarbon contamination in 
S. F. Bay is suggested by the consistantly high 
total alkane and aromatic levels observed in shell- 
fish fran five s. F. Bay locations. In E. edulis 
the average alkane and aranatic concentrations were 
25 and 200 times higher than the respective concen- 
trations found in E. edulis fran Tomales Bay. 

During the current fiscal year an intensive ef- 
fort is being made by our LBL group, in collabora- 
tion with Dr. E. A. Jenne of the U. S. Geological 
Survey (USGS), Menlo Park, CA, to docment large 
scale spatial and tempera1 variations in dissolved 
and suspended particulate associated trace element 
concentrations in the S. F. Bay-Delta system and in 
the Gulf of the Farallones. 
1976, water and suspended particulate samples for 
trace element analyses were collected at 20 stations 
throughout the bay and delta and at several offshore 
stations. Subsequent sampling at these locations 
has been made at approximately three month intervals 
and will continue until October 1977. Ship time for 
these collections and access to routine waterqual- 
ity data is generously being provided by D. H. 
Peterson and T. J. Conanos of the USGS, Menlo Park. 

Dissolved Ag, Cd, Cu, Fe, Mn, Ni, Pb, and Zn in 
shipboard filtered water samples are solvent ex- 
tracted and analyzed by flameless atanic absorption 
spectroscopy. Suspended particulate samples are 
collected on filter membranes and analyzed for the 
same elements by X-ray fluorescence spectroscopy. 
In addition, shipboard measurements are conducted 
by USGS personnel for salinity, temperature, pH, 
partial pressure of dissolved carbon dioxide, and 
concentratiops of suspended particulates, dissolved 
oxygen, nitrate-N, nitrite-N, monia, phosphate, 
and silica. In the laboratory, total carbonate al- 

Tomales Bay demonstFate 9i.T e dramatic difference be- 

Beginning in March 



159 

81' 
kalinity and concentrationi of dissolved organic 
carbon, Na, K, Mg, Ca and sulfate are determined. 
This detailed water quality characterization is es- 
sential for our inorganic modeling of soluble trace 
element spiation using a version of the USGS 
chemical model, MTEQ 11. 

Initially we used WTEQ to determine whether 
specific chemical data, necessary for the modeling 
of trace element speciation had been overlooked. 
For example, we had not initially considered H2S to 
be an important parameter since in well mixed, aer- 
obic waters it is highly unstable. However there 
is evidence in the literature suggesting that H2S 
may coexist w i t h  dissolved oxygen in estuarine 
waters. Preliminary tests with WTFQ, using typ- 
ical Bay-Delta Ag concentrations and our March1976 
water quality data, have shown that an extremely 
low concentration of H2S (approximately 0.4 nano- 
gram/%) significantly alters the speciation of Ag 
as the salinity of the water decreases (Fig. 1). At 

a salinity of 8O/oo, AgW emerges as an important 
fraction of the total dissolved Ag, and below 30/00, 
AgHSO daninates the various chloride complexes. In 
the absence of H2S, chloride canplexes dominate 
throughout the entire salinity range. It is there- 
fore apparent that either analytical measurement or 
reliable estimates of H2S concentrations are neces- 
sary. 

The USGS group is currently proposing t o  eval- 
uate and update the existing thermodynamic dataused 
in the model and to incorporate data for more trace 
elements. Additionally, the model could quantita- 
tively treat soluble organic ligands if their iden- 
tities, environmental concentrations, and stability 
constants for trace elements could be determined. 
Continued experiments with the ozone destruction of 
organics (see Clem and Hodgson, this annual report) 
may provide insight into the importance of dissolved 
organic ligands in the speciation of trace elements 
in natural waters. 

Salinity (pa r t s  per thousand) 

9 I '  
I I  I 

LJ 
Fig. 1. Activities of soluble Ag complgxes versw the concentrations of 

four anionic ligands (I , C1 , Br , and SO47 at salinities measured 
along a transect from the Sacramento River to the open ocean. Agand 
H2S concentrations were held constant at 90 ug/l and 3X 10-11 molal, 
respectively. The distribution of Ag among. its complexes was deter- 
mined in the presence of all other canpeting cations. (XBL 773-486) 

. 
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The joint LBL-USGS modeling of S. F. Bay trace 
element data should ultimately enable us t o  predict 
which soluble canplexes predominate in bay-delta 
waters and how variationsinchemical parameters, 
such as salinity, a l te r  speciation. In the future, 
we would like t o  incorporate the predictive capabil- 
ities of l " E Q  into laboratory accumulation and tax- 
ic i ty  experiments t o  investigate the hypothesis that 
the biological effects of trace elements are depen- 
dent upon chemical speciation. This hypothesis is 
based upon the findings of other researchers that 
the toxicity of soluble trace elements is signif- 
icantly altered by variations in salinity, alkalin- 
i ty,  hardness, pH, and other chemical parameters. 

PLANNED ACTIVITIES FOR 1977 

In addition t o  continuing the Bay wide trace 
element data collection and chemical speciation 
modeling efforts, our LBL group plans t o  ini t ia te  a 
preliminary search for specific pollutant hydrocar- 
bons (e.g., polynuclear aranatic canpounds) in S .  F. 
Bay waters. This work w i l l  be done in collaboration 
with Dr. A. S .  Newton of LBL and Dr .  R. W. Rise- 

brough of Bodega Marine Laboratory following the in- 
stallation of a gas chrmtograph/mass spectrometer 
system at  LBL this s m e r .  Eventually, pollutant 
hydrocarbons w i l l  be examined in selected estuarine 
species and possibly in waste waters entering the 
Bay fran petrochemical complexes and municipal sew- 
age treatment plants. 

Lb' 

We also plan t o  investigate the biological ef- 
fects of trace elements and pollutant hydrocarbons. 
One of our in i t ia l  objectives is t o  examine the po- 
tential  use of hepatic microsomal enzyme induction 
i n  fish and possibly invertebrates as a sensitive 
biological monitor for estuarine hydrocarbon con- 
tamination. As a preliminary step, we intend t o  
measure the specific activit ies of mixed function 
oxidases in the livers of several f ish species col- 
lected from locations adjacent to  and remote frm 
suspected petroleum discharges. Another anticipated 
biological effects study is a laboratory investiga- 
tion of the toxic effects of several trace elements 
and pollutant hydrocarbons on the sensitive embry- 
onic and larval stages of selected estuarine inver- 
tebrates. 

AQUATIC Ecosysrai l  MICFUXOSlS AS STABILITY INDICATORS 

J. Harte and D. Levy 

INTRODUCTION 

Future activit ies related t o  energy and agricul- 
ture production, as well as pressures due t o  popula- 
tion increases, can be expected t o  influence ecosys- 
tems. It  is important t o  understand, in both the 
short and long term, how ecosystems w i l l  respond t o  
these pressures. 
tain aspects of ecosystem dynamics and stability. 
Dynamics phenomena under study include; nutrient 
cycling and detr i ta l  decanposition, trophic inter- 
actions, and short tern succession phenomena. We 
are also developing stabil i ty indicators which if 
measured in an undisturbed system w i l l  suggest how 
vulnerable that system w i l l  be to  future distur- 
bances. 

This project is investigating cer- 

A C C W L I ~ S  IXIRING 1976 

This year we have concentrated on developing and 
These lab- 

(2) the chemical composition of the medium 

using fresh-water lake-like microcosms. 
oratory microcosms offer the following advantages: 
(1) their  small size (4-700 l i ters)  permits repli- 
cation; 
and the trophic structure can be manipulated, so 
that analogs of qualitatively different ecosystems 
can be created; 
heterogeneity allows more complete definition of 
physical, chemical, and biological characteristics; 
(4) perturbations of different physical, chemical, 
and biological variables can be carried out with 
l i t t l e  effort and expense; and (5) causal relation- 
ships often are easier t o  deduce in the laboratory 
than in natural systems, where the complicatingfac- 
tor  of environmental variability cannot be eliminat- 
ed. On the other hand, there are a number of draw- 
backs inherent in the use of aquatic microcosms, 
such as the high surface-to-volume ratio of the con- 

(3) the lack of complicated spatial 

taining structure, and the difficulty in choosingan 
appropriate benthic substrate and detr i ta l  pool. 
Despite these drawbacks our results indicate that 
the microcosms are very useful for showing manyprop- 
ert ies of natural ecosystems. 

We have carried out three types of experiments. 
Our first 2 experimental runs were oriented toward 
an examinat on of microcosm behavior in the absence 
of effluen or other external perturbations (i.e., 
toward p d terns of behavior generated solely as a 
result of the internal interactions among the var- 
ious components of the microcosms). The next large 
scale experimental run involved the perturbation of 
microcosms by the addition of NH4Cl. Concurrently 
with these experimemts, we performed a number of ex- 
periments designed to  measure possible stabil i ty in- 
dicators. For a l l  three types of experiments, m i -  
crocosms were maintained a t  approximately 1 q C  and 
were illminated by fluorescent lights on a 12h:12h 
1ight:dark cycle. In a l l  cases, the water was ag- 
itated by fi l tered a i r  pumped through a capillary 
tube. The following quantities were monitored dur- 
ing the experimental runs; temperature, pH, inor- 
ganic carbon (IC), organic carbon (OC) , NHq, NO3 + 
No2, chlorophyll a (Chl a), phytoplankton species 
and number, zooplankton species and number, bacteria 
plate count, inorganic phosphorous (IP) , total  
phosphorous ("IF), ATP, phosphates activity (P-ase) , 
and net community respiration and production (i.e., 
net dark and light C02 evolution) using the pH m e t h  
od. 

The f i r s t  run lasted 117 days and involved four 
The microcosms were 700-liter microcosms (A,B,C,D). 

identically initiated by addition of inorganic en- 
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richment medium (Table 1) adjusted so that the mo- 
la r  N:P ratio was .5 (Le., systems were nitrogen 
limited). For each tank, 3.5 l i t e r s  of local lake 
water were added t o  this. After day 26, 2 Gambuss 
(mosquito fish) were added to  tanks A and C . m l e s  1 
and 2 sunnnarize the time averaged values of various 
quantities measured in  this  run. 
monstrate the differences induced by the fish in 
ini t ia l ly  similar systems. Namely, in the fishsys- 
tems there were significant increases in phytoplank- 
ton, bacteria, and the rotifer lecane; while there 
were significant decreases in u-3 + NO2, and 
the large cladoceran Simoc halus vetulus. These re- 

graze on the larger zooplanktqand this  in turn 
would result in reduced grazing pressure on the phy- 
toplankton and therefore an increase in phytoplank- 
ton. 

They clearly de- 

suits agree with our + mtuition t -ish would 

Table 1. Microcosm chemical data frm Run 1. N is 
the number of times duplicate measurements of the 
parameter were taken in each system. The entry for 
each pair of systems (A,C and B,D) is the mean 2 
standard error of the average value of the parameter 
for each member of the pair. The value of t is the 
t - s ta t i s t ic  for the null hypothesis that  the 2 pairs 
of systems (A,C with Gambusia and B,D withuut Gambu- - sia) have equal means. 

Parameter N .  Mean 2 standard error t 

IC 1 2  0.21 20.04 0.23 20.04 0.57 
(mol liter-') 
Doc 11 0.32 iO.01 0.31 20.01 1.34 

(units) A,C . B,D - 

(mol l i t e r - l )  ** m 11 0.076i0.011 0.02220.001 6.20 
(mol l i t e r - l )  *** 

11 0.29 20.01 0.090i0.003 19.61 
1 4  2.2 20.2 5.6 k1.5 3.21 NH4 (,.mol liter-') 

NO3 + NO2 * 1 2  0.50 20.05 0.90 20.14 3.82 

* p0c:Doc 

* 

*Null hypothesis rejected a t  the 80% level of 
significance . 
significance. 

significance. 

** 
N u l l  hypothesis rejected a t  the 90% level of 

*** 
N u l l  hypothesis rejected a t  the 95% level of 

The second run lasted 188 days and used four 700- 

Ini t ia l  enrichment of the water resulted in 

liter tanks t o  which a benthic substrate of acid 
washed sand (average particle diameter 1.5 m) was  
added. 
a molar N:P ratio of 16:1, with different absolute 
amounts of N and P in tanks (Table 3). As before, 

i n i t i a l  inoculum of local lake water was added 
t o  each tank. Trophic manipulation of the systems 
was carried out by the selective addition of mos- 
quito fish (Gambusia affinis), South American cat- 
f ish (P lacosmacos tcmnas)  , oligochaetes 

Table 2. Microcosm biological data fmn Run 1. N is the 
amber of times masurenents of the parameters were taken in 
each system. Only bacteria were duplicated. The entry for 
each pair of systems (A,C and B,D) is the mean f standatd er- 
ror of the average value of the parameter for each member bf 
the pair. The value of t is the t-statistic for the mill 
hypothesis that the 2 pairs of systems (A,C w i t h  Gambvsia and 
B,D w i t h c u t  Ggmbusia) have equal means. 

Parameter N 
(units) - 

bacteria 
r i o k - l i  

17 

Rotifera 
.rind liter-l) 

17 
17 
17 
17 
17 

Mean 2 Standard Error t 
A,C B,D 

1624 5.0 21.4 3.90' 

3.420.1 0.6920.37 10.05" 

5.422.0 5.1 20.7 0.20 

11327 21i7 4.68' 

0.12*0.00 0.5920.83 1.00 
4.5 24.4 66293 0.94 
1302120 6.2 26.7 1.48 
4223 6.4 26.4 7.15** 
23i31 0.6020.85 1.00 

i' ~ o n a  ttata 17 
' ~ q ~ v e t u l u s  17 
.Copepoaa 
,(ins liter-1) 

Diptera 
(ins >iter-l) 

Cyclops vemalis 17 

Tanytarsus sp. 17 

2024 1%7 0.82 
0.8020.71 6.8 i l . 0  6.96'' 

1.7 20.1 7.2 i3.3 2.39 

0.5920.83 1.8 20.8 1.41 

' 
'I 

Mil l  hypothesis rejected at the 80% level of significance. 
Null hypothesis rejected at the 90% level of significance. 

'AsMning that phyto C is 10% of fresh weight. 

Table 3. Enrichment levels of inorganic C, N, and P 
in the 4 700-liter microcosms (A,B,C, and D). 

Nutrient 9, (mol l i ter-1) 

- 
Microcosm concentrations 

A, - B C E 
1 2. w102 2 1x102 2.w102 2.lx102 

3.4 
1 1.7 1.7 
2 6.3102 6.3102 

wm3 

Nm3 

~ H P 0 4 * 7 ~ 0  1 3.4 

NaHCO, 
Na&4*%0 2 1.2 4.8 

2 19 77 

midge larvae (Tan arsus 
(%e Table . Figures 1 , 2  & 

evolution of tank D's  param- 
eters. Although it had the simplest trophk struc- 
ture (no fish), the qualitative behavior _of its 
phytoplankton and zooplankton bloans, and the atten- 
dant chemical changes was similar to  the other tanks. 
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Perhaps the most significant aspect of this run was 
the occurrence of a %pring'* phytoplankton bloom on 
days 28-42 followed by a "late surmer" bloan on days 
168-189 despite the absence of external seasonalvar- 
iations pig.  1). This suggests that so called sea- 
sonal behavior may be generated by the internal in- 
teractions of a lake's various canponents. The 

Table 4. Manipulation of the biological structure 
in the four 700-liter microcosms. 

Run Date Day Manipulation 
- no. . - 

1 12-03-75 0 Inoculation of each of A,B,C,D 
with 3.5-liter sample of lake- 
water 

1 01-08-76 36 Addition t o  each of A,C, of 2 
Gambusia of length 2.5 cm 

2 05-06-76 0 Inoculation of each of A,B,C,D 
with 3.5-liter sample of lake- 
water 

2 05-21-76 15 Addition t o  each of A,B,C,D of 
5 Pristina and 5 Tanytarsus 
larvae 

5 Gambusia of length 1.2 an 

5 Physa of length 2.5-5.Om 

2 06-09-76 34 Addition t o  each of A,B,C,D of 

2 06-24-76 49 Addition t o  each of A,B,C,D of 

2 07-04-76 59 Addition t o  A of 4 Placostanas 
of length 1.0 an 

2 08-15-76 101 Transfer of 3 Placostanas f r m  
A to  B 

initial bloom consisted mainly of diatans and green 
algae. 
pletely of cryptophyte. Blue-greens were only impor- 
tant in between the two bloans on day 84, when they 
represented 18% of the phytoplankton volune. Exam- 
ination of the protozoa and zooplankton bloans (Figs. 
1 and 2) canbined with changes in  the organic carbon 
levels indicates that the zooplankton l i m i t  the 
bloans by their grazing. Here protozoa bloans pre- 
ceed while rotifer and bacteria bloans coincide with 
the phytoplankton bloom. Figure 3a resolves the 
crustacea into 3 groups: cladocera, copepods, and 
ostracods, while Fig. 3b breaks out the cladocera 
into their component species. 
separated in time as does each species of the 
cladocera. This detailed tempera1 resolution may 
not always be observed in natural systems due t o  
spatialmixing. The chemical data is consistent 
with the taxonanic data. 
increases in organic carbon and decreases in inor- 
ganic carbon during the bloans, followed by in- 
creases in and No3 + NO;! after the bloan indi- 
cating organic decanposition. Between days 42 and 
49 a formerly l ight side growth consisting of Oscil- 
latoria and Clad hora increased substantially- 
SiilZE@quent grazlng % y 5 adult snails and their  off- 
spring removed this  growth by day 199. 

The secondary bloom consisted almost com- 

Each group has a peak 

In particular, there were 

Taken in  

volume 2.0 

I I \ 

Time ( d )  

Fig. la. Phytoplankton mlme, bacteria volume, 
and chlorophyll a (pgm/R).plotted as a 
function of time. 
Protozoa, rotifera, and crustacea volumes 
plotted as a function of time. 

lb. 

(XBL 771-119) 

I I L . I  

. I  &\. ..+..+& ........... 4-t"U 
0 1  I 

I I I I I I I 7.0 
I I 

I I (b) 
1% - 

L 

Time id)  

Fig. 2. Chemical parameters plotted as a function 
of time. (XBL 771-120) 

toto, the taxonomic and chemical data suggest that 
the microcosms behave in a manner very similar t o  
that of natural lake systems between spring and f a l l  



( 0 )  Cladocera 
h 

Fig. 3a. Resolution of crustacea into cladocera, 
copepoda, and ostracoda as a function of 
time. 

3b. Resolution of cladocera in 3 most prev- 
alent species as a function of time. 

(XBL 771-121) 

and provide extremely useful tools for the study of 
ecosystem response to perturbations. 

Our third extended run is a perturbation exper- 
iment and uses 24 SO-liter microcosms (Al, A2, A3, 
B1, B2, B3, C1, ... H3). To initiate this run, we 
added 25% of tank A water from the second run plus 
25% of deionized water to each SO-liter tank. We 
also added varying amounts of N and P in inorganic 
fonn to each set of 6 tanks w i t h  the idea of creat- 
ing 4 different types of initial nutrient conditions 
(Table 5). Fish were initially added but subse- 
quently removed after day 58. (31 day 60, we per- 
turbed half of these systans by the addition of 
W C 1 -  (100 ppn) . Both the control and perturbed 
systems will be monitored over a 4 month period. 
(At the writing of this report, this run was not 
canpleted.) Just prior to the perturbation, water 
samples were removed frm the tanks and a series of 
mini-perturbation experiments performed on them. 

These mini-perturbation experiments are design- 
to indicate the stability properties of the par- 

16 3 

ent systems. Previous theoretical work suggests 
that an ecosystem's short term response to a detri- 
tal pulse can be used to predict its long term stab- 
ility properties (see 1975 Energy and Environment 
Division Annual Report). 

beakers. 
either concentrated freeze-dried E. coli, con- 
centrated freeze-dried algae, or a m E E f  organic 
chemicals (similar to enrichnent broth), is added. 
The amount of spike added is selected so as to in- 
crease the beakers' organic carbon by approximately 
SO%. The beakers are then closely monitored over 
21 days, and the induced pulses in dark and light 
CO2 evolution, 
tion, phosphotase activity, bacteria, phytoplankton, 
and zooplankton tracked and compared with the con- 
trols' behavior. 
of our stability indicators, these miniperturba- 
tion experiments are a useful tool for studying 
detrital decomposition and trophic interactions. 
This is because the induced pulses and relatively 
rapid changes in the treated systems' various 
biotic and abiotic components allow certain 
dynamic relationships and interconnections among 
the various components to be exhibited. Replica- 
tion in these mini-perturbation experiments is gen- 
erally excellent. After introduction of the spike, 
the initial decanposition (first 3 days) results in 
increased dark 0 2  evolution (crudely respiration) 
and increased NH4 production. Using either of these 
quantities and comparing treatments with controls, 
one of our hypothesized stability indicators is 
readily calculated. Values of this stability indi- 
cator soon will be compared with results of the 
pertuhation run. As results of the first pertur- 
bation experiment are analyzed, other correlations 
with stability obtained from these mini-perturbation 
experiments will be searched for. 

These experiments are carried out in 4 liter 
A detrital-like spike composed of 

pmduction, NO3 + No;! produc- 

In addition to providing measures 

PLANNED WRK FOR 1977 

Future work will emphasize perturbation exper- 
iments and empirical correlations of stability, as 
well as experiments designed to probe basic aquatic 
freshwater ecosystem dynamics. To aid these stud- 
ies, we will probably work on techniques for doing 
further in situ enzyme assays and for performing 
rapid suspended particle size concentration measure- 
ments. Eventually, we plan to extend our stability 
work to include the study of terrestrial systems. 
We also are beginning development of a trace gas 
f lux detection system which can be used in the field 
at both aquatic and terrestrial interfaces with the 
atmosphere. We plan to apply this system to the 
study of a nmber of trace gases including NzO and 
HzS. 

Table 5 .  Inorganic nitrogen "and phosphorus levels in tanks before 
= Stat-t of Perturbatim experiment!. 

@1,2,3:B1,2,3)(C1,2,3:Dl,2,3) (E1,2,3:F1,2,3)(61,2,3,H1,2,3) 

w@JJ>/a .9 10.9 100.9 4.1 

m (PI 1% <o. 1 1.0 20.0 10.9 
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CCMWSl'IW-~"ED INDOOR AIR POLLUTION 

C. D. Hollowell, R. J. Budnitz, G. W. Traynor, 
and W. Winkelstein, Jr. 

I h i T R O ~ ~ I O N  

Air pollution research has focused almost ex- 
clusively on pollution in the outdoor environment 
and has virtually neglected the indoor environment, 
even though the major portion of the population 
spends far more time indoors than outdoors. The im- 
portance of indoor air pollution is only now being 
recognized. Its significance is expected to have a 
large impact (1) on the overall assessment of the 
effect of air pollution on h m  health, (2) on the 
design of epidemiological studies that myst consider 
indoor as well as outdoor air pollution, (3) on en- 
ergy conservation strategies for buildings that might 
restrict indoor-outdoor air exchange, and 
the need for more stringent control of air pollution 
from indoor canbustion sources. 

The LBL indoor air pollution research project, 
initiated in 1975, is designed to study the chemical 
and physical behavior of indoor canbustion-generated 
air pollution in residential and cmercial build- 
ings. The broad goals of this project are (1) to 
characterize indoor air pollution; (2) to identify 
the important sources, abundance, and fate of in- 
door air pollutants; (3) to study the abatement of 
indoor air pollutants; 
of the occupants to the important air pollutants; 
(5) to study the health and welfare effects; and (6) 
to assess the impact of various energy-conservation 
strategies on indoor air quality. 

(4) on 

(4) to characterize exposures 

The Energy servation Standards for New Build- 

mance standards for all new residential and m e r -  
cia1 buildings by 1980. It is expected that the re- 
sults of this LBL project will provide valuable in- 
sight into the impact of various energy conservation 
measures for buildings on indmr air quality. It is 
essential that this impact be considered in the dev- 
elopnent of energy conservation performance stand- 
ards for new and existing buildings required by this 
Act. 

ings Act of 1976 cp" calls for prarmlgation of perfor- 

The work reported here represents the current 
status of ongoing field and laboratory studies of 
this project. The initial goal of these studieshas 
been to examine in detail the sources, rates of 
emissions, dispersion, transfomations, and fates of 
gaseous and aerosol air pollutants in residential 
buildings. Laboratory and field measurements are 
conducted with the LBL Mobile Atmospheric Research 
Laboratory (MARL) ,2 which is capable of remote, mul- 
tipoint sampling for such pollutants as Soz, MI, 
Noz, CO, 03, and for aerosol size and chemistry. 
Measurements on laboratory- and f ield-collected aero- 
sol samples are performed by X-ray fluorescence 
(XRF), photoelectron spectroscopy (also hown as 
electron spectroscopy for chemical analysis--Em) , 
infrared spectroscopy (IR), canbustion, and wet chem- 
istry techniques to characterize particulate Tcies 
sup as total sulfur, total nitrogen, SO4 , 
NIQ, %, Fe, Zn, and total carbon. Aerosol size 
measurements for the range 0.01-1.0 inn are performed 
by condensation nuclei formation and electrical mo- 
bility techniques. 

F3, 

The principal objective of the field study has 
been to obtain quantitative data on the relation- 
ship of indoor to outdoor air pollutant concentra- 
tions as a function of gas cooking and heating ap- 
pliance we. Six occupied single-family residential 
buildings were studied in 1975 for gaseous and par- 
ticulate air pollutant levels under typical occu- 
pancy conditions of cooking and heating.3 This field 
study clearly demonstrated that gas stove use under 
poor ventilation conditions can result in elevated 
levels of CO, NO, NOz, and even So2 and particulate 
sulfur. High levels of No and MI2 were observed in 
the one house where the effect of a forced-air gas- 
fired central heating system was studied. 

The duration of the elevated levels of 0, No, 
and No2 from gas combustion appliances may be under 
1 hour for gas stove use but may be continuous for 
gas-fired heating system use in cool seasons. Levels 
of CO and N Q  in the field study were found to ap- 
proach or exceed existing U.S.A. ambient air quality 
standards. Nitrogen dioxide levels in kitchens of 
houses with as stoves were observed to be as high 

than 30 minutes and as high as 1700 pg/m3 with the 
oven operating for 20 minutes. Concentrations of 
No2 were observed to be as high as 1200 pg/m3 for 8 
hours in the bedroom of a house with a forced-air 
gas-fired heating system operating under noma1 con- 
ditions. 
with the short-term recommended U.S. and promulgated 
forev NO2 air quality standards (-400 pg/m3 for 1 
hour). 

ACCCMF'LISIMENTS WRING 1976 

as 1000 pg/m 3 with one top burner operating for less 

These No2 concentrations can be compared 

Laboratory studies now in progress in experimen- 
tal roans and buildings are designed to identifyvar- 
ious parameters which affect rates of emissions fran 
gas-fired cooking and heating appliances and short- 
and long-term air pollution levels in the indoor en- 
vironment fran such appliances. The parameters in- 
clude appliance type and its operating characteris- 
tics (for example, fuel/air mixture, flame temper- 
ature and geometry) and reduced ventilation and air 
infiltration rates expected to be Emposed because of 
energy conservation measures. Work in progress con- 
cerns the dispersion, transformations, and ultimate 
fate of canbustion-generated indoor pollutants. The 
physical and chemical transformations depend on the 
many constituents (gaseous and particulate) present 
in the air, on temperature and humidity, and on the 
effects of walls and other materials on the ultimate 
fate of various species. 
volves detailed analysis and experiments with var- 
ious ventilation and air circulation systems. 

Studies using an experimental roan with an air 
volwne of 27 m3 have characterized the emissions 
from a new gas stove operating in the room with air 
exchange rates from 1/4 to 10 air changes per hour. 
Well-constructed new single-family houses have air 
exchange (ventilation and infiltration) rates on the 
order of 1 air change per hour (ACPH). Older houses 

This phase of the study in- 

LJ 
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I 
I 

and most new houses have a i r  exchange rates of 2ACPH 
or higher. Energy conservation measures which would 
l i m i t  the a i r  exchange rate  in new houses to  1/4 t o  
1/2 ACPH are now being considered by s ta te  govern-% 
ments and the Rderal government. 

ory studies have shown that gas 
stoves generate extremely high concentrations of 
such species as CO, NO, m, respirable aerosols 
(size 41) pm) , and particulate sulfur when the a i r  
exchange rate is controlled t o  less than 1 ACPH. 
The results of one such experiment are given in 
Table 1 and are canpared with typical polluted ur- 
ban outdoor air .  This experiment was  mductedwith 
the a i r  exchange rate a t  1/4 ACPH and with the oven 
of a new gas stove on for the f i r s t  hour of a 3-hour 
measurement period. While these laboratory studies 
do not necessarily duplicate "real world" situations, 
they clearly demonstrate the types and levels of a i r  
pollutants one could expect under low a i r  exchange 
rates for buildings; these rates may be required in 
order t o  meet new energy conservation performance 
standards for buildings. 
have already been demonstrated in f ie ld  experiments 
with six "leaky" houses where a i r  exchange rates 
were on the order of a few a i r  changes per hour. 

Such "real world" findings 

PLANNED ACTMTIES FOR 1977 

Laboratory investigations now in progress include 
detailed studies of nitrogen canpounds in the indoor 
environment. Of particular interest are the high 
NO~JO ratios observed in the laboratory and f ie ld  
studies. In addition to  NO and NO2, considerable at- 
tention is being given t o  such gaseous-species as K N  
and NH3 and particulate species as NO3, w, and or- 
ganic nitrogen compounds. Analytical procedures for 

€EN and NH are currently being developed. Gas chro- 
matography?mass spectrometry (GC/MS) analyses for or- 
ganic aerosol species w i l l  also be explored in future 
studies. Detailed a i r  circulation, ventilation, and 
infiltratipn measurements w i l l  be performed in future 
f ie ld  and laboratory experiments using a i r  flow sen- 
sors and sulfur hexafluoride as a tracer gas for a i r  
exchange rate determinations. 

Combustion-generated indoor a i r  pollution w i l l  
be studied in  several occupied residential buildings 
in 1977. The buildings w i l l  be selected on the ba- 
sis of residential building type, indoor combustion 
sources, occupancy patterns, and a i r  circulation, 
ventilation, and infil tration factors. 

considerable time are cmercialbui ldings such as 
office buildings, and schools and other public o r  
semipublic buildings. Modern camnercial buildings 
are usually engineered so that the circulation and 
infil tration of a i r  are controlled, and public health 
regulations often require certain minimum air-circu- 
lation rates, usually for the purpose of decreasing 
transmission of infectious disease. However, signif- 
icant attention is seldom, if ever, given t o  the pub- 
l i c  health role of a i r  pollution generated by indoor 
sources. Combustion-generated indoor a i r  pollution 
in these buildings will be studied in subsequent 
phases of this  project. 

Other indoor environments in which people spend 

REFERENCES 

1. Energy Conservation Standards for New Buildings 
Act of 1976, U. S. Public Law 94-385, 90 Stat. 
1125, 42 USC (August 14, 1976). 

Table 1. Air pollutants observed from a gas stove operating in an experimen- 
t a l  room a t  a controlled a i r  exchange rate of 1/4 a i r  changes per hour.a 

Typical peak 3-hr measurement period 
Parameter as oven on Gas oven off polluted urban ~ 

measured :-hr average) (2-hr average) levels 

( P I  .8 .8 35 60 10-20 

No ( P I  .005 .040 0.8 1.2 .2-.5 

9 (PFPn) ,045 .050 2.5 2.5 .2-.5 

a 2  (PFan) ,005 .005 .010 .020 .l-.5 

10-20 13 14 

3000K 200K 100-4000K Aitken nuclei 20K 4oK 
(no. /an31 

Submicron aero- 
sol mass median .2-.3 .2-.3 .08 . 2  .2-.4 
diameter (w) 

3 %easurements a t  center of 27 m room for 3-hr period (gas stove oven operating 
for f i r s t  hour only). 
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POPULATIONS AT RISK TO AIR POLLUTION 

* * * 
C. D. Hollowell, S. T. Sacks, W. Winkelstein, Jr., 

D. M. Austin,+ and D. W. Merrill, Jr.+ 

INTREUCI'ION 

A project to assess the populations at risk t o  
various air pollutants was initiated in July, 1976, 
under funding from the U. S. Environmental Protec- 
tion Agency (€PA). This 2-year research project is 
divided into three main tasks, the first to be can- 
pleted by July, 1977, and the second and third to 
be canpleted by July 1978. 

Task One involves the creation of a set of in- 
tegrated primary data bases containing data on socie 
economic and demographic characteristics, air pollu- 
tion levels for several important pollutants, mete- 
orological parameters, and the developnent of mor- 
bidity and mortality statistics for the United States 
on a county basis. Task Two involves the detemina- 
tion of the populations at risk to various air pol- 
lutants, and Task Three involves the analysis of as- 
sociations between air pollutant levels and various 
indices. 

The set of data bases to be created in Task One 
will be interfaced to efficient and sophisticated 
canputer Sfonnation storage, retrieval, and display 
systems (including canputer-generated color maps, 
charts, and graphs). The four categories of data 
bases to be created are: 

Socio-economic and demographic data base. 1. 
The socio-economic and demographic data base h o w n  
as Socio-Economic En ironmental Demographic Infonna- 

is available for use. The SEEDIS system contains 
most of the 1970 Census of Population and Housing 
for the nation in detail, as well as a variety of 
other data on empluyment, manufacturing, agriculture, 
water resources, cause of death, transportation, in- 
cane, economic factors, and a large geographic data 
base of state, county, and census tract boundaries. 

tion System (SEEDIS) P has been developed at LBL and 

2. Air-quality and emissions data bases. The 
SARQAD (air quality and NEDS [ emissions) data banks 
of EPA for 1975 will be obtained in machine-readable 
fom for total suspended particulates, SOz, q, 
photochemical oxidants, carbon monoxide, hydrocar- 
bons (methane and nonmethane), sulfates, and nitrates. 
Extrapolations and interpolations in space and time 
will be required to fill gaps in the air qualitydata. 
It is expected that only strainhtfonvard techniques 

recourse to auxiliary data sources. As it is most 
likely that the above data bases contain adequate in- 
formation on only three or four of the pollutants, 
only limited analysis can be done on the others. 

3. Meteorological data base. Limited meteoro- 
logical data fran the U. S. Weather Bureau are avail- 
able at LBL and will be processed if appropriate to 
this project. The sumnary meteorological data base 
fmn EPA's Hunan Studies Laboratory will be acquired 
and processed. 

4. Health statistics data base. The 1970 and 
1975 mortality data will be acquired from the 
National Center for Health Statistics. Geocoding 
these data by SMSA and county will be undertaken in 
order to correlate them with the air quality and 
socio-econanic and demographic data. Morbidity data 
will be analyzed from small area surveys, including 
the 3rd National Cancer Survey. It will be possible 
to integrate such heterogeneous data with the above- 
mentioned data bases only with additional support. 

The geographical subunits to be used in the ini- 
tial populations-at-risk assessments of Task Twowill 
be counties of the entire United States. Wherever 
there are multiple sampling sites within a limited 
geographical area (for example, states or counties), 
optimum data utilization will require knowledge of 
the latitude and longitude coordinates of individual 
monitoring sites, emissions sources, and approximate 
centroids of sub-county geopolitical units (for exam- 
ple census tracts). Ccanputer programs developed at 
LBL will be used for this purpose. Extrapolations 
and interpolations in space and time may be used to 
estimate air pollutant concentration data and corre- 
late these data to observed and extrapolated air 
quality data. 

identified and a particular distribution of air- 
pollutant concentration has been assigned, it will 
be possible to estimate directly from the SEEDIS 
data base the populations exposed to various air 
pollutants. These estimations will be broken down 
by a variety of census-determined characteristics, 
including such parameters as age, sex, indices of 
econanic status, occupational history, ethnicity, 

When all of the geographical subunits have been 
I 

L; 
using the above data b& wili be applied, without and nativity. ihving- identified the population sub- 



units and air pollution characteristics, we will 
then estimate various high-risk groups by geograph- 
ical area for the entire country. 

Task Three will entail the analysis of the dis- 
ease effects of air pollution through the use of 
step-wise multiple regression analyses. The depen- 
dent variables will be (1) general mortality as well 
as disease-specific mortality, and (2) disease- 
specific morbidity, if available. Using the census 
data for each of the geographical subunits, nonnal- 
ized self-weighting age-adjusted indices will be 
canputed. These indices will be used as the depen- 
dent variables in a series of step-wise multiple re- 
gression analyses of 1970 census tract characteris- 
ticsdivided into five groups consisting of ethnic, 
industrial, social, physical, and econanic factors. 
The physical factors may include meteorological data 
as well as air pollution data. 

AC(3WLI-S mING 1976 

Specific project goals have been clearly identi- 
ed on the creation fied,with initial attention fo of the data bases of Task One. 59 9 

Sources of mortality, air quality, and emissions 
data within various ERDA laboratories as well as the 
EPA have been identified. 
tasks were begun in 1976; these tasks are in various 
stages of canpletion and are described below. 

Several ccanputer-related 

In order to facilitate cmunication between 
LBL, PA, and other institutions, a ccanputer tele- 
conference has been established in the DEC PDP-10 
canputer of Bolt, Beranek, and Newnan in Cambridge, 
Massachusetts. The teleconference program, named 
PLANET, is the product of Institute for the Future, 
in Menlo Park, California. Participants having 
MODEM-equipped 30 char/sec computer terminals may 
access the teleconference directly via either 
TELENET or the ARPANET, 

many different locations, kccount numbers have been 
established in cq?rputers at the following locations: 

In order to facilitate access to data files in 

(LBL) Lawrence Berkeley Laboratory, Berkeley, 
California 

@PA) Environmental Protection Agency, Research 
Triangle Park, North Carolina 

(BNL) Brookhaven National Laboratory, Upton, 
New York 

(BFN) Bolt, Beranek, and Newman, Cambridge, 
Massachusetts 

(ANL) Argonne National Laboratory, Argonne, 
Illinois 

(ORNL) Oak Ridge National Laboratory, Oak Ridge, 
Tennessee 

- 

(LLL) Lawrence Livennore Laboratory, Livennore, 
California 

(PNL) Pacific Northwest Laboratory , Richland, 
Washington 

Alamos, New Mexico 
(LASL) Los Alamos Scientific Laboratory, Los 

(MITI Massachusetts Institute of Technology, 
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- 
Cambridge, Massachusetts 

California 
; (SI) Stanford Research Institute, Menlo Park, 

(STAN) Stanford University, Stanford, California 
(UCLA) University of California at Los Angeles 

NCB) University of California at Berkeley 
(NYU) New York University, New York, New York 
( E L )  Battelle Columbus Laboratories, 

Columbus, Ohio 
(TYM) TBEHARE, Inc., Cupertino, California 
(ABAG) Association of Bay Area Governments, 

Berkeley, California 
(CCA) Canputer Corporation of America, 

Cambridge, Massachusetts 
(SLAC) Stanford Linear Accelerator Center, 

, Stanford , California 
Canputer accounts have been officially opened at the 
first four locations, which will be heavily used in 
this project. Accounts at the other locations have 
been provided free of charge on a limited-use basis, 
for exploratory use and the retrieval of small files 
that may be required. A Textronix 4923 cassette re- 
corder has been connected to a computer terminal and 
successfully used to retrieve small data files fran 
all of the above canputer installations. Several 
files to be used directly in this project have al- 
ready been transferred. These include the following: 

(fran EPA) conversion dictionary, !%ROAD to 
FIPS county codes 

(from BNL) portions of MEDAEA medical database 
(fran EPA) portions of APPAR population-at-risk 

data base 
(from EPA) portions of EDS Energy Data System 

data base 
(from EPA) portions of AEROS, .from AEROS 

Terminal System (ATS) 
( f m  BNL) U'R4 to latitude-longitude conver- 

sion programs 
(fran ABAG) programs for conversion of geograph- 

ical data bases 
(from BNL) portions of NEDSNE @EDS data for 

New England) 
(fran O N )  specifications for IwmlE data ex- 

change standard 
(from ORNL) FUSTIC technical memo 
(fran BBN) transcripts of PLANET teleconfer- 

ences 
(from TYM) transcripts of PLANET teleconfer- 

ences 
(fran ORNL) portions of LLL survey of data 

bases 
(fran O N )  bibliographic data fran ERDA-RECON 
(from ORNL) descriptions of software for geo- 

graphical data bases 
(from ANL) descriptions of software for geo- 

graphical data bases 

Two data sets on cancer incidence and mortality 
have been loaded into the LBL system. They are (1) 
the U. S. Cancer County Mortality data for 1950-1969 
used recently by the National Cancer Institute to 
generate an "Atlas of Cancer Mortalitv," and (2) the 
Third National Cancer Survey, 1969-1971, which 
contains canplete cancer incidence data for nine 
areas of the U. S. 

PLANNED mIVITIES FOR 1977 

Several items are on the agenda for the coming 
year. These include: 

1. 
bases; 

Canpleting the loading of the required data 
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2. Putting subsets df the data base into CARTE 
input format for production of selected black-and- 
white and color maps (U. S. by county). 
w i l l  provide the basic guidance necessary in planning 
detailed studies of the project and include: 

These maps 

a. Maps of a i r  quality data for examining 
the validity of various measurement meth 
ods. For example, it would be useful t o  
prepare maps of So2 obtained with the 
EPA reference method (pararosaniline 24- 
hour manual method) and equivalent instru- 
mental methods 0, W fluorescence, cou- 
lometric) in order t o  estimate the severe 
temperature dependence of the EP refer- 

Maps of mortality data for 1969-1971, in- 
cluding the National Cancer Institute's 
county cancer mortality data as an ini- 
t i a l  examination of the pattern of mor- 
ta l i ty  due t o  various disease outcanes; 

c. Maps by county of 1970 census variables 
of primary interest such as age, sex, 
race, education, income, housing charac- 
teristics, and occupation; 

SARQAD a i r  quality data fram 1975 w i l l  be in- 
vestigated for measurement techniques, quality as- 
surance, and completeness. 
data w i l l  be used extensively t o  estimate a i r  quality 
with simple models for those counties where no mea- 
surements or unacceptable measurements have been 
made. 
in making decisions regarding adequacy of a i r  qual- 
i t y  estimates based on the NEDS data. 

planned but may be revised depending upon the con- 
tent of the final data bases. 
analyses include: 

a. 

ence method recently recognized; 4 
b. 

3. 

It is expected that NEDS 

Black and white maps w i l l  be used extensively 

4. Certain preliminary s ta t is t ical  analyses are 

These preliminary 

Examination of mortality data for every 
ci ty  with a population of 250,000 or 
greater in relation to the pollutant data 
available for these urban areas; 

b. Calculation of correlations between spe- 
cific causes of death and various pollu- 
tants. High correlations w i l l  in i t ia te  
further investigation of subsets of these 
data; 

Comparison of mortality rates of nonur- 
ban areas. Important variables such as 
age, race, sex, socio-economic status, 
as well as pollutant level, w i l l  be taken 
into account. 
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HEALTH AND SAFETY IMPACTS OF NUCLEAR, 
AND FOSSIL-FUEL ELECIXIC GENERATION I N  CALIFORNIA* 

A. V. Nero, T. A. Bertolli, J. Bodington, I.N.M.M. Bouromand, R. J. h d n i t z ,  G. D. 
Case, T. A. Choy, J. A. Daily, M. R. K. Farnaam, R. W. Sawyer, 

M. S. Quimby-Hunt, Y. C. Wong, and W. W. S. Yen 

INTRODLlCTION 

The Health and Safety Impacts project has been 
performed for the State of California Energy Re- 
sources Conservation and Developnent Cmission 
(ERCDC) primarily t o  support the effort of the 
ERCDC Facilities Siting Division t o  establish a meth- 
odology for the review of the health and safety as- 
pects of proposed electric generation sites and fa- 
cilities. 
lated aspects. The first has been to  assemble in- 
formation on applicable health and safety standards 

The work has involved two closely re- 

and t o  review the present understanding of the im- 
pacts which nuclear, geothennal and fossil-fuel 
power plants may have on the health and safety of 
the public and of employees. The second has been 
to  set forth detailed methodologies which may be 
employed in the review of proposed facil i t ies.  An 
important result of this  dual effort has been t o  
identify areas where new information or new stand- 
ards should be developed in order t o  establish a 
satisfactory review methodology. 
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The project began on July 1, 1976 and has been 
essentially completed except for possible modif ica- 
tion of the project reports, now in draft form, 
which should be available in final form by April 1, 
1977. 

ACcoMpLI!%lENI'S DURING 1976 

The three technologies treated in  this  work; 
nuclear, geothermal, and fossil-fuel, have substan- 
t i a l l y  different potential impacts. 
son, much of the work and many of the resulting re- 
ports have drawn a conventional distinction between 
nuclear p e r  plants and geothermal and fossil-fuel 
power plants, and, by association, between radio- 
active pollutants and conventional pollutants. How- 
ever, as much as possible,the resulting reviewmeth- 
odologies have used similar structures. 

Health and Safety Imp acts and Related Standards 

The major emphasis has been on potential impacts 
on the public, which occur largely through emissions 
of radioactive or conventional pollutants into the 
air. Known and possible health effects of these 
emissions have been identified and discussed, and 
related standards for the protection of the public 
have been examined for their  effectiveness consider- 
ing the control t e b o l o g i e s  which are currently, 
or may shortly be, available. 

A strong distinction may be drawn between the 
effects of routine emissions and accidental releases 
frm these plants. For a l l  the technologies consid- 
ered, substantial regulatory apparatus and standards 
exist for control of routine emissions, and, al-  
though there are areas where improvements should be 
made, this structure provides a substantial and 
largely adequate measure of protection for the gen- 
eral  public. In each case the standards are based 
on large amounts of research, either epidemiological, 
clinical, or biochemical. For radioactive pollutants 
the results of this  work have been adequate t o  es- 
tablish standards that are closely related to  actual 
estimates of the health effects of these pollutants.. 
For conventional emissions the information is gener- 
a l ly  not adequate t o  make such estimates, but it is 
adequate t o  support the establishment of standards 
which would effectively protect the public health. 
Based on the rough estimates which have been made, 
it appears that the public health effects of conven- 
tional emissions from a fossil-fuel plant are more 
substantial than the radioactive emissions from a 
nuclear plant of similar size. 

causing considerable ham t o  the public, should a 
large accidental release of radioactivity occur. 
Accidents of corresponding severity, in their  ef- 
fects on the public, cannot be associated with geo- 
thermal and fossil-fuel plants. A substantial por- 
tion of the work, therefore, has been devoted t o  an 
examination of the probability and consequences of 
nuclear plant accidents and t o  consideration of the 
means for mitigating the potential danger t o  the 
public. While the present work has not been exten- 
sive enough t o  make important independent contribu- 
tions t o  the understanding of these matters, it has 
served t o  c lar i fy  the manner in which previous work 
may be used in establishing a structure for an ERCDC 
review of the safety of proposed faci l i t ies .  

For this rea- 

However, a nuclear plant has the potential for 

The potential effects of noise production and of 
power plant emissions into water are less important 
than emissions into a i r ,  and have been treated only 
briefly. Moreover, the impacts of plant operation 
on workers are controlled via occupational safety 
and health regulations canmon t o  a l l  industrial fa- 
c i l i t ies .  Although in some cases the overall im- 
pact on workers may be more severe than on the pub- 
lic, occupational exposures are not considered in the 
same light as public exposures because of the in- 
creased benefit the worker gains frm operation of 
the facility. Nevertheless, control of these h- 
pacts through the implementation of OSHA standards 
is a subject of review by the ERCDC. 

so be examined t o  minimize either routine emissions 
or the potential for accidents. For nuclear power 
plants, these matters are reviewed in detail by the 
Nuclear Regulatory Commission. The extent t o  which 
the ERCIX might eventually involve itself in plant 
engineering is uncertain and greatly affects the 
nature of the review process. Many engineering 
standards (as distinguished from regulatory stand- 
ards) are available for use in the design of plants 
and in their  review, but a substantial effort would 
be necessary t o  select standards for use in the 
regulatory process. 

The engineering of the plant faci l i t ies  may al- 

Methodologies for Review of Proposed Sites and 
Facilities 

Based on existing information on the health and 
safety impacts of nuclear, geothermal and fossil- 
fuel power plants, and on related standards, we have 
formulated possible methodologies for review of pro- 
posed s i tes  and facil i t ies.  These methodologies rely 
as much as possible on regulatory standards, par- 
ticularly for emissions from the plants. Even in 
these instances, canpliance with certain types of 
standards, such as a i r  quality standards, can only 
be checked on the basis of detailed analysis by the 
ERCDC staff  of related agencies. 
such as those related t o  s i t e  characteristics, the 
staff may have t o  rely on expert advice in reaching 
a judgment on site suitability. 

The form of the methodologies has been deter- 
mined by the structure of the ERCDC review process, 
which is divided into a Notice of Intention (NOI) 
review, wherein a number of sites are examined as 
t o  suitabil i ty for generic plant t e, and an 
Application for Certification (AFCyreview, wherein 
the details of the proposed faci l i t ies  may be ex- 
amined. A t  the various stages of proposed No1 meth 
odologies, the subjects examined are: a i r  emissions, 
water emissions, noise, waste disposal , and geophys- 
ical  and developmental site characteristics. 
possible AFC methodologies involve methods for as- 
suring compliance in the matters reviewed a t  the 
NDI, examination of the performance of emission con- 
t ro l  equipment, and review of the safety and gener- 
a l  engineering of the facil i t ies.  

Areas Where Further Work is Required 

Existing health-related standards are largely- 
adequate for the general protection of the public. 
In specific areas, such as standards for convention- 
a l  particulates, considerable improvements are pos- 
sible. For radioactive materials most of the ev- 

In many areas, 

The 
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idence suggests that only minor adjustments in stand- 
ards for individual radioactive species w i l l  take 
place. 

For conventional pollutants a substantial effort 
w i l l  be required t o  develop the information t o  make 
an actual assessment of health impacts. (For rad ie  
active emissions, estimates of such impacts may be 
made now.) Such assessments w i l l  be very useful for 
choosing between alternative sites or, ultimately, 
between alternative technologies. 

For nuclear power plants further work is re- 
quired t o  develop the capability t o  perform site- 
specific analyses of the potential impacts of large 
accidental releases of radioactivity. Such analysis 
may serve as a basis for establishing and maintain- 
ing low population zones near nuclear power plants. 
Both this  analytical capability and the tools for 
controlling population growth must be developed. 

involve i tself  in the engineering review of pro- 
posed faci l i t ies  needs t o  be examined carefully. 
For either a few or many engineering areas, this 
may involve establishing standards and a correspond- 
ing review process that rel ies  heavily on a quality 
assurance program, or leaving review t o  other agen- 
cies or to the plant designers. 

The alternative manners in which the ERSDC may 

In any case, it is clear that although enough 
information presently exists t o  establish an ini- 
t i a l  review process, this  process w i l l  be improved 
as work in the above areas, and others is carried 
out. 
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1momm10N 
The principal goal of the Atmospheric Aerosol 

Research Group's program is to  understand the for- 
mation and transport of particulate and gaseous pol- 
lutants from fossil fuel combustion. During 1976 
our major efforts were directed toward (1) studying 
certain atmospheric chemical reactions under labora- 
tory conditions, (2) applying and developing tech- chemical heterogeneous reactions. Such reactions 
niques for the chemical and physical characferiza- 
tion of specific pollutants, and (3) studymg 
pollutant behavior in the field. 

tute up t o  80% of the dry mass of atmospheric aero- 
sol particles. It  is therefore important t o  under- 
stand the chemical mechanisms responsible for their  
formation. It is also important t o  examine the rel- 

ative significance of homogeneous (gas-phase) and 
heterogeneous (gas-particle) reactions in the forma- 
tion of major pollutants. 
have emphasized gas-phase reactions in general and 
photochemical reactions in particular. Considerably 
less effort has been devoted t o  studies of nonphoto- 

seem t o  be important, however, because episodes of 
heavy aerosol pollution do occur under typicallynorr 
photochemical conditions, that  is, when the concen- 
trations of photochemical reaction products such as 
ozone are low or negligible. 

Under such conditions the aerosol particles 
should consist of primary particles and secondary 
species produced in nonphotochemical, probably gas- 

Most studies in the past 

Sulfur, nitrogen, and carbon compounds consti- 



particle, reactions. We have therefore begun a sys- 
tematic field study, using our newly equipped Mobile 
Atmospheric Research Laboratory, t o  characterize the 
frequent wintertime pollution episodes in the Berke- 
ley area. 
smer when the manifestations of photochemical smog 
type reactions become pronounced. A careful canpar- 
ison of aerosol behavior under these two distinctly 
different situations w i l l  enable us t o  differentiate 
the relative contributions of photochemical and non- 
photochemical reactions t o  the formation of specific 
pollutants. 

These f ie ld  studies are intimately connected 
with our ongoing laboratory experiments anthe forma- 
tion of pollutants. Because most of the a i r  pollu- 
tion is caused by the combustion of fossil  fuels, it 
is of interest t o  investigate the formation of par- 
ticles in flames and t o  study the chemical interac- 
tions between these particles and the principal pol- 
lutant gases. The results of two such studies are 
reported here. One deals with the production of car- 
bon particles in well-defined premixed flames, while 
the other deals with the chemical reaction of carbon 
particles with monia .  

We have continued t o  place heavy emphasis on the 
chemical characterization of aerosol species by phys- 
ical methods. Two novel methods have been under de- 
velopnent during the past year. A nuclear activati'on 
method for the determination of total  particulate 
nitrogen was developed and tested with both synthet- 
ic and ambient particulates. We have also investi- 
gated the feasibil i ty of using optical attenuation 
by ambient particulates t o  determine total  partic- 
ulate carbon concentration. , 

These studies w i l l  be extended into the 
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The chemical characterization of ambient, source 
enriched, and synthetic aerosol particles by means 
of vibrational spectroscopy, provides a promising way 
of obtaining molecular and structural information 
about these materials. We are using both Raman and 
infrared spectroscopy for this  purpose. The two 
techniques am complementary. A newly acquired rapid- 
scan Fourier-transform infrared spectraneter has . 
greatly expanded our capabilities. The applications 
of these methods to  laboratory studies and t o  anal- 
ysis of ambient particulates are described in this  
report. 

(ESCA) has continued to  play an important part in 
our work as a convenient method for the chemical 
characterization of ambient and other particulates. 
The results obtained by this  technique are presented 
for samples collected in Berkeley and in a collab- 
orative ERDA project known as the Da Yinci .Exper- 
iments. These experiments refer  t o  two manned bal- 
loon flights, Da Vinci II-and Da Vinci 111, carried 
out during the spring and s m e r  of 1976. The pur- 
pose of these fl ights was t o  follow the St. Louis, 
Missouri, mixed urban- industrial plume. 
collected in  these fl ights were analyzed by X-ray 
fluorescence and X-ray photoelectron spectroscopy. 
The principal results of these analyses 
in  this  report. 

- Photoelectron spectroscopy for chemical analysis 

Samples 

POLLUTANT FORMATION SIUDES 

Understanding soot formation phenomena and prop- 
er t ies  of soot particles produced in  flames is of 
considerable importance from both the industrial and 
the environmental point of view. Knowledge of the 
radiation properties of particles formed in flames 
is important for improving thermal efficiencies of 
power plants and industrial furnaces. Soot particles 
are a major source of a i r  pollution in  themselves, 
and they also aff t the rate of NO, CO, and hydro- 
carbon formation. fc Furthermore, catalytic reaction 
on suspended soot particulates plays an important 
role in oxidation of SO2 t o  sulfate.2 Reactions be- 
tween nitrogen oxides and carbonaceous solids are 
also of interest for control of & emissions.3  his 
suggests that fine particles (about 70-100 A)4 gen- 
erated in  nonluninous, "clean" flames can be very 
important in these reactions because of their  large 
surface area. 

There is not much information on the properties 
of these particles because of the many parameters 
that influence combustion processes. Most of the 
reports on this  subject concern the initiation and 
characterization of the soot particles within the 
flame, or the soot emitted by flames as carbon 
black. This characterization was usually done by 
measuring the amount of scattered light or by prob- 
ing the gases and analyzing deposits with the elec- 
tron microscope.5 These techniques do not give much 
information on the properties of soot particles from 
the "nonsooty" flames, and the question of what hap- 
pens t o  these nuclei after they leave the flame re- ' 
mains unanswered. 

-plate flat-flame burner 
was used in the study of a premixed acetylene-air 
flame. Figure 1 shows a schematic of the experimen- 
t a l  setup. The burner is located in a stainless 
steel combustion chamber which prevents entrainment 
of combustion products with dir ty  laboratory air .  
A sheath of nitrogen gas around the burner minimizes 
the mixing of fresh gases w i t h  old canbustion prod- 
ucts. 
diluted with clean a i r  used for different gas and 
solid phase analyses. Flames obtained in this  burner 
are stable and w e l l  characterized for a large range 
of combusion parameters. Acetylene was used in this  
study because its flammability limits are wide (2.5- 
80% acetylene in an acetylene-air mixture)6 and the 
flames are very stable. The acetylene was purified 
and metered before mixing with fi l tered dry com- 
pressed air. Perfectly f l a t  flames were obtained 
for a range of equivalence ratio (I$) of 0.7 t o  1.4. 
Flames richer than this  tend t o  become polyhedral. 
A t  I$ = 1.8, the flame becomes lminous and carbon 
particles are detectable t o  the eye. Flame temper- 
ature was measured using a 0.0076-an diameter Pt-Pt,  
10% Rh thennocouple. The maximun flame temperature 
was 1794°K for a stoichianetric mixture (4 = 1.0) a t  
a flame velocity of 21 an/sec. 
remained uniform t o  k l %  of maximum temperature ex- 

Part of the burned gases is probed and then 

Flame temperature 
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Fig. 1. Schematic of experimental setup. A mixture of dried purified 
air and acetylene is metered and then burned, producing a f l a t  
flame. Part of the combustion product is sampled at different 
locations and diluted before analyses. @BL 773-652 ) 

cept at  the very edges where mixing with the cool 
ambient air occurs. Heat losses t o  the burner were 
measured for different flow rates and equivalence 
ratios. Adiabatic flame temperature and flame ve- 
locity were calculated by extrapolating data t o  zero 
heat loss. Maxirmm adiabatic flame velocity of 135 
an/sec at $I = 1.0 was found. Assuming f law is con- 
trolled by a single overall reaction obeying the 
simple Arrhenius rate e ression, the activationen- 
ergy of E = 48210) kcal?K was obtained (Fig. 2). 
Experiments were repeated for total  flaw ratios of 
10-35 l i t e d m i n .  Increasing the total  flow rate 
increases the distance of the flame relative t o  the 
burner surface. Heat removal becanes less efficient 
and the flame becanes more adiabatic. 

Elementary studies of number and size distribu- 
tion were made using an Electrical Aerosol for 
Mobility Analyzer (EASA) and a Condensation Nuclei 
Counter (CNC) . Based on these studies, art icles 

cles/cc are detected. We are also investigating the 
effects of hwnidity and other canbustion parameters 
on the particle size distribution using X-ray phot* 
electron spectranetry t o  study the surface chemistry 
of carbon deposits. 

2. 
Anunonia 

The surface of a carbon particle contains many 
active sites as a result of the unsaturation i n  
valency of surface atans and can therefore readily 
react with many chemical species, resulting in the 
formation of surface functional groups. These sur- 
face species can modify the catalytic activity of 
the carbon particle. Therefore it is important t o  
identify the surface species in order t o  understand 
the catalytic nature of the carbon particle. 

of 50-200A and concentrations of 108-10 P 2 parti- 

Surface Reactions of Carbon Particles with 

2oom 

I 
3 4 5 6 7 8 

IO4/ T ( O K ) "  

Fig. 2. Flame velocity of the f l a t  acetylene flame 
S25 (normalized t o  25°C unburned gas) as a 
function of inverse tempera ure. An 
Arrhenius-type equation S2 = ke-E/RT when 
E = 58510 kcalp K f i t s  the Lta. Adiabatic 
flame velocities are obtained by extrap- 
olating the data t o  equilibriwn adiabatic 
flame temperatures. (XBL 773-650 ) 



With the use of ESCA, have been invest 
the structure of surface nitrogen species 'that can 
be produced after exposure of a fresh graphitic car- 
bon particle surface, to NH3 at roam temperature. 
This nitrogen species could be in the followingchem- 
ical fom: an intercalation compound, a heterocy- 
clic compound, a coordination campound, and/or adis- 

chemisorbed species on the particle sur- 
ray diffraction technique has been applied 

to these samples and the results seem to rule out 
the possibility of the existence of an intercalati 
compound. Mass spectrcsneter analysis of the species 
caning off at high temperatures is in progress. In- 
vestigation of the chemical reactivity of this nitro- 
gen species is also under way. 

- Infrared spectra of the gr 
ensive grinding in an atmosphere of monia 
en successfully obtained as shown in Fig, 3a. 

Fo: comparison, infrared spectra of the particles 
ground under identical conditions in an atmosphere 
of lair and Xe have also been made, as shown in Fig. 
3b:and 3c. The vibrational frequencies observed are 
sunmarized below, with (S), 0, and 0 indicating 
strong, medium, and weak absorptions: (1) grinding 
in anrnonia, 1160(S), 1320(W),1400~,1450(W) lS80(S), 
16600,2840(W), 2910 (W), 3200 @), 3350 0 an-\; (2) 
grinding in oxy en, 800(M), 1380(S), 1580(S), 17000, 

an-1. These frequencies will be assigned when the 
isotope study now in progress is finished. 

and 17200 an- H ; and (3) grinding in Xe,15800 

3. 
Spectroscopy . _  

Study of the Activation'of Graphite Using Raman 

Activated carbon is a well-known surface chem- 
ical and 'catalytically active material used in many 
important industrial processes. 
as being made up -of small crystallites of the order 
of 25 A in size, which have layered graphitic struc- 
ture. 
thought to be due to functional groups containing 
oxygen and hydrogen that are attached to the sur- 
face of these crystallites. However, the nature 
and the formation mechani- of these species are 
not well understood. Such an understanding could 
help to tailor the catalyst for particular needs. 

There have been several investigations of thes 
species using the infrared technique, but these have 
had only limited success because of the difficulty 
in taking spectra on the- highly absorbingxarbun sub- 
strate; -Our initial attempts in using the Raman 
scattering technique, which in many ways is canple- 
mentary to the infrared technique, have been encour- 
aging. We believe that this is the first attempt to 
apply this spectroscopic technique to the character- 

ion of surface species on activated carbon. 

It can be viewed 

The chemical activity of the material is 

It is difficult to apply optical spectroscopy 
to uncover the structure -of surface species on car- 
bon because of the high absorption coefficient of 
the carbon particle. We have employed a technique 
to increase the surface area per unit mass of car- 
bon to enrich the concentration of surface species 
in question. This is done by grinding a graphite 
sample in the presence of a desirable chemical re- 
actant. After extensive grinding the carbon par- 
ticles are mixed thoroughly with KBr powder and 
pressed into a pellet for infrared analysis. 
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Fig. 3. Infrared spectra between 600 and 4000~m-~ 
of: a) Graphite ground in an atmosphere 
of ammonia. b) Graphite ground in an at- 
mosphere of air. c) Graphite ground in an 
atmosphere of Xe . (XBL 772-424) 

Our approach is to use polycrystalline graphite 
as a model substrate and to study its Raman spec- 
trum as a function of activation temperature. The 
activation procedure involves exposure of the sam- 
ple to 02 + H20 for a period of 1/2 hour at various 
temperatures. Our results in Fig. 4 clearly show 
changes in the Raman spectmn as the activation 
temperature is varied. As the oxidation threshold 
for polycrystalline graphite is approached, the 
Raman mode near 1320 ana1 begins to decrease in in- 
tensity and a new sharp mode near 1620 an-1 appears. 
This behavior continues up to about 679C. As the 
temperature 's raised beyond this point to SOO'C, 

an-1 mode disappears. If we can assume that there 
are no large changes in the graphite substrate at 
these temperatures, then these spectral changes must 
be due to changes in surface species. It would be 
expected that the intensity variation of thesemodes 
would be a function of activation temperature if one 
assumed there is competition between two species for 
a fixed number of sites on the crystallite boundary. 
This picture is also quite consistent with t e ob- 
servation that the intensity of the 1350 an-p mode 
varies inversely with the crystallite size as deter 
mined from X-ray data. We are presently involved in 

the 1350 an- i mode grows in intensity and the 1620 
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Fig. 4. Raman spectra of polycry~talline graphite 
between 920 and 1950 an- as a function of 
activation temperature. (XBL 772-359) 

trying to establish that these m o d e s  are definitely 
due t o  surface species. We believe these exper- 
iments in combination with parallel measurement us- 
ing photoelectron spectroscopy w i l l  help clarify the 
surface chemical properties of activated carbon. 

ANALYTICAL METHODS D E E L O H E N T  

1. 
sols by Nuclear Reactions 

Determination of Nitrogen in Atmospheric Aero- 

Low-Z elements such as carbon, oxygen, nitrogen, 
and sulfur constitute the major fraction of urban 
atmospheric aerosols, yet there is presently no meth- 
od available for a rapid and nondestructive analy- 
sis of these elements. The X-ray fluorescence tech- 
nique, an important tool in the determination of 
heavy element concentrations, is of l i t t le  use for 

l o w - Z  elements due t o  large X-ray absorptive effects 
and low fluorescence yields. Sane other methods, 
such as canbustion, are destructive and thus do not 
allow other analyses t o  be performed on the same 
sample. We are presently developing a technique 
which uses activation analysis for the determination 
of the concentrations of these elements in aerosols. 
Fqeriments are almost canplete in the deve lpent  
of the technique t o  determine elemental nitrogen 
concentrations, the first low-Z  element which we in- 
vestigated. The technique involves u s 9  protons 
t o  induce the nuclear reaction 14N(p,a)l C and then 
following the &cay of l l C ,  a radioactive nuclide 
with a half-l ife of 20.4 minutes. 

A stacked f o i l  technique was used for the irrad- 
iation of the aerosol samples. A typical stack in- 
cluded a nitrogen standard, the aerosol sample t o  be 
analyzed, and aluminun beam degraders. The nitrogen 
standard used in our experiments, melamine (Cfl&), 
was prepared by vacuun sublimation onto a 0.001-in. 
aluninun foil .  The maxirman beam energy used in 
these experiments was 16.0 MeV; and by the use of 
h m  range-energy relationships, aluminun degraders 
were placed in the stack so that the proton energy 
a t  the standard was 9.2 MeV and a t  the ae sol s 
ple, 6.0 MeV. The cross section for the %@,a% 
reaction a t  these energies was determined in a pre- 
vious experiment. Previous experiments also deter- 
mined that the preferred collection f i l t e r  was the 
silver membrane f i l t e r .  A proton energy of 6.OMeV 
was choden for the aerosol sample for several rea- 
sons : 

L 

1. There is no interference fian the 12C(p,pn) 
l l C  reaction which has a 20.3-MeV threshold energy; 

2. There is minimum interference frm other 
reactions that pr uce activit ies with half-lives 
close t o  that of %; 

This energy is below the classical Coulanb 
barrier of 8.4 MeV for protons on silver. 

The target stacks were irradiated for 1 minute 
a t  a beam intensity of 1 pA a t  the LBL 88-inch cy- 
clotron. The decay of the l 1 C  and other positron- 
emitting species produced in the irradiation of the 
aerosol sample was followed by counting their  511- 

3. 

'o:*o 4 so0 550 600 6S0 100 TSO no 
Minutes after midnight 

Fig. 5, Decay curve for a typical Bay Area aerosol. 
(XBL 772-333) 
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keV annihilation radiation by means of a Ge(Li) 
multichannel spectraneter. The decay of the inte- 
grated intensity of the 511 peak for a typical Bay 
k e a  aerosol with a loading of 1 mg/an2 is shown in 
Fig. 5. The four major components have been iden- 
t i f i  
m i n  %, 110 mKgFi @ 6.5 hr 0 Cd. The 13N is 
produced fran 
is producefopan 

in this de y curve as 10. p yin 13N, 20.4 

in the aerosol, the 181: 
in the aerosol, and the snall 

Cd is produced fran the proton reaction 
the si1 r f i l ter .  The danin t c - 

aerosol. The components cari be resolved either by 
graphical methods or by a more exact computer treat- 
ment using the CLSQ program. A computer treatment 
of the decay axrve shown in Fig. 5 yields the count- 
ing rates a t  the end of bombardment, 4, for each of 
the ccenponents shown in Table 1. We note the good 
agreement between Ao values given by the computer 

Table 1. Ao values for the resolved components of 
Figure 5. 

nent by far is the % produced fran the E l -  N in the 

canponent 
no. 
1 

Half-life A() (counts/min) 

10.0 min 1.1720.03 X lo4 
2 20.4 min 3.2120.01 X lo4  

2 3 109.8 min ' 5.0620.07 X 10 

4 6.5 hr 1.2320.01 X lo2  
~ 

(3.2120.0lX104 c/m) and b graphical analysis 

a t  the end of banbardment is corrected for the 1 l C  
activity due to nitrogen in the silver fi l ter .  This 
was determined in a separate experim t and is typ- 

the nitrogen in the aerosol and the Ag(1lC) for the 
nitrogen standard are used to determine the amount 
of nitrogen in the aerosol by use of the folia 
equation: 

(3.220.2X104c/m). ,The i 1 C  activity in the sample 

ically a small correction. The Ao( If" C) due to  just 

aerosol nitrogen thickness &/an 2 ) - Nstdx '7s 14.007 
6.02X1 

~0 (%,aerosol) 

A*(%, std) 
X 

. -  x+w% 
where o(9.2 MeV)/o(6.0 MeV) .91 i the ratio of 
the cross sections for the 14N(~,u)l& reaction a t  
the standard banbarding energy and a t  the aerosol 
banbarding energy, and Nstd is the nunber of nitro- 
gen a t m  per centimeter squared in the standard. 

mine the reliability and accuracy of our technique, 
The f i r s t  such experiment involved the nebulization 
of a known amount of (NH4)2sO4 onto a silver f i l t e r  
and the canparison of the nitrogen determined by 
activation analysis w i t h  the hown nitrogen content. 

Various experiments were carried out to  deter- 

The results are shown in Table 2. The next exper- 
iments involved the analysis of an unknown nitrogew 
containing canpound by activation analysis and by 
combustion analysis. Cur analysis was carried out 
on three separate samples fran the same batch t o  
check our reproducibility. The results of these ex- 
periments are also shown in Table 2. Our most re- 
cent experiments have involved the analysis of four 
aerosol samples collected at LBL during an a i r  pol-. 
lution episode in the f i r s t  week of November 1976. 
These results are also sham in Table 2. Parallel 
quartz f i l t e rs  were sent out for separate combustion 
analysis, but the Its are not yet available. 

e 2. S w r y  of experun results for nitro- 
gen. 

~~ 

Sample Proton activation Independent check 
analysis 

FNl 5.320.3% - - 

FN2 5.4+0.3% 4.3% N (canbustion) 
FN3 5.4+0.7% - -. 

11-5-5 1622 pg/an2 
11-4 /52  5927 pg/an2 canbustion of parallel 
11-5-8 3625 pg/an 
11-5-11 46+3 pglan 

2 quartz (not available) 
2 

The activation analysis technique appears to 
work quite well for nitrogen determinations in a e m  
sol samples, but further experiments are needed to 
refine the technique and to verify this conclusion. 
The sensitivity of the technique for the determina- 
tion of nitrogen is -1 pg/an2 for the experimentsas 
carried out. 
with developing a method for the determination of 
other low-2 elements in atmospheric aerosols. 

Other future experiments will deal 

The total carbon content of atmospheric partic- 
ulates an readily be determined by canbustion tech-, 
niques.9 This method of analysis is rather time 
consming and is destructive of the sample. - It al- 
so requires a special substrate with virtually no 
carbon content. We have investigated the use of 
optical attenuation by ambient aerosol particulates 
collected on Millipore cellulose ester f i l ters  t o  
determine total carbon. This method is quick, non- 
destructive, and correlates well w i t h  carbon as de- 
termined by canbustion analyses. This correlation 
would be expected i f  a large fraction of the carbon 
content in  these samples were "graphitic soot ," 
which has a very large optical absorption cross sec- 
tion. Preliminary theoretical. calculations indicate 
that this correlation can be explained quantitative 
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Samples of ambient aerosol in Berkeley were col- 
lected simultaneously on 1.2-pm Millipore filters, 
and on quartz fiber filters that had been prefired 
to remove all canbustible carbon. Collection times 
were adjusted to yield a wide range of particulate 
loadings. Total carbon was determined fram the 
quartz fiber filters by canbustion in an wen at- 
mosphere, followed by separation and measurement of 
the evolved CO2 with a gas chranatograph/therm 1 
conductivity detector system. (Elueller et al.? de- 
scribe a similar system.) The values thus obtained 
were used to calculate the total carbon loadings on 
the corresponding Millipore filters. Optical atten- 
uation measurements were made with an apparatus in- 
corporating a photomultiplier as a detector and a 
1-mW &-Ne laser as a light source (A = 0.6328 pm) . 
A blank filter was assigned 100% transmission (Io) 
as measured with this system. The loaded filters 
were then sequentially placed in the beam with the 
loaded side toward the laser, and the transmission 
of each (IT) was measured. The ratio of IT/$ vs 
the carbon content as determined from canbustion is 
shown in Fig. 6. A linear least-squares fit to all 
data points below 40 vg of carbon has a correlation 
coefficient, r, of 0.944. Data points above that 
loading show a saturation effect which is predicted 
from theoretical considerations. 

+ 12-28129-76. 

Toto1 carbon ( p g / c m 2 )  

Fig. 6. Optical transmission of ambient samples as 
a-function of carbon content. 

(XBL 772-361) 

CkMWEfUZATION AM) TRANSFORMATION OF AMBIM 
AEROSOLS 

1. Application of Raman Spectroscopy to the 
Characterization of Atmospheric Particulates 

In order to better assess the origin and the 
environmental effects of airborne particles, it is 
important to explore new techniques for their chem- 
ical characterization. During the past year, we 
have successfully obtained Raman spectra of botham- 
bient and source-enriched particulate samples. As 
far as we how, this is the first application of 
this method to the a acterization of pollution 
particulate samples?s8 Although the Raman scatter- 
ing technique is in its early stages of development, 
it seems to hold considerable pranise as a non- 
destructive, sensitive, and highly selective method 
for the characterization of pollution particulates. 
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Fig. 7. Raman spectra between 920 and 1950 an-' 
of: a) Ambient sample collected in 1975 
as part of EPA's RAPS program. The sample 
was collected on a dichotanous sampler 
and was in the small size range fraction. 
The slit width was 8 A  (-25 an-l) and the 
integration time was 0.2 min/ch. b) Auto- 
mobile exhaust collected from a number of 
cold starts of a poorly tuned automobile 
using lead-free gas and having no cat- 
alytic converter. c) Diesel exhaust. d) 
Activated carban. e) Polycrystalline 
graphite. The slit width for samples b-e 
was 3 A (-10 an-1) , and the integration 
time was 0.1 min/ch. (XBL 767-3091) 
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Fig. 8. Raman spectrum of an ambient sample collected in 1975 as part of 
P A ' S  RAPS program in St. Louis, Missouri. 
lected on a dichotomous sampler (Loo e t  al., 1976) and was in the 
small size range fraction. The spectrum was obtained with a s l i t  
width of 3 A (-10 an-l) and integration time of 2 min/ch. 
lines denoted by an asterisk correspond to grating ghosts. 

The sample was col- 

The 

(XBL 7612-4489) 

The Raman spectra between 900 and 1950 a n - l  of 
ambient, automobile exhaust, and diesel exhaust par- 
ticulates are canpared with the spectra of activated 
carbon and polycrystalline graphite in Fig. 7. The 
close correspondence of the spectra strongly sug- 
gests the presence of physical structures similar to 
activated carbon in both source-enriched and ambient 
samples. These graphitic species are presmably of 
primary origin, and throughout the text we shall use 
the term "graphitic soot" to describe them. 

Typically about 10% of the weight in the small 
particle size fraction (6 2.4 p ) of the ambient sam- 
ples studied is sulfur. Therefore if the Raman 
cross section for sulfur species is canparable to  
that of "graphitic soot," we would expect to observe 
such species. In Fig. 8 we show the Raman spec tm 
of a heavily lQaded (= 400 pg/an2) St. Louis sample 
taken with longer integration times than in the pre- 
vious runs. The spectral lines characteristic of 
"graphitic soot" are again evident. 
sharp line is also observed near 976 on-!, whichwe 
assign to sulfate species. 
sharp line was canpared with that of the v vibra- 
tion of (NH4)2SO4 which was used as a stanLrf. The 
peak position was coincident to within +2 .an' 
which is the estimated experimental error. This 
suggests that the line is indeed due to (MIq)~SO4. 
It is clear from Fig. 9, which shows the Raman spec 
t ra  of sulfuric acid, ananoniun bisulfate, and am- 
moniun sulfate, that the Raman technique is  highly 
selective and can certainly distinguish between 
these species. 

Haw ver, a 

The position of the 

Fig. spectra of (NH 12SO4, NH4HSO4, and 
in the spectra4 region between 850 

and h S 0  an-1. These spectra were obtained 
with a slit width of 3 A (- 10 an-1). 

(XBL 7612-4487) 
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2. AQp lication of Infrared Spectroscopy to the 
Characterization of Atmospheric Particulates 

The amount of airborne particulate and the cm- 
centration of surface species can be very minute, 
and therefore a high sensitivity spectrometer is 
desirable. We have assembled a rapid-scan Fourier 
transform spectrometer,@luding a PDP-11 canputer 
and an EOCaM Model FMS 7001 P interferomter, 
which could increase the sensitivity by a factor of 
between 100 and 1000 Over the dispersive spectrom- 
eter in the infrared region. 

The high sensitivity and the wealth of chemical 
infonnatiun which could be obtained by this tech- 
nique are illustrated in Figs. 10 and 11. The spec- 
tnm shown in Fig. 10 is from particles collected 
in St. Louis ,  Missouri. The sample was prepred by 
transferring the particles fmn a Millipore f i l t e r  
onto a KBr window by simply pressing one against the 
other. In Fig. 11 the spectra of a sample collected 
in a winter episode in Berkeley is shown. 
micrograms of particulate matter were removed fran 
a silver membrane f i l ter ,  mixed thoroughly with 10 
mg of KBr powder, and pressed into a 3-rn diameter 
pellet. A I-brrick 4X TBS-VA variable angle beam 
condenser was used. Both spectra were taken using 
the transmission mode and cavered th spectral re- 

was obtained in less than 5 minutes. The spectra 
clearly indicate that airborne particulate material 
collected a t  both St. Louis and Berkeley contains 
NH4, SOi', and Mi- species among others. The as- 
signment of the absorption bands is listed in Table 
3. Routine infrared analysis of ambient partic- 
ulates in microgram quantities can now be made in 
this laboratory. 

Fifty 

gion between 500-4000 an-l. A 5-an- f resolution 

I I I I .  I I I I 
9 0 1  4 
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Fig. 10. Infrared spec tm of a particulate sample 
collected in St. Louis, Missouri. The sam- 
ple was prepared by transferring the parti- 
cles from a Millipore f i l t e r  onto a KBr 
window by simply pressing one against the 
other. (XBL 722-422) 
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Infrared spectnm of a particulate sample 
collected in a winter episode in Berkeley. 
"he sample was prepared by the microsam- 
p l h g  technique. Fifty micrograms of par- 
ticulate matter were mixed thoroughly with 
10 mg KBr powder and pressed into a 3-mn 
diameter pellet. A Harrick 4X TBS-VA vari- 

Fig. 11. 

able-anglk beam condenser was used. 
772-423) 

Table 3. 
served in particulate samples. 

Listing of assigned infrared bands ob- 

Designation Assignment Frequency 
(an-') Species Nom1 mode (Figs. 10 and 11) 

3160 a1 

a2 

2800 2v4 a3 

v3 

4 3040 v2 + v  

cl 2v2 

v4 
1385 No; v3 c2 

1090 so;- v3 

1760 

a4 1400 

b l  

In order to minimize the perturbation of the 
particulate samples during their preparation, one 
may use the external reflection technique. Here, 
one measures the reflected intensity versus wave- 
length a t  the desired angle of incidence and polar- 
ization. However, caution must be taken in the in- 
terpretation of the reflection spectra since the 
reflectivity might be dependent on a number of pa- 
rameters such as particle size, shape, polarization, 
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and angle of incidence. The reflection technique 
could be very powerful. We believe that it has not 
been applied elsewhere t o  ambient particulates. 

The chemical characterization and transfoxma- 
tions of gaseous and aerosol species emitted by high- 
way vehicles have been investigated in a series of 
experiments conducted in the Caldecott Tunnel on a 
major highway near Berkeley. Init ial  studies fo- 
.cused on the emission rates and particle size distri- 
bution of ecies emitted by diesel and nondiesel 
vehicles.lF Recent studies have investigated the 
chemical transformations of sulfur species emitted 

ling through the tunnel. 

controversy surrounr3s the mechanism 

Two processes are thought 
d rate of oxidationpf SO2 to aerosol sulfur spe- 

cies in the atmosphere.11 
t o  be involved ih the oxidation of !Q: oxidation 
by canponents derived from photochemical reactions, 

ion by certain types of partic- 
relative hunidity has beenshown 

to be an important parameter in the oxidation proce9 
ses especially a t  levels greater than 70%. There has 
also been considerable interest in the question of 
primary aerosol sulfur d ed fran vehicles 

Tunnel roadway a i r  containing fresh vehidllar 
emissions was sealed in a 600-m3 roan for 3-1/2 
hours and analyzed for CO, SOz, total particulate 
sulfur, and total  particulate lead. The relative 
h i d i t y  and temperature were increased during this 
measurement period fran 65% and 15°C to  100% and 
W C .  The results shown in Fig. 1 2  illustrate the 

L 

-20% decrease observed €or a l l  four chemical species 
in the 3-1/2-hr measurement period; this decrease 
is attribpted to the a i r  leakage of the "sealed" 
roam. Sulfur dioxide and aerosol sulfur decreased 
at  the same rate as the unreactive species, CO and 
Pb, indicating no apparent conversion of So, to  
aerosol sulfur, even under high hunidity conditions. 
The ratio of particulate to  gaseous sulfur, 
was observed t o  be 3%. Earlier experiments %'& 
tunnel when the relative hunidity was 65%+5% gave 
y S g  ratios 'of 1 to  5%. The results of this 3-1/2- 
h experiment indicate that the oxidation of So2 to 
sulfur is less than 0.1% per hour. Other work has 
estimated the rate of oxidation of 332 in urban at- 

-mospheres and power plant plwnes to  be fran 1.5% to 
5% per hour or ev n igher a t  very high relative 
humidity levels. 15-19 

Earlier studies in the Caldecott Tunnel f&d 
the SO emission rate to be 0.15+0.05 g/mile Cas 
sulfur$ averaged for all  vehicles. The present 
work, assming !+/S = 3%: gives a particulate sul- 
fur emission rate fog vehicles equipped with cat- 
aljrtic converters of 0.025+0.015 g/mile when it is 
assumed that aerosol sulfur is emitted only fran 
catalytic converter-equipped vehicles, estimated to  
be 20% of the vehicle population a t  the time of the 
experiment. This aerosol sulfur emission rate, 
0.025+0.015 g/mile, can be canpared with other work 
reporting estimated and measured aerosol sulfur 
emissik rates f m  0.006 to  0.02 g/mile.12,16~~~ 
The value reported here, considering the several as- 
sumptions made, is in general agreement with other 
work. 

4. Sknary of ESCA Re'sults for Da Vinci I1 and 111 

The f i l ters  collected for ESCA analysis were 
very lightly loaded, especially from Da Vinci 111. 

1 I- Coldecott Tunnel 'Storope Room 1-------------!------- 
Hornldl tu Eiperlmen t .,,O'b!tla t lve humldi ty 

with  ,* 
Fresh Vehlculor Emlsslons 1 

WOJ IO. 1976 ,/ 
i Temperoture 18 

17 

16 15 

0 0 -  

I 

DO 

IO 

,,I"", Hours 

Fig. 12. Characterization of vehicle emissions in the Caldecott Tunnel 
a t  high relative humidity levels. (XBL 7611-4375) 
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A detectable amount of sulfur as sulfate was present 
in al l  samples fran each flight. Da V i n c i  I1 f i l -  
ters also showed varying amounts of nitrogen, pri- 
marily ammonium nitrogen but with sane indicationof 
the presence of more reduced forms. Lead cmcentra- 
tim on the f i l ters  were small. 

Vacutnn volatile canponents of the particulate 
loading cannot be excluded, and because of the lung 
periods in vacuum (up to  18 hr) necessary to  obtain 
reasonable spectra, the volatile canponents could 
be lost. 

served was in the fonn of sulfate, which had a bind- 
ing energy (b.e.) of 169 eV. There was apparently 
some increase in sulfate concentration during the 
flight, but intersample quantitation is hazardous 
a t  best. 

Da V i n c i  I1 (8-9 June 1976). A l l  sulfur ob- 

I I l I l l l l 1 ,  

0 

* * *  

* *  

No nitrate or other oxidized fonn of nitrogen 
was observed. 
species in atmospheric samples are usually volatile 
in vacuum, and the time necessary to  obtain reason- 
able statistics was relatively lung. 

Ammoniun nitrogen @.e. = 402 ev) is noticeable 
by 1400 of June 8 and increases with time relative 
to  the observed sulfate by approximately a factor 
of 2 ,  with the final observed ratio being more am- 
monium-rich than NH HSO4 but less than (NH4)2S34 as 
shown in Fig. 13. his behavior could be explained 

This is not surprising since such 

1.2. - 
ne  g 1.0. 
4k 
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Fig. 13. Da Vinci I1 results as a function of flight 
time: 
tration by X-ray fluorescence. b) Annnon- 
ium-to-sulfate ratio by ESCA. (DL 772-362) 

a) Total particulate sulfur concen- 

as the neutralization of acidic sulfate species by 
ammonia entering the a i r  parcel. The total partic- 
ulate sulfur as determined by X-ray fluorescence on 
parallel samples shavs that the increase in ammon- 
ium relative to .sulfate exceeds by approximately 10% 
the increase which could be brought about by injec- 
tion of stoichianetric ammonium sulfate into the 
aerosol. 

b 

Da Vinci I11 (23-24 July 1976). Da Vinci I11 
f i l ters  were very lightly loaded and showed l i t t l e  
except the general preseice of sulfur as sulfate. 
There was  no apparent change in the amount of sill- 
fate detected on the various fi l ters.  

Method sensitivity. Using X-ray fluorescenceL 
results for lead and sulfur and experimentally deter 
mined relative atanic sensitivities for sulfur and 
nitrogen, we estimate that loadings of approximately 
0.5 pg S/an2 would be necessary to obtain reasonable 
semiquantitative results, although sane speciation 
should be possible as low as 0.1 pg S/an2. Because 
of the interference of the silver energy loss spec- 
tm in the nitrogen region, approximately l u g  N / C ~  
would probably be necessary to obtain reasonable re- 
sults. Oxidized nitrogen species should be somahat 
easier to detect than reduced species because of the 
shape of the background curve, but they are also 
generally more volatile when they are observed in 
ESCA spectra of ambient particulates. 
measurable in any of the spectra taken fran any of 
these samples, and as a consequence, lower limits 
for reasonab e results can only be estimated a t  0.5- 

Lead was not 

1.0 pg Fwan t . 
5. 
Episode Und e r  Conditions of Law Ph otochemical 
Oxidant 

tributions of nonphotochemical reactions and reac- 
tions involving ozone i n  the formation of aerosolair 
pollution. This is especially important because ex- 
isting pollution controls are specifically aimed a t  
the control of photochemical oxidant, which is be- 
lieved to be an essential precursor for the formation 
of particulates from gaseous pollutants such as sO2, 
No, and certain hydrocarbons. 

During winter months the San Francisco Bay Area 
has frequent intense particulate pollution episodes 
in spite of low or negligible ozone concentrations. 
We have recently initiated a field program to char- 
acterize wintertime aerosols. The program w i l l  be 
extended into the sunnner months when the photochem- 
ical oxidant is a t  maximum concentrations. A cam- 
parison of the chemical canposition of the aerosol 
sampled under these two distinctly different condi- 
tions should identify the species associated specif- 
ically with oxidant-related aerosol-forming reactions. 

Here we present some preliminary results obtained 
on 5 November 1976 in Berkeley (Figs. 14-17). This 
episode is characterized by warm temperatures, low 
relative humidity, and generally stagnant a i r ,  as 
seen in Fig. 14. The light-scattering coefficient 
bs t reached extremely high values during midday, 
as%d the particle volume and concentration of con- 
densation nuclei (Fig. 15). The most striking fea- 
ture in the gas data (Fig. 16) is the high No2 and 
very low No concentration. 

Characterization of a Bay Area A i r  Pollution 

It is important to  understand the relative con- 

IW2 exhibits maximun 



b, 40 

I 

I I l l l l l l l l l  

- Ambient temperature - 

i 

I 

0 
I I I I I I I I I I I  

Relative humidity 

400 I I I I I I I I I I I  

tn -Wind direction 

Wind speed 
r 
\ 

181 

E 
Y 

n A l % A l h  
16 20 24 "0 4 8 12 

Hours 

Fig. 1 4  Variations in temperature, relative humid- 
ity, wind direction, and wind speed. 

(XBL 771-222) 

concentrations a t  midday, concurrent with the con- 
centrations of primary gaseous.;pollutants such as 
CO and SO . Ozone concentrations remained a t  the 
backgroun8 level throughout the day. The diurnal 
concentration variations of particulate nitrogen, 
sulfur, lead, and branine are shown i n  Fig. 17. The 
nitrogen concentrations were obtained by the proton 
activation analysis as described above in this re- 
port. Sulfur, lead, and branine concentrations were 
obtained by X-ray fluorescence. It is of interest 
to  note that the nitrogen concentrations are higher 
by about a factor of 5 with respect to  sulfur. 

ESCA measurements on the collected samples have 
shown that the particulate sulfur was in the form 
of sulfate. About 80% of the total  nitrogen was in 
the reduced chemical state w i t h  ammonium and com- 
pounds having amino-type functional groups as the 
principal canponents. About 20% of the particulate 
nitrogen was in the form of nitrate. No major 
changes in the relative concentrations of these spe- 
cies were observed during the 24-hour period. 

ulate sulfur, is observed at  relatively low concen- 
trations, indicating that no major high sulfur- 

The to ta l  sulfur, that is, gaseous and partic- 
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Fig. 15. Variations in b, t, particle volume, and 
condensation nucE1 concentrations. 

(XBL 771-223) 

burning source contributed t o  this episode. Thus 
the described episode corresponds to a situation 
where the fuels used are low in sulfur. The sulfate  
to-SO2 ratio indicates significant S02-to-sulfate 
conversion. 

The low oxidant concentrations and the predan- 
inant use of low sulfur fuels did not alleviate the 
problem of high concentrations of particulate and 
gaseous nitrogenous species. Canplete interpreta- 
tion of the' data w i l l  follow the results of chemical 
analyses now i n  progress. 
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OXIDATIVE aAMAGE BY E M l f m f i  FACIO%: STUDIES ON Mp.IAN CELLS AND MITOOIONDRIAL MENBRANES 

L. Packer, B. Aggarwal, A. Quintanilha, and R. Mehlhorn 

INTRODUCTION 

biological membranes which separate the intra- 
cellular frcxn the extracellular environment. 
Therefore a detailed understanding of how cellular 
membranes interact with the major environmental 
substances of our atmosphere (see list in Table l), 
is important in understanding how pollutants act. 
Same questions that need answers are: How do the 
different types of pollutants act? What components 
of membranes are damaged? How does damage occur? 
How is mdrane damage propagated? What type of 
protective mechanisms can be devised at the level 
of the manbrane, to quench and/or to prevent the 
spread of pollutant-initiated damage? Finally, how 
can the damage be repaired? 

Table 1 Environmental substances in our atmosphere 

Pollutants : 

Atmuspheric pollutants first interact with 

- 
I)ust particles, polycyclic hydrocarbons, 
SO2, NO, NO2, CO, CS2, owe, free radicals - . 

\ 

Ambient Factors : -- 
Irradiation, O2 

We are studying damage processes affecting 
membranes of several mammalian cell types, and are 
particularly interested in free radical reactions, 
including reactions involving mlecular oxygen. The 
occurrence of such reactions may be quite conanon 
in cells exposed to environmental stress. Our 

working hypothesis is that a general mechanism 
exists for propagating free radical reactions with- 
in membranes, and therefore a variety of initiations 
(Table 1) of free radical reactions, e.g. visible 
light ionizing radiation, nitrogen dioxide or 
ozone, will lead to similar subsequent chemical 
events. 

Before an effective strategy can be developed 
at the membrane organization level of the action of 
pollutants, 
how ambient factors in the environment react, in- 
cluding irradiation and oxygen which in a sense may 
be considered natural pollutants. There is evidence 
that the action of many pollutants occurs by free 
radical-mediated oxidative damagelr2 and that . 
atmospheric oxygen plays an important role in the 
damaging process. For this reason, our laboratory 
has been emphasizing the development of a strategy 
to understand how visible light and oxygen interact 
with membranes, ,primarily using two test systems : 
the growth and viability of normal human diploid 
cells in culture and direct experiments on mito- 
chondrial membranes isolated from mamalian cells. 

ACCCWLISHMEWS WRING 1976 

Wtured Hwnan Cell Studies 

ailture manifest finite lifespans in vitro.3 The 
extent to which lifespan 1imitatioTimetically 
programed or environmentally constrained in the 
culture environment is an important question to 
resolve. This will help to elucidate why such cells 
lose their replicative capacity during subculti- 

it is important to understand first 

It is known that normal human dipolid cells in 
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vation jg vitro.4 Last year we reportedsrd that 
visible l i m u s e s  photo-killing of WI-38 human 
cells, which are oxygen dependent. Photo-killing is 
prevented by the membrane antioxidant dl-a-tocoherol, 
vitamin E. 

In a previous study7 we reported that supple- 
mentation of the culture medium with dl-a-toco- 
pherol (vitamin E) extended appreciably the life- 
span of WI-38 cells growing continuously under 
20% 02 (air). Subsequently these original exper- 
iments which took mre than a year to ccnnplete 
have not proven to be reproducible. In a re- 
evaluation of the study, it appears that, when it 
became necessary to change the serum anployed at 
the 100th population doubling because the original 
batch was exhausted, the vitamin E supplemented 
cells went into a senescent stage and phased out. 
Vitamin E supplementation in these sutdies was 
found to be effective in preventing lipid oxida- 
tive damage, but since subsequent studies have not 
reproduced the phenomenon, we have tentatively 
concluded that the environmental factors that 
affected lifespan were determined by a particular 
batch of serum. In this case a situation existed 
where vitamin E supplemented cells growing on a 
particular batch of sennn did not lose their 
normdl replicative capacity in vitro until an- 
other, more toxic, batch of ZFrGiiYZs employed. 
Thus no direct evidence for the importance of 
oxidative environtnental damage emerged from these 
studies. 

The effect of oxygen concentration on the 
growth and lifespan of cultured human cells has 
also been studied in our laboratory for several 
years.1 We have exposed WI-38 and IMR-90 normal 
human diploid cells to varying oxygen concentra- 
tions in the gas phase over the culture medium, 
and evaluated the effect on growth and life~pan.~,~ 
similar to the finding of other laboratories,lO,ll 
we found that clonal growth at oxygen concentra- 
tions less than 20% (atmospheric concentration) is 
enhanced. However, we also found that extension 
of the lifespan in both cell types is also acccan- 
plished by long-term cultivation under 10% 
oxygen (Fig. 1, Table 1). Thus the results of our 
studies show that the potential long-term growth 
in culture of normal diploid cells may be appre- 
ciably enhanced by more exact control of environ- 
mental factors. 

the intracellular localization of damage. These 
studies showed that in four types of cultured 
mammalian cells exposed to low levels of visible 
light12 and in WI-38 cells exposed to high 02 con- 
centration,l3 major morphological changes are seen 
soon after exposure in mitochondria.6 This sug- 
gested that further studies using isolated mito- 
chondria as a model system were warranted because, 
at this place in the cell, oxygen is c m w d  and 
pigments are located which absorb light in the 
visible region. 

Mitochondrial Studies 

Biochemical studies of mitochondria isolated 
from mannnalian cells were designed to show which 
substances absorb the light capable of activating 
damage, how and what is damaged, and how to pro- 

Using electron microscopy, J. M. Walton studied 

I I  I I 1  I I I I I I I I 1  
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Fig. 1. Effect of Ckygen Concentration on the 
Lifespan of WI-38 Ihman D- iploid Cell S. 
The pa ent flask was subcultivated at about 

oxygen concentration (for details cf. 8,9). 
Results show that 50% oxygen is very toxic, 
normal atmospheric 02 (20%), the control, 
phased out after 56 population doublings. Note 
that 10% 0 cells always grew better through- 
out the lilespan than the 20% 0 control cells. 

b L  7610-9356) 

2.5~10 E cells per flask in duplicate for each 

tect against the damage.6914 Thus far, our results 
indicate that visible light damage is dependent 
on the presence of 02 (Stage I), that flavo- 
enzymes of the electron transport chain are in- 
activited soon after exposure to light (Stage 11), 
that a later stage of the damage involves oxidative 
damage to membrane lipids (Stage 111) and that 
mitochondrial swelling and polymerization of 
membrane proteins occurs (Stage IV). Spectral 
studies have shown that the region of visible 
light absorption effective in causing damage is 
mainly where riboflavin absorbs. We suspect that 
mitochondrial endogenous flavins absorb light 
and react with oxygen to fonn activfted species 
of oxygen - either singlet oxygen ( 02), super- 
oxide ions (0-), or some combination of both 
species, whid initiate free radical damage. The 
spread of the damage at Stage I11 can be stopped 
by the manbrane antioxidant vitamin E. This is 
shown in Fig. 2. Note that the initial damage to 
the flavoenzymes is not prevented by the membrane 
antioxidant, vitamin E. Furthermore, mitochondria 
obtained frum rats grown on diets deficient in 
vitamin E are more easily damaged than those from 
animals supplemented with vitamin E, which are 
more resistant to damage. 

Our strategy is, therefore, to analyze the 
temporal sequence of events following exposure of 
mitochondria to visible light and 02 and to de- 
termine in a stepwise way the stages in initiation 
and propagation of damage. From such bledge it 
may be possible to supply growing animals under 
different dietary conditim with substances that 
will optimize the ability of membranes to in- 
corporate within them those chemical factors that 
quench both the damage and the spread of damage. 

Ll 
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Fig. 2. Visible Light Damage to Mitochondria. 
Mitochond ria were isolated from rat liver 
and exposed to visible light (>380) nm) at 
10°C in a specially constructed reaction 
apparatus for the times indicated. They were 
then assayed for changes in enzyme activity 
and peroxidation of membrane lipids. Results 
show that flavoprotein succinate oxidase is 
progressively inactivated but non-flavin 
cytochrome oxidase is unaffected. F'retreat- 
ment before exposure to visible light with the 
membrane antioxidant dl-a-tocopherol, vitamin 
E, protects against the damage of membrane 
lipids but does not prevent inactivation of 
flavin enzymes which occurs at an earlier 
stage. (XBL 7611-4475) 

strategy2 we may also enhance the 
synthesis of several enzymes hown t o  protect 
against oxidative damage. 

Biophysical studies have imrolved electron- 
spin resonance techniques, which afford a means 
of directly or indirectly monitoring free radical 
reactions. Our studies so far have taken advantage 
of the usefulness of spin-labeled hydrophobic 
molecules to sense the changes in the membrane 
environment, following and during exposure of 
mitochondrial membranes to visible light and 02. 

proach the electron transport-dependent reduction 
of a spin-labeled analogue of the detergent cetyl 
trimethyl ammonium bromide15 has been used to 
monitor damage and protection in the region of the 
respiratory chain where ubiquinone (a lipid) 
accepts and donates electrons. It is difficult to 
look specifically at the ubiquinone region in 
whole mitochondria in any other way. In a recent 
report,l6 we showed that t h i s  spin-labeled ana- 
logue (CAT 16) partitions at the membrane inter- 
face and is rapidly reduced, i.e., spin is lost, 
by coupled electron transport. From the sensitiv- 
ity of spin-label reduction by respiring mitochon- 

Nitroxide Spin Label Reduction - In one ap- 

dria to various inhibitors of electron transport 
chain and from analysis of the midpoint potential 
of the spin label, it was found that the label 
is probably localized in the ubiquinone region. 
We found that reducing equivalents of mitochon- 
drial electron transport from t h i s  region of the 
chain were channeled to either membrane interface, 
probably by the semiquinone free-radical species. 
We have since been able to establish that 
ubiquinone is probably the next component along 
the chain to be inactivated by light (Stage 111) 
after the flaw, enzymes (Stage 11). The cytochromes 
seem to)be the most resistive enzymes to damage and 
ranain relatively unaffected under conditions where 
the membrane integrity, or selective permeability, 
is lost (Stage IV). 

Nitroxide Spin Label Destruction - Studies of 
free radical chemistry are hampered by the fact 
that reactive free radicals are usually too short 
lived to accumulate in sufficient concentrations 
to be obsenred. Recently, we have employed free 
radical Ittraps" to monitor the accwnilation of 
free radicals roduced during illumination of 

stable nitroxide radicals, available in many chem- 
ical forms because of their usefulness, can be 
used to trap certain free radicals produced by 
flavin photo-oxidation. The nitroxides trap cer- 
tain reactive free radicals by forming stable 
diamagnetic complexes. Thus, the accumulation of 
free radicals in a membrane systan can be moni- 
tored conveniently by following the loss of 
paramagnetism of nitroxide traps in an EPR spec- 
traneter . 

Using the nitroxide free radical assay we 
found that illumination of mitochondrial membranes 
by blue light (in the range 400-480 nm) leads to 
loss of the spin signal of a variety of spin 
labels. Attempts to recover the spin signal by 
chemical oxidation revealed that the observed 
nitroxide signal reduction was irreversibly lost, 

Table 2 .  Effect of oxygen concentration on the 

mitochondria. e We have found that the relatively 

lifespan of hman diploid cells 
~ 

Population Doublingsa 
10% 02 % Increase m 02 

WI-38 
Series 32 47 

Series 46A 57.5 67-5 

Series 46B 56.5 19% 

9% Series 46B 57.5 b 

IMR- 90 
Series's - 39 47 21% 

Series 6 38 50 32% 

aStarted at PDL 20 or 22; values derived fran 

bTransferred from 20% O2 to 10% O2 at PDL 52.5 
averaging duplicate cell counts 
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probably due to reaction w i t h  secondary free 
radicals produced by flavin photoactivation. Fur- 
themre ,  this spin destruction phenanenon could 
only be observed after the membranes had been 
llaged'l for a few hours at 2 5 O C  under illmination. 

A canparison of spin destruction data with 
enzyme inactivation studies has shown that the 
fonner phenomenon is observed prior to  the onset 
of any detectable loss of respiratory activity. 
This suggests that the nitroxide traps detect a 
very early stage of the damage (Stage I)  and may 
be acting to intercept radicals near the site of 
(damage initiation, and that much of the enzyme 
inactivation occurs in  subsequent free radical 
reactions. 

STUDIES 

Further studies w i l l  attempt to detail more 
accurately the tenporal sequence of events in- 
volved in  the various steps of damage and to con- 
centrate more on protection and repair mechanisms. 
W e  of the questians that need to be resolved 
are: (a) the degree to which 0' and/or singlet 
oxygen, 10 , are involved in d e  intiation of 
damage. d s e  studies w i l l  involve the action of 
superoxide dismutase, and other known quenchers 
of these activated oxygen species; (b) to  im- 
prove the design of stress experiments so that 
we can identify more precisely the stages in 
damage; (c) to study the imrolvanent of respira- 
tion in the generation of the activated oxygen 
species; (d) to exploit further the techniques of 
spin reduction and spin destruction, using se- 
lected nitroxide spin-labeled molecules to  deter- 
mine the structural localization of damaging 
capacity (power); (e) to study the extent to 
which structural modification of the manbrane is 
responsible for functimal changes; and ( f )  fin- 
ally, to consider haw it d d  be possible both 
chemically and biochanically, to repair or prevent 
some of the damages. 
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WATER CONSERVATION WI?H IN SITU OIL SHALE DEVELOPMENT 

J. Thomas, G. Amy. P. Fox, B. Hall, P. Russell 

The primary objectives of this project are 
(1) to identify and assess water-related impacts 
associated with in situ oil shale development and 
(2) to develop control measures to mitigate ad- 
verse impacts. A secondary objective is to provide 
part of the data base required for an overall com- 
parison of the environmental impacts resulting from 
'*in situ1* and llabve ground" methods of retorting 
oil shale. These objectives are being accomplished 
by analyzing existing data available in the lit- 
erature and.by conducting basic research in cer- 
tain areas where data is unavailable. keas of 
basic research include (1) minor element releas 
during in situ retorting, (2) leaching of con- 
taminants fran in place spent shale, (3) -toxici 

er to aquatic biota, and (4) treat 
tort water by biological unit proc 

esses . 
This project is one of many projects that 

currently assessing the environmental impacts 
associated with development of national energy re- 
sources such as coal, petroleum, oil shale, etc. 
Since future energy developnent will eventually 
involve a trade-off between economic benefits and 
adverse emriranmental impacts, it is anticipated 
that these projects will provide a detailed data 
base for making future decisions on ene 

3knded by the Energy 
Research and Development Administration (ERDA) 
and the Department of the Interior, was initiated 
in June, 1976 and will be completed in August, 
1977. 

AClX@LISHMFNIS DURING 1976 

Work accanplished during 1976 included (1) def- 
inition of a study area and study approach, 
(2) completion of a comprehensive literature 
survey, (3) organization of a project library, 
(4) completion of several field trips to the tri- 
state oil shale region of Colorado, Utah, and 
Wyoming, (5) canpilation of baseline data on the 
water resources :of the oil shale,region, 
(6) description of state-of-the-art technologies 
available for in situ processing of oil shale, 
(7) carpletion of a preliminary qualitative assess- 
ment of anticipated water-related impacts associ- 
ated with in situ oil shale developnent, and 
(8) identification of-areas where basic research 
is needed. 

be the Upper Colorado River Basin which contains 
the richest deposits of oil shale in the United 
State. The study approach consists of def 
"unit processing ,facility" and locating i 
ceptually in a number of locales throughout 
study area, selected to bracket the probabl 
of water-related impacts. 

The project study area has b 

A preliminary, qualitative assessment of 
anticipated water-related impacts associated with 
in situ oil shale development has revealed that 
the following categories of impacts will likely 
occur : 

1) Decrease in available water supply; 
2) Degradation. of water supply; 
3) Localized hydrologic changes. 

PLANNED ACTIVITIES FOR 1977 

r the next dal-r year 
include (1) canpletion of a detailed, quantitative 
assessment of water-related impacts, (2) develop- 
ment of control measures to mitigate the effects 
of adverse impacts, and (3) completion of 
laboratory work and data anlysis required in the 
aforementioned areas of basic research, 

Work to be completed in the various areas of 
basic research is sumnarized below: 

1) Lea ching of Organics. After an in situ 
retort is abandoned, ground-waters may migrate 
through the retort chamber and pick up both 
organic and inorganic contaminants. The contam- 
inants that'may be leached and their levels will 
be determined experimentally by conducting con- 
tinuous flow, packed-bed column studies. A 
mathanatical/chemical model of the leaching 
process will be developed. 

2) Minor Element Release. The raw oil shale 
from which oil is extracted is enriched in many 
of the minor elements. To determine the partition- 
ing of these minor elements during retorting, 
mass balance studies will be carried out around 
a bench-scale in situ retort and larger pilot 
scale retorts. This study will (1) identify the 
range of minor element concentrations in the oil 
shale and oil shale products,(2) determine the 
effect of experimental methods on the measurement 
of minor elements in oil shale products and 
(3) determine the effect of retorting variables on 

f minor elements. 

3) Bioassay Studies. Retor 
situ retorting may, under some circumstances 
(i.e. spills or intentional releases), be dis- 
charged to surface waters. To assess the levels of 
retort water than can be tolerated by the fresh 
water streams in the study area, continuom flow 
bioassay studies will be conducted. A laboratory- 
scale flume system will be designed to simulate as 
closely as possible field conditions. Using this 
apparatus, the effect of different dilutions of 
retort water on algae will be determined by mon- 
itoring chlorophyll levels, ATP, photosynthesis, 
respiration and commity structure. 
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4) Treatability Studies. Retort water gen- options. The treatability of retort water by con- 
ventional biological treatment processes w i l l  be 
assessed by using the kinetic model of this process 
and developing kinetic constants using continuous 
flow stirred tank and plug flaw reactors. 

I 

erated during in s i tu  retorting w i l l  be upgraded 
in quality before it can be discharged t o  the 
environment or  reused. Biological treatment to- 
gether with other unit processes is one of the 

0. Weres and L. Vollintine 

The Lake Gnmty h-oject i s  an ERIlA funded 
project under the DBFR-Integrated Assessment 
Program. Its purpose has been to  study the en- 
vironmental impacts of the Geysers geothermal 
development and t o  project the emriranmental and 
socio-economic impacts of future geothermal de- 
velopment at the Geysers and in  inunediately ad- 
jacent Southern Lake County. The main emphasis 
of our work has been to  collect infomation and 
conduct studies which are of use t o  local and 
state government, industv, and the Lake Gnmty 
public. 

RESULTS 

Two reports released in  mid-FY 1976 were 
discussed in the proceeding Annual Report. 

Two massive reports are now nearing completion 
and w i l l  be released in April and May 1977. 

The f i r s t  is entitled "Resource, Technology, 
and Envimnment at the Geysers," and totals ap- 
proximately 300 pages. I t  may fair ly  be described 
as a short book about the Geysers which describes 
the development in great detail  with an emphasis 
on its emrirmental impacts and the technology 
available to  mitigate them. Some attention is 
also given to  the Larderello geothermal develop- 
ment i n  Tuscany which is also based on the use of 
native steam. (The chapter which deals w i t h  the 
reservoirs is, in fact, more about Larderello than 
about the Geysers, and its preparation was sup- 
ported by an ElUlA-DGE supported reservoir study 
program. ) 

"he chapters which deal with the reservoirs 
and hydrogen sulfide allotment technology are 
state-of-the-art reviews and contain significant 
new theoretical results. 

1 

2 The second report is entitled The  Lake 
County Economy: Potential Socio-economic Impacts 
of Geothermal Development," and is approximately 
200 pages long. It contains a massive compilation 
of the socio-economic data about Lake County, 
along with first order projections of future socio- 
economic impacts of geothermal development. 

Both reports are expected to  be extensively 
used by anyone and everyone involved in the geo- 
thermal development or regulation in  that area, 
as well as the interested public. 

FuruRE WORK 

This project has now passed t o  the direct im 
C. W. Churchman, who is applying system-analytic 
techniques t o  study haw planning decisions which 
concern geothermal development are made i n  Lake 
County. 0. Weres is presently engaged in  DGE 
sponsored work, and L. Vollintine is employed by 
the Lake County Planning Department. 
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?HE METHYL MERCURY alNENT OF BENHIC ORGANIM rrmM QNI'RAL SAN FRANCISCO BAY 

A. S. Newton and M. A. Wong 

divers,1 and a l l  species, except 
and styfatula elongata, were purg 
i n  continuously aerated water which had been col- 
lected at  the same s i te .  The pelecypods were shucked 
and the soft tissues saved. Tissues of clams, mus- 

elisca milleri c h This project concerns the analysis for the 
methyl mercury content of various benthic or- 
ganisms collected from Central San Francisco Bay 
during a study1 of dredge-spoiling effects on trace 
element availability. Samples were collected by 

or t 
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sels, and worms were digested for 8 hours in 0.012 
M tetra methyl ammonium hydroxide. The samples were 
then freeze-dried, and the resulting dried tissue 
ground to a powder for analysis. At least ten in- 
dividual animals were composited into a single 
sample. _. 

Methyl mercury was determined on selected 
samples from this collection. Since the method used 
for methyl mercury requires about 1 g of sample, 
for some species of polychaetes, several original 
samples of each species were unnposited further .in 
order to get sufficient sample for the methyl mer- 
cury analysis. Where possible, three determinations 
were made on each such composited sample. Methyl 
mercury was determined by a simplified procedure.2 
The sample was weighed into a 15 ml centrifuge cone, 
moistened with 3 N HCl and mulched. Then 5 ml of 
nanograde benzene were added and the mixture al- 
lowed to stand for 3 to 5 hours with occasional 
stirring. The sample was centrifuged and the ben- 
zene solution removed for analysis. Methyl mercury 
in the benzene solution was determined by gas' 
chromatography using a packed colunm (2% Carbowax 
2OM W A  plus 2% PMPE (5 ring) on 60-80 mesh Chromo- 
sorb G, AW I-MDS) at 150°C. The detector as a 

chramater isolated the 253.7 nm Hg resonace line 
which was measured with a quartz photomultipler. 
The sensitivity of this apparatus for methylmer- 
curic chloride standards in benzene is in the range 
of 200 to 500 chart divisions/ng of Hg with a 
noise level of about 1 chart division. The apparatus 
was calibrated every day. 

to the results found for most fish (in wp$h all 
the mercury is present as methyl mercury 9 3 ,  the 
methyl mercury content of benthic organisms from 
San Francisco Bay is only a fraction of the total 
mercury. 

The fraction of mercury present as methyl 
mercury is quite low in the polychaetes. Samples of 
malanidae collected near the EE!MJD sewer outfall 
showed high total mercury but little methyl mercury. 
Either the worms do not concentrate methyl mercury 
or there is little if any present in their food. 

microwave excited argon plasma detector. 5 A mono- 

The results are shown in Table 1. In contrast 

Nemertea, however, shaved the presence of moder- 
ate amounts of methyl mercury in a low concentration 
total mercury. Euchuiroids shaved the presence of 
relatively high concentrations of total mercury, 
none of which was methyl mercury. 

methyl mercury. The-d~~callianassa sp., the 
ghost shrimp, showed both high total mercury and 
significant methyl mercury contamination. The sea 
pen, Stylatula elongata, was low in total mercury 
content, but a significant fraction of the mercury 
present was methyl mercury. 

The amphipod, A. milleri, -showed no detectable 

The methyl mercury content of all molluscs 
represents a significant fraction of the total mer- 
cury, with about 25% of the mercury in mollusca, 
regardless of species (Siliqua patula excepted), 
being present as methyl. mercury. 

It does not appear that the benthic organisms 
of central San Francisco Bay are seriously con- 
taminated with mercury. O f  the contamination which 
does exist, a fraction up to 25 to 40% is in the 
form of methyl mercury. 
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Table 1. Total mercury and methyl mercury in benthic organisms from central 
San Francisco Bay.a 

Methyl 
P P  Ppn Mercury 

Collection Total d Methyl e % of Total 
O;-ganismb . sitec Mercury Mercury Mercury 

Annelida 

Pectinaria calif orniens is cs 0.142 0.021 14% 

Pectinaria californiensis ss 0.150 0.015 10 

0 e Glycera americana EB 0.099 n.d. 

Glycera robusta EE 0.075 n.d. 0 

Glycera robusta ss 0.109 0.014 12 

Glycera SE. I FL 0.060 n.d. 0 
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Table 1. (Continued) 
7 -. 

Methyl 
P P  ppn Mercury 

Collection Total  ethyl % of Total 
site Mercury Mercury Mercury b organism 

Annelida (cant) 

. Glycera sp. 

Glycera q. 
Asychia elongata f 

Asychia sp. 

. MalanidaeE. 

Cirrifomia 2. 

Nemertea 
f Unidentified 2. 

Unidentified 2. 
Baseodiscidae 2. 

Ekhiura 
f Unidentified z. 

Listriolobus z. 
~thropoda 

Ampelisca milleri 

f Callianassa 2. 

Cnidaria 

Stylatula elongata 

MOlUSCa 

Tritonia dimedia 

Polinices sp. 

EB 

FL 

EB 

EB 

EB 

n 
FL 

n 
FL 

EB 

ss 
ss 

ss 
ss 

EB 

EB 

ss 

ss 
ss 
ss 

ss 
ss 
ss 
ss 
ss 

0.098 

0.89 

2.00 

0.90 

3.21 

0.231 

0.213 

0.140 

0.259 

0.086 

0.072 

0.076 

0.482 

0.392 

0.184 

0.188 

0.628 

0.431 

0.094 

0.134 

0.079 

0.21s 

0.126 

0.189 

0.244 

0.85 

n.d. 

0.020 

n.d. 

n.d. 

0.026 

0.007 

0.011 

0.021 

0.014 

0.094 

0.025 

0.032 

n.d. 

n.d. 

n.d. 

n.d. 

0.306 

0.133 

0.032 

0.026 

0.021 

0.077 

0.048 

0.038 

0.071 

0.273 

0 

2 

0 

0 

1 

3 

5 

15 

5 

109 

35 

42 

0 

0 

0 

0 

5ge 

30 

34 

19 

26 

36 

38 

20 

29 

32 
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Table 1. (Continued) 

site Mercury Mercury Mercury 

Molusca (cont) 

Mytilus edulis 

Crassostrea gigas 

%Coma MSUta -- 

f Macana inquinata 
f Clinocardiun nuttali 

Tresus nuttali 

Solen sicarius 

Lyonsia californica 

-- 
f - 

f arenarea 

Tapes japonica 

f Siliqua patula 

Protothaca staminea 

BP 

BP 

BP 

FL 

EB 

TB§ 

TBB 

ss 
ss 
s s .  
EB 

FL 

EE 

ss 
EJ3 

FL 

OE 

OE 

FL 

EB 

ss 
EB 

0.225 

0.226 

0.222 

0.628 

0.365 

0.257 

0.268 

0.468 

0.240 

0.347 

0.720 

0.445 

0.276 

0.230 

0.655 

0.272 

0.770 

1.026 

0.390 

0.266 

0.245 

0.353 

0.062 

0.051 

0.049 

0.071 

0.061 

0.067 

0.098 

0.131 

0.049 

0.055 

0.09s 

0.122 

0.044 

0.045 

0.077 

0.072 

0.149 

0.206 

0.128 

0.115 

n.d. 

0.090 

27 . 

23 

22 

11 

16 

36 

36 

27 

20 

15 

13 

27 

16 

19 

11 

26 

19 

20 

32 

41 

0 

25 

%e organisms were collected in the period October 1974 to February 1975 

bIdentification of the organisms was made by John Chapman. 

%e collection sites were as follows: ss - an experimental site near 
Buoy 6 in San Francisco Bay. It was approximately 1 mile due east of 
Angle Island. EB - a site south of the end of the East Bay Wicipal 
Utility District sewer outfall. BP - the outer end of the Berkeley 
Pier. FL - an experimental site near the Western Pacific Railroad dock, 
at the entrance to the Oakland Estuary. OE - a site in the Oakland Estu- 
ary above the Posey Tube. TB - a site near Marconi Cove in Tanales Bay. 

as part of a study of the effects of dredge-spoiling. 
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%e concentrations of total mercury and methyl mercury are ppm mercury 

%.d. means that no methyl mercury was detected and the methyl mercury 

in the dried soft tissues of the animals. 

content is < 0.005 ppm. 

sample material was available. 

comparison purposes. 

L 
- fA single analysis of an undersized sample is presented. No further 

'Samples from T d e s  Bay, assumed to be a clean area, are shown for 
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INI'RODUCTION 

Historically, the emergence of a new technology 
has hinged on trial-and-error tests of practicabil- 
ity and profitability. These tests are still 
sufficient for many technological developments, 
such as transistors. For others, most notably 
energy development, they are necessary but no longer 
sufficient conditions. The ramifications of energy 
growth and supply technologies permeate in signifi- 
cant ways the whole of society, including its 
environment, economics, behavior, and the shifting 
(usually diminishing) resources available to it. 

The ubiquitous impacts of growing energy 
consumption and the means by which it is supplied 
have become so explicit in the past decade that 
there now exists a c m n  consensus :hat the nation 
must proceed with great prudence in mapping its 
energy future. Consequently, at the same time that 
new technologies, and a few old ones such as wind 
and wood, are explored and tested, the U.S. Energy 
Research and Development Administration (ERDA) 
along with a legion of institutes and state and 
other federal agencies, are also assessing the 
broader consequences of energy technologies and 
growth. At Lawrence Berkeley Laboratory these 
efforts are largely centered in the Energy Analysis 
PrOgraln. 

Each of the ERIN National Laboratories is 
assigned a region of the country for which it is 
to assess the impacts of alternative choices of 
energy futures. California, L3L's assigned region, 
represents about 10% of the nation's population, 
energy consumption, and gros tional product. 

In concept, the scope of the "regional energy 
studies" is comprehiive; it calls for integrated 
assessments of the environmental, economic, health, 
resource, and social consequences of, and constraints 

?! 

to be particularly significant for developing 
policies that will shape energy futures. 

along with other National Laboratories, is engaged 
in a two-year National Coal Utilization Assessment. 
At present, California has no coal and burns none; 
but undoubtedly it will in the future. Many ques- 
tions concerning coal utilizaticm need to be 
answered. 
coal or its derivatives be burned? What will be 
the environmental effects and health costs? What 
are the probable economic impacts, the resource 
requirements, and the legal and institutional 
problems? 

Other segments of the regional studies program 
at LBL address similar sets of questions concerning 
the institution of conservation measures, develop- 
ment of solar and geothermal energy, and the 
expected flood of Alaskan and OCS oil and LNG 
imports. Not the least of the tasks is to charac- 
terize the California energy structure, its economic 
ramifications, and social and environmental features 
that may constrain energy development. 

tute a continuing program, short-term studies are 
frequently conducted by the Energy Analysis Group 
in response to urgent needs for information bearing 
on pending decisions. Such studies include various 
aspects of nuclear energy and a variety of energy 
scenarios to test the sensitivity of California's 
energy industry and economy to specific modifica- 
t ions. 

As part of its energy analysis program, LBL, 

Under what conditions and where can 

Whereas ERI1A's integrated assessments consti- 

Disciplines represented in the Energy Analysis 
Program staff include physics, biophysics, economics, 
engineering, water resource systems analysis, and 
computer sciences. 
bv eraduate students frcan the University of Cali- 

Professional staff is assisted on, varied choices of tehologies, -fuels, and 
growth rates. The objective of these exercises 
is to develop and display for decision makers the 
future costs, risks, benefits, and tradeoffs of 
alternatives. In practice, the enormous complexity 
of energy-related impacts and constraints compels 
assessments to focus on issues and problems believed 

f b d a  Berkeley campus; their contrbuti& have been 
indispensable. when resources pennit or when prob- 
lems seem to defy resolutim, we have enjoyed the 
collaboration of outstanding authorities fran the 
Berkeley-faculty, for whose aid the Analysis Pro- 
gram is deeply indebted. 

NATIONAL COAL UTILIZATION STUDY 

Energy Analysis Program Staff 

INTwlwcTION 1) To provide AES with an assessment of 
environmental, economic, social, health, 

This project is sponsored by the Energy and natural resource impacts resulting 
Research and Development Administration, Admini- from coal utilization in California; 
strator for Environment and Safety (AES). It is 
being conducted jointly at six National Laboratories. To identify and analyze mitigation 
Each Laboratory has been assigned to study a region strategies to deal with potential problems; 
of the country; the region assigned to LBL is 
California. The purposes of the project are: 3) To provide this information to regional 

2) 
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agencies and to other administrators 
within ERIIA in a manner directly applic- 
able to the decisions that will be made. 

The project started in October 1976 and is 
expected to continue through fiscal year 1978. 

ACCCMPLISFlMENE DURING 1976 

The implementation of this study would proceed 
along the sequence shown in Fig. 1. The first step 
is to construct several scenarios detailing a broad 
range of coal supply options. These scenarios 
would identify the type and number of facilities, 
such as power plants, refineries, mines, etc., that 
would have to be constructed. The next step would 
be to locate these facilities. The locations of 
plants would be dictated by environmental, seismic, 
resource availability, and other similar constraints. 
The impacts arising due to facilities at these 
sites would then be analyzed. This analysis would 
lead to formulation of strategies to mitigate the 
adverse impacts. A new set of scenarios and,siting 
policies would be formulated after a review of the 
impacts and mitigation strategies. These would be 
analyzed during the following fiscal year. 

four possible energy supply options were formulated 
during this year. These scenarios were constructed 

National and regional scenarios identifying 

by Argonne and Brookhaven National Laboratories. 
Scenarios for the Pacific Region included contri- 
butions from Pacific Northwest and Lawrence Berkeley 
Laboratories. While these scenarios are not fore- 
casts, they do set out alternatives in order to 
display their relative impacts. The four scenarios 
are : 

1) simple extrapolation of recent trends 
2) expanded use of coal-derived electrical 

energy 
3) 

4) 

expanded use of coal-derived synthetic oil 
and synthetic gas 
combined high coal-derived electrical and 
high synfuels (combines scenarios 2 and 3). 

Each of these scenarios establishes supply quanti- 
ties of coal, oil, natural gas, synfuels, and 
different types of electric generating capacity 
for 1985, 2000, and 2020. 

PLANNED ACTIVITIES FOR 1977 

The scenarios developed this year will be 
disaggregated to our region of interest (California). 
A siting pattern based on these scenarios will be 
developed (in conjunction with the California Energy 
Resources Conservation and Development Conmission) 
and the resulting impacts and mitigation strategies 
will be identified. 

L 

Regional 

bass 
data *- 

j .  Envimn- h . +- mental * APePment 
Siting impcts Costsfimpas 

R&D implications 

-- 
O--- Msjoruserrandwer inputs 

D governing the assesmnt analysis 
Major policy variables 

0 M a i w o r k ~ ’ a n d E a t k  Dependencies 

Fig. 1. Study approach. (XBL 773-641) 

I’ 



19s 

IMPACT MULTIPLIERS FOR 'IHE MINERAL INDUSTRIES 
- AT THE NATIONAL, STATE, AND LOCAL LEVEL" 

t F. Andres, A. Levinson, E. Lofting 

This project was init ile the primary purpose of the study was to 
and was undertaken jointly with the Dry 
Research Institute, University of California, 
Riverside, under a grant from the Bureau of Mines. 

tures on total income can be estimated bv the use 

' develop a methodology for computing the 1972 national 
and regional Type I and Type I1 multipliers for 
employment and income, it was also necessary to 
demonstrate the method's applicability to the state 
and county levels as well as to the national level. 
For this Dumse we selected the State of California 

The impact of changes in the level of expendi- 

of multipliers. The original Keynesian 'income 
multiplier developed in macroecondc theory is 
highly aggregated and fails to distinguish among 
the sectors in which the initial expenditure changes 
originate. 
sets of multipliers which are disaggregated. 
multipliers for individual industries can be 
computed. This recognizes that the total impact 
on income, output, and employment will vary depend- 
ing upon which sector experiences the initial 
expenditure change. . 

Input-output models enable us to derive 
Thus 

One can also develop various types of input- 
tipliers depending upon the degree of 
the input-output mdel, i.e., the 

allocation of sectors between the endogenous 
matrix and final demand. By including employee 
compensation and personal consumption expenditures 
in the endogmous matrix, one takes into account 
the repercussionary effects of secondary rounds of 
consumer spending, in addition to the direct and 

In the past, input-output multipliers h 

indirect interindustry effects. .- 

usually been used on highly aggregated input-output 
tables (usually less than 80 sectors). When the 
official national input-output tables are used, 
they are at least seven years out of date. While 
the regional input-output tables used in developing 
regional multipliers are usually derived from the 
national input-output tables, they are sometimes 
developed independently through surveys. While 
these surveys make it possible to produce a more 
timely input-output table, the small sample size 
usually limits the accuracy of the table.. 

ies by 1) using the official 1967, 367-sector 
national input-output table; 2) updating the 1967 
input-output table to 1972 using the RAS method; 
and 3) deriving the regional input-output tables 
from the national table by assuming that the 
regional technical coefficients were the same as 
the national coefficients. In addition, the Bureau 
of Mines for whom the study was conducted, required 
greater detail on the energy and mining sectors. 
These industries were therefore disaggregated to 44 
sectors which expanded the input-output table to 
404 sectors. This level of disaggregation was 
maintained in applying the methodology to test 
regions. 

We have attempted to surmount these difficult- 

, and Lqs hgeies County, both representing highly 
developed and diversified economies for which good 
data are available. 
California is represented by 372 producing sectors 
including 24 of the 44 new sectors added to the 
table for energy and mining. 
contains 346 producing sectors, including 12 of the 
new sectors. 

The United States is largely a closed econcnny. 
The econcnny of California is less self-sufficient 
than that of the United States but more so than 
that of Lqs Angeles County. Consequently, among 
the three regions, the largest values would be 
anticipated for national income and employment 
multipliers, with intermediate values for California, 
and the smallest values for Los Angeles County. 

Both the input-output tables and the multi- 
pliers that have been developed can be used by 
other projects at the Laboratory that require an 
assessment of the economic impact of energy projects 
in the United States, California, and Los Angeles 
County. 
of the country are needed, these can be readily 
obtained using the methodology developed by this 
pro j ect . 
data were collected during 1975. All of the work 
required under the contract was completed during 
1976. This consisted of collecting the rest of the 
data, writing the computer programs, producing the 
updated input-output tables, and computing the 
multipliers. The results largely conformed to our 
expectations. 
tended to be capital intensive and had a large 
linkage to other sectors. The sectors with small 
multipliers tended to be labor intensive. A 
comparison of the multipliers f r o m  the three 
regions showed that in general the larger the 
region the larger the multiplier, an effect that 
is due to larger leakages from smaller regions. 

to Type I1 income multipliers for the United States. 
The ratio of 2:84 was the highest value we have 
seen. Since our results were not based directly on 
an official input-output table, we'checked them by 
computing the income multipliers using the official 
367-sector 1967 input-output table. Using these 

Of the 404 sectors in the model, 

Los Angeles County 

If multipliers on tables of other regions 

The methodology was developed and most of the 

Those sectors with large multipliers 

The only surprise was the ratio of the Type I 
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pltipliers we obtained a ratio of 2:92 which is 
close to the value obtained from the 1972 multi- 
pliers. 
of our results. FooTNoTEs 

A joint project conducted with the Dry Lands 
input-output table were obtained by updating the Research Institute, University of California, 
flows for the 44 1963 mining sectors. The Bureau Riverside. 
of Mines is in the process of awarding the Labora- 
tory a contract to take 1967 data for the mining Institute. 

sectors which they have provided, to produce a new 
1967 404-sector input-output table. 

This tended to confirm the reliability 

* The 44 mining sectors in the 1967 404-sector 

'Currently associated with the Dry Lands Research 

MANPOWER m m s  ON ENERGY PLANT CONSTRUCTION AND OPERATION* 

P. Benenson and T. Simonsont 

INTRODUCTION 

The original objective of this work was to 
estimate whether or not there is sufficient man- 
power in all occupations to construct and operate 
the energy plants implied by current energy consump- 
tion p jections. This task required assembly and/ 

These are: 
or coup '9 ing of a series of models and data bases. 

(1) A two-region input-output model of the 
U.S. to capture the interrelatedness of 
the U.S. economy; 

(2) A linear programming model that approxi- 
mates producer behavior and resource 
allocation subject to resource constraints; 

(3) An occupation-by-industry matrix of the 
U.S. economy; 

(4) A manpower mobility constraint model that 
simulates occupational changes constrained 
by occupation similarity, occupational 
supply, and historical mobility. 

We have chosen to model the entire U.S. economy 
even though our focus is on California. We include 
the rest of the U.S. because the labor market is to 
some extent a national one in which there is 
substantial geographic mobility. By using a two- 
region model with national, not regional, occupa- 
tional supply constraints, we account for geograph- 
ical labor mobility. The work thus far can be 
broken d m  into three stages. In the first stage, 
we assembled the basic components of the model 
(items 1, 2 and 3 above) and evaluated the feasi- 
bility of the results; this work was reported fully 
in "Analysis of Manpower Constraints on mergy 
Plant Construction and Operation, "UCID-3760, June 
30, 1975. In the second stage, we implanented a 
series of refinements to the basicmodel tomake it 
more realistic; these are discussed in the 1975 Energy 
and Environment Division Annual Report. During 
this past year, the work has been to develop the 
manpower mobility constraint model. Also, the 
scope of the study is being broadened. Earlier 
work was focused on the relationship between en 
production and labor; we are now qhasizing a 
comparison between this relationship and that of 

energy conservation and labor. Both these develop- 
ments will be discussed below. 

ACCChPLIsHMENTS DURING 1976 

Manpower Mobility Constraint Model 

The objective of this work is to accurately 
mode€ mnpower constraints on economic activity 
by taking into account mobility of labor between 
occupations. This model is designed to be linked 
with the two-region input-output model that we 
used in our earlier work which is coupled to an 
industry-by-occupation matrix that generates man- 
power requirements by specific occupation and 
industry for each level of economic activity. We 
imposed estimates of the supply of labor in each 
occupation and the industrial capacity in each 
industry as constraints on a linear programming 
model which maximizes gross national product. 

investigated previous research on labor mobility 
and the use of input-output models in manpower 
problems. Several instances were found in which 
input-output models were used to derive manpower 
needs, but no work was found in which the suppZy 
of manpower was taken into account as well. There 
has been extensive research on labor mobility, but 
several factors made it difficult to use in operat- 
ing a model. The classification of occupations was 
very aggregated, and the classification systems 
were not the same in all the studies. Also, most 
work used was economic factors to affect mobility, 
which are not determined in the input-output frame- 
work, e.g., unemployment rates and wage rates. 

contained in a report from the Cente for Advanced 
computation, University of Il1inois.f This tabula- 
tion, based on Census data, shows the number of 
people who changed occupations between 1965 and 
1970. The tabulation is broken down into 304 
occupational categories that are consistent with 
the occupational classification used in our input- 
output model to derive manpower requirements. The 
tabulation distinguishes moves in each direction 
between occupations. The period covered was one 
of particularly high mobility, and thus gives a 
historical view of the capacity of the occupational 
structure for mobility. 

Prior to developing the constraint model, we 

The only tabulation we found useful was 
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Our model of mobility is structural; there is 
a pattern t o  the way people move through the occu- 
pational structure that we expect to  persist through 
time, and this  pattern is  reflected by our data on 
mobility during the past ten years. The supplies 
of labor in  each occupation in 1980 are not inde- 
pendent point estimates, but rather are fluctuatbg 
ranges that are mutually dependent, linked by move- 
ment between occupations. Thus, an increase in the 
supply of labor in  one occupation implies decreases 
in others. We constrain the mobility between each 
pair  of occupations not t o  exceed the observed 
degree of mobility in the period 1965-1970. 

each occupation i n  1980 
is determined by the number i n  that occupation in 
1975, less those-leaving that occupation and/or the 
labor force by 1980, plus those entering from 
outside the labor force and from other occupations. 
With these more flexible labor supply constraints, 
the linear program is solved for the pattern of 
occupational changes required t o  achieve the . 

occupational structure of the labor force implied 
by the chosen pattern of final consumption. The 
program Tsolution is obtained subject t o  upper 
bound constraints on the changes between each set 
of occupations and the total  number of persons i n  
the labor force. 

In order t o  implement this  model, we have 
accurrmlated data from several sources and put them 
in  a mutually consistent form. 
1975 labor force by occupation have been computed 
from the Bureau of the Census Decennial Census and 
Current Population Survey data presently at LBL. 
From the Center for Advanced Computation, we 
acquired data (derived from Census) on net occupa- 
tional changes in  the period 1965-1970. 
the employment requirements, we used the matrix of 
persons employed by industry and occup 
was constructed a t  LBL. 

A computer test run a t  the nine occupation 
level of aggregation is being prepared. Final 
corrections t o  the data are being made t o  render 
the data consistent w i t h  the input-output model; 
we also are modifying the linear program t o  accom- 

the resulting man- 
power constraints should not be interpreted in the 
same way as natural resource constraints; clearly 
an attempt t o  forecast the decisions people make 
m n g  Occupations must be uncertain at best. Thus, 
we cannot predict an absolute ceiling for each 
occupation beyond which any labor requirement could 
be considered infeasible. However, the new occupa- 
ticma1 constraints can serve as a benchmark that 
represents a relatively high'degree of mobility. 
If the occupational constraints are binding, then 
we have some indication, relative t o  our recent 
historical experience, of the degree of mobility 
required t o  achieve the occupational pattern given 
in the solution. The model can also be used as an 

errelations among occupations; 

Estimates of the 

To compute 

that 

it shows the potential tradeoffs between expansion 
of same occupations and contraction of others, with 
their  attendant impacts on production in various 
sectors. 

Related Studies 

Several other avenues of work are in progress 
a t  LBL that relate t o  the manpower constraint model. 
F i r s t ,  a national and California input-output table 
have been updated from 1967 to  1972. These form 
the two regions of the input-output model t o  be 
used in subsequent scenario analysis. Formerly, 
a multiregion input-output model based on 1963 data 
was  used. Second, a study of energy flows between 
California and the rest  of the U.S. is being 
conducted. When campleted, the output of this  
work w i l l  form the link between California and 
national 1-0 tables. Third, work has begun on 
estimating the income and employment impacts of 
energy conservation measures. This entails data 
acquisition regarding the material and manpower 
requirements for specific conservation measures, 
the associated energy and power plant capacity 
savings, and estimates of the rate of conservation 
implementation. This work is discussed in mdre 
detail  in the report "Analysis o f  the California 
Energy Industry," LBL-5928, January 1977. 

DIRECTION FOR FURTHER WORK 

We plan t o  broaden the scope of this  study t o  
include a comparison with the manpower impacts from 
energy conservation. 
direction in the California mer@ Industry study. 
There are several reasons for pursuing this  direc- 
tion. First, the issue is  timely. Second, it is 
linked t o  the ,larger question of the relationship 
between energy use and GNP. Third, more accurate 
estimates of the direct impacts are possible 
relative to  our abil i ty to estimate occupational 
supply. The la t te r  are extremely difficult  to  
estimate because of the general uncertainty regard- 
ing the size of the labor force and the degree of 
occupational mobility i f  economic or other incen- 
tives become strong enough. 
investigation w i l l  be determined i n  consultation 
with s ta te  government agencies and w i l l  be based 
jointly upon their  priorit ies and the feasibility 
of data acquisition. 

Work has already begun in this  

The scope of our 
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IMPACT AND OF GRWl'li ANDCHANGE IN SOCIAL SYSTINS 
-_ FROM ENERGY PROJECTS: A SYSTEMS APPROACH 

C. W. Churchman and H. G.  Nelson 

. INTRODUCTION 

Geotherml energy, despite the potential to 
provide only a small portion of the total energy 
needs for California, is growing in importance, 
and increasing attention is being directed towards 
these locations of major ''Knawn Geothermal Resource 
Areas (KGRA's)!' Che such area is located in Lake 
County of north central California. This mostly 
rural county has a pennanent population of about 
24,000 people, which in the sunnner more than 
doubles as tourists come to enjoy the natural 
amenities offered by the area. h e  of the major 
attractions is a large, picturesque lake called 
Clear Lake, around which most of the recreational 
activities take place. Other recreational features 
include outdoor activities that take advantage of 
the large blocks of public lands included within 
the County boundaries. 

Three groups of people make up the major 
portion of the pennanent population in Lake County. 
The first group includes those working in jobs 
related to the extensive recreation industry. The 
secund major group is involved with the agricultural 
industry, which consists mainly of pear and walnut 
crops. The third group consists of retired people 
attracted to the County by its low cost of living 
and its rural setting. 

an area known as 'The Geysers" which has been 
actively using the geothermal resource to produce 
electrical energy since the 1950's. Here at t h i s  
boundary region with The Geysers area, Lake County 
expects to have its first geothermal p e r  plant. 
Presently there exists a full field development 
able to provide steam to a proposed utility p e r  
plant; and a great deal of activity related to 
other potential geothermal developents is taking 
place throughout the County. 

The opportunities as well as the dangers 
involved in such a large-scale resource development 
are appreciated by residents and governmental agen- 
cies, and are the major reasons why the Energy Re- 
search adDevelopmnt Administraticnm is funding 
an impact and assessment study, to be done by the 
Lawrence Berkeley Laboratory (LBL). 

ACCOMPLIsI-MJ3E DURING 1976 

Adjacent to Lake County's western boundary is 

The impact and assessment study dealing with 
the potential geothermal development in Lake County, 
California, has been divided into two phases. The 
first phase, just completed, deals with a variety 
of subjects leading to an overall picture of the 
physical and demographic characteristics of the 
County. It includes an introduction to the devel- 
opment process prior to producing electricity from 
a geothermal resource, starting with exploration 
and leasing policies and continuing through p e r  
plant operation, especially as it relates to fiscal 
impacts upon the County. Also included is a site- 

specific study of the geothermal resource as found 
in Lake County and the related technical aspects of 
the state-of-the-art technology in extraction and 
use of the resource f o r  generating electrical 
energy. Infomation is discussed dealing with 
the impact of different chemicals associated with 
the geothermal resource. 

the geothermal resource information will be 
published as separate LBL reports. 
LBL reports dealing with public opinion question- 
naires have already been published. Che concern 
a questionnaire sent to people within the Cobb 
Mountain area of the County, whi faces innninent 
geothermal development pressure. rThe second report 
discusses the same questionnaire sent to a randm 
sample of the registered voters of the entire 
County.2 The purpose of the questionnaires was to 
discern attitudes and perceptions relating to the 
geothermal energy developent . 

The Lake County demographic information and 

'Iko related 

PLANNED m M T I E S  FOR 1977 

The second phase of the study will deal with 
using the "systems approach'* humanistic concern 

assessment method.5:4 Growth and change in social 
systens brought about by the intentional energy 
development policies of agencies such as ERDA 
promise opportunities for residents of the County 
and for energy users residing elsewhere; but the 
County residents are concerned over the potentially 
negative side effects that have historically plagued 
similar rural comities faced with intense devel- 
opent from outside forces.5-8 Such potential costs 
and benefits are not always measurable on economic 
scales. 
will model the community and related interest groups 
as a system and will use the system method to 
address important issues that are difficult to 
deal with using only economic models. 

The study will provide information on values 
and perceptions of Lake County residents and 
individuals from the interest groups involved in 
the geothermal resource development. The members 
of these groups will be divided into three separate 
roles, which may overlap: (1) the clients or people 
.who should be served by policies relating to the 
geothermal resource, (2) the decision-makers or 
those who by their control of resources can make 
changes in the components of a system, and (3) the 
planners or those who conceptualize a .change and 
assess its value. 

Data will be collected by a variety of methods. 
Questionnaires, mrkshops, and interviews will be 
used as active methods of data gathering. Unobtru- 
sive measures will be used to provide complementary 
information, not accessible through the active 
methods. As the study progresses and an under- 
standing of the problem increases, more appropriate 
methods will be used. The same approach is true 
for data sources. With the systems method, data 
are collected sequentially, beginning with a broad 

Therefore, the second part of the study 
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sweep and then concentrating on the most relevant 
sources. 

In order to accomplish the goals of this 
phase of the study, a variety of tasks must be 
completed; the results will be in three forms: 

(1) There will be the introduction and develop- 
ment of the systems approach which can be 
used as a model by those persons involved 
in future problem-solving attempts in Lake 

' County and other cornmrnities with similar 
developmental changes ; 

(2) There will be information and data collect- 
ed for a report dealing with humanistic 
values; 

(3) There will be the observations, discussions, 
future tasks, and, where warranted, conclu- 
sions (drawn from the perspective of 

licit world views). 

e tasks, information will 
be collected to answer nine basic questions of 
humanistic assessnrent of social change: 

(1) Who should be the client? 
(2) What should be the goal of the system? 
(3) What should be the measurement of 

performance for the system? 
Who should be the decision-makers? 

(5) What components of the system should 
the decision-makers control? 

(6) What should be considered as the 
environment of the system? 

(7) Who should be the planners of change 
in the system? 

(8) How should plans be implemented? 
(9) What should be the design of the control 

The results of this study will consist of 
information (sometimes conflicting information) 

of the implemented plan? 

on each of these nine questions. 
the information will be in the form of a dialectic 
process. 33y -explicitly stating the differing views 
on issues and by exploiting these differences, those 
who will be using this information for judgments 
and policy decisions will have a much higher proba- 
bility for making proper decisions. In other cases, 
the information will be concerned with areas of 
agreement and will be considered as base line 
information. 
will prove valuable both to the citizens of Lake 
County and to the planning organizations. 

In many cases 

It is expected that this information 
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RESIDUALS FROM CALIFORNIA POhER PLANTS 

H. Rudeman and R. Sextro 

INTROWCTION 

residuals associated with power plants supplying 
electricity to California. 
based on three scenarios for power plant construc- 
tion and operation that were supplied by the Energy 
Assessment Division of the California Energy 
Resources Conservation and Development hission 
(CERCDC). The first scenario is based on the 
utilities' schedule for new generating capacity, 
which was submitted to CERCDC in May 1976. The 
other two scenarios, low demand - new technology 

We have made estimates of pollutants &d other 

The calculations were 

(LDm) and high demand - new technology (I-ID/NT) 
were developed by the Energy Assessment Division 
staff of CERCDC to examine alternatives to the 
utilities' plans. 

The residuals were calculated for each of 
eleven years from 1975 to 1985 and for the twentieth 
year, 1995. They were classified into emissions to 
air and water, solid wastes, land use, occupational 
health and safety, radiological emissions, and 
radioactive material in irradiated fuel rods. 

, Geographically, they were disaggregated by air 
basin, hydrological basin, utility service area, 
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and in- and out-of-state. These data, in the form 
of computer printouts, were submitted to the Energy 
Assessment Division for their use in analyzing the 
potential environmental impacts of the utilities' 
resource plans. Some of these results were incor- 
porated in the staff-proposed draft of the Electri- 
city Forecasting and Planning Rep0rt.l In addition, 
a report containing the methodology and assumptions 
used in performing these calculations wes submitted 
to CERCDC? 

SCENARIOS 

The "Business as Usual" scenario is based on 
the statewide supply forecast submitted by the 
electric utilities to CERCDC. The high demand - 
new technology scenario (HD/NT) couples the utili- 
ties' forecasgof electricity demand to a supply 
mix developed by CERCDC calling for rapid implemen- 
tation of advanced technologies. This results in 
more electricity generat ion by coal, geothermal, 
wind, solar, and waste energy facilities and less 
by oil and nuclear than the BAU case (see Table 1). 
The low demand - new technology scenario (ID/NT) is 
based onCERCDC estimates of the impacts of energy 
conservation on the growth in demand for electricity. 
This scenario shows decreased reliance on coal, 
nuclear, and geothermal sources as compared with 
the HD/NT scenario. 
constructing these scenarios is discussed in Chapter 
VI1 of Ref. 1. 

The assumptions that went into 

METHoDoLoGy AND DATA 

"he calculation of residuals is based on the 
concept of a nominal facility which is a hypotheti- 
cal p e r  plant with a generating capacity, capacity 
factor, and efficiency typical of existing or plan- 
ned p e r  plants of that type. Each nominal facil- 
ity burns fuel with certain asswed characteristics 
such as energy, ash, or sulfur content. A method 

of cooling and pollution abatement equipment for 
the plant are also assumed. In general, we have 
used the nominal facility sizes from the Energy 
Supply Plann' g Model developed by the Bechtel Corporation. 5" 

Using these assumptions we calculate the 
amount of fuel consmed (energy input) for each 
nominal facility expressed in Btu's per year and 
in physical units (barrels or tons). 
emitted to air and water, the amount of solid and 
radioactive waste produced, and the occupational 
health and safety impacts are all assumed to be 
proportional to the annual energy input to the 
facility. The only exception is land use which 
is taken to be proportional to the plant size 
(generating capacity). The primary sources used 
for data on pollutants and other residuals associ- 
ated w'th power plants are two reyts by Tehekron, 
Inc.!si and the MERES data base, from which 
additional data on occupational health and safety 
were obtained. 
then scaled by the energy input for each facility, 
resulting in the residuals associated with each 
nominal facility. 

Next, a generating facility data file was 
constructed using data submitted to CERCDC by the 
California electric utilities. These submissions 
contained a year-by-year and facility-by-facility 
listing of generating capacity additions (including 
present capacity) or retirements planned up to 1985, 
and for the twentieth year,1995. Wherever possible, 
each facility was identified by name, location, fuel 
type, and cooling method. Plant location was speci- 
fied by county, air and hydrological basin, and 
wlreau of Economic Analysis (BEA) region. Fuel 
consumption was estimated by the utilities for 
each power plant type within an air basin. The 
capacity factor, by plant type and air basin, used 
in the model was adjusted so that fuel requirements 

The pollutants 

The data from these sources were 

Table 1. Scenarios for residuals calculation (generating capacity in We). 
~~ ~ ~~ ~ ~~ ~~ ~~~~ ~ ~~ ~~ ~~ 

1975 1980 1985 1995 
All BAU LD/NT HD/NT BAU LD/NT HD/NT BAU LD/NT HD/NT 

Nuclear (inla 
Nuclear (outla 
Oil 
Coal (inla 
coal (outla 
Combined cycle 
Gas turbines 
Geothermal 
Advanced Tech. 

Total 

1379 
-- 

21361 
-- 
2276 
24 

1083 
502 
-- - 

3657 
-- 

22005 
-- 
2433 
1096 
2314 
1178 
26 

3657 
-- 

22026 
-- 
2433 
1096 
2314 
1178 
-- 

3657 
-- 

22005 
-- 
2433 
1166 
2314 
1178 
-- 

7907 
381 

21252 
800 
4033 
1456 
4339 
1978 
224 

5857 
- -  

21496 
-- 
2433 
1096 
2314 
1286 
2400 - 

7457 
381 

21496 
800 
4948 
2462 
3739 
2048 
250 

26625 32709 32704 32753 42370 36882 43581 

Source: CERCDC Energy Assessment Division. 
a ~ n  or out of state. 
bIncludes fuel cells, solar, wind, and waste generation. 

L' 

34657 
571 

17630 
2880 
4483 
3424 
6210 
3458 
680 

73993 
- 

6817 
-- 

15941 
-- 
2433 
1072 
2083 
11646 
4745 

44737 
- 

10344 
381 

15387 
5600 
6808 
3842 
3475 
12844 
7600 

66281 
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for each fuel type within an air basin matched the 
utility estimates. For hydro, geothermal, and 
advanced technology facilities, the utilities' 
estimates for capacity factors were used. 

. - NO, emissions \ **' 
.. 

I 1 I J 

The yearly changes in plant capacity and 
capacity factor for each facility were converted 
into an annual schedule of the number of nominal 
facilities of a particular type operating during 
that year. The number of nominal facilities of a 
given type that are operating is equal to the 
energy input to the actual facility for that year 
divided by the annual energy input to a nominal 
facility of the same type. The amount of any 
residual produced during one year by a given facil- 
ity or group of facilities is equal to the annual 
production of that residual by a nominal facility 
of the corresponding type multiplied by the number 
of nominal facilities of that type operating during 
the year. 

RESULTS 

Since the purpose of this task is to provide 
the Commission staff with data for their assessment 
of the environmental impacts of the utilities' plans 
or alternative plans, we have done little analysis 
of our results. In this section we present some 

E I ect r i city generated 
San Francisco Bay Area 

BAU ocenorio 

' O I  5 - 

\ \  

. \  
\\ 

\ 
\ 
\ 
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/975 /980 /St95 /990 1995 i u  
1 ! Fig. 1. Utilities ' estimate of electricity generated 

(XBL 7612-11109) in the Bay Area by plant type. 

selected results as an example of what can be done 
using our methodology and data. All the results 
shown are for the San Francisco Bay Area for the 
years 1975-1985 and for 1995. 

In Fig. 1 we present the utilities' estimate 
of electricity generated in the Bay Area by plant 
type. Presently all generation is from oil-fired 
plants. The utilities' plans call for additional 
capacity in the form of gas turbine and combined 
cycle plants coming on-line about 1980 and a coal- 
fired plant in 1983. The oil-fired plants are 
expected to be run at a higher capacity factor 
during this period. After 1985 the older oil-fired 
plants are phased out and the gas turbines run at a 
lower capacity factor. The HD/NT scenario is very 
similar, whereas the LD/N scenario shows no coal 
or combined cycle plants being built and only half 
of the new gas turbines. 

The estimated amounts of particulates, oxides 
of nitrogen, and sulfur oxides that would be emitted 
by power plants in the Bay Area under the BAU 
scenario are plotted in Fig. 2. These show that 
there may be more than a factor of two increase in 
particulates and Nox by 1985. The proposed coal- 
fired plant is a major contributor to this increase. 
Its effect on So, emissions is relatively smaller 

Airborne emissions 
San Francisco Bay Area 

BAU Scenaro 

-. t Part  icu la t es --a 

0 3  

Gas turbine Q 
* "t /-% ,Combined 

Ull -.. '- 

so, emissions 

0 
/975 /980 1985 /990 1995 

Fig. 2. Estimated amounts of particulates and oxides 
emitted by Bay Area power plants under the 
business- as -usual scenario. (XBL 7612-11110) 
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as it is expected to bum low sulfur coal (1% sulfur 
content) and will use scrubbers. The gas turbine 
and combined cycle plants, which burn distillate, 
make a negligible contribution to the So, emissions. 
The levels of air pollutant emission decrease by 
1995 with the phase out of oil-fired p e r  plants. 

In Fig. 3 these same three airborne emissions 
are shown for all three scenarios on a five-year 
basis to 1985 and then for 1995. The L+D/NI' scenario 
shows a significantly lower level of emissions than 
the other two scenarios. 
1970 is primarily due to running existing plants at 
lower capacity factor because of lower demand in 
this scenario. After 1980 there are additional 
savings since no new coal-fired or combined cycle 
plants are built. 
nearly the same. By 1995, however, the HD/NT 
scenario shows slightly laver emissions. In this 
scenario the power plants are running at a laver 
capacity factor, and mre electricity is being 
supplied from outside the region. 

Our results are a first step in evaluating the 
environmental impacts of a given electricity supply 
mix. They could serve as input to a pollutant 
dispersion model which would calculate the concen- 
tration of these substances in the air and water, 
and their deposition on the ground. It would then 
be Kecessary to trace the paths in the food web by 
which they are distributed to the species in the 
local ecosystem. 
health and the ecosystem should be estimated from 
the population exposed to these pollutant levels. 
So far no reliable methodology has been found to 
carry out these calculations. 
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SURVEY OF WTER REQUIREMENIS FOR FUllRE ENERGY DEVELOPMENT 

J. Sathaye and R. L. Ritschard 

INTRODUCTION 

This project is part of the cooperative Federal 
Water Resources Council (WRC) - Energy Research and 
Ikvelopment Administration (ERDA) program to conduct 
a Water-for-Energy Assessment under the provisions 
of Section 13 of the Federal Non-nuclear Energy 
Research and Development Act of 1974. 

The objective of this study is to determine 
water requirements and implications of energy 
technologies, with emphasis on emerging technologies 
for certain WRC regions and aggregated subareas 
(ASA's) in California and Nevada. The analysis will 
be incorporated into WRC's Water-for-Energy Program 
and other WRC and ERDA programs, and will enable 
consideration of new technologies within the 1975 
National Assessment. 
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The project has been divided into two phases. 
The first phase, which conunenced in August 1976 and 
was completed in November 1976, provided projections 
and demands for energy and water resources as 
perceived by regional and state entities responsible 
for or involved in energy planning. 

Phase I1 begins in January 1977 and includes 
the collection of data and an analysis of the impact 
on water resources arising from development of 
various energy-tedhnologies by 1975, 1985, and 2000. 
The current and projected energy use by fuel 
including electrical-demand, will be defined 
E m  and FEA scenarios, The specific fuel supply 
activities to be considered are extraction of fossil 
fuels, processing and conversion of fossil and 
nuclear fuels, including electric power generation, 
and new technologies such as coal gasification, 
coal liquefaction, biomass conversion, geothe 
and waste utilization. 

This project relates directly to the water 
resources analysis portion of the National Coal 
Utilization Assessment that is currently a major 
activity of the Energy Analysis Program. The over- 
all objective of both these studies is to determine 
the effects of energy-related activities on the 
quantity and quality of water resources and how 
these effects might constrain the utilization of 
energy resources in California and the West. 

ACCCWLISfNENE DURING 1976 
. .  

The Phase I portion of the project was 
completed in November 1976. 
draft report1 which was submitted to WRC and is 
currently being reviewed by various WRC cmittees, 
WRC staff, and the Regional Sponsors. A final 
report will be prepared incorporating the comments 
made by the reviewers. 

The information used in the Phase I effort 
was obtained from a variety of regional and state 
sources including representatives of State energy 
offices, public service cdssions, water resources 
offices, and planning agencies. This information 
will be used as well in the water resources analysis 
portion of the National Coal Utilization Assessment. 

The following observations regarding the water- 
energy picture in California were made: 

(1) Energy development in California could 
require a significant amount of fresh 
water for power plant cooling by 1995; 

Major impacts of this increased water- 
requirements level would be felt in some 
hydrologic bash; 

It resulted in a 

- 

(3) Several measures are available to mitigate 
the potential adverse impacts on water 
resources, among which are the use of 
wet/dry or dry cooling towers, water 
conservation, use of agricultural and 
nnmicipal waste water, and development 
of groundwater sources. 

Future increases in water availability for the 
development of energy technologies in Nevada will 
probabLy come from pumping groundwater. Several 
hydrographic areas have been identified by the State 
where groundwater exists in sufficient quantity to 
support an expansion of electric generation capacity. 
The focus in Nevada's energy and water future seems 
to be in the import-export areas. Nevada is cur- 
rently a net electrical energy exporter and could 
continue to expand that role. 
electrical energy, however, could have a substantial 
effect on Nevada's total energy market, the State's 
economy, and its environment. 

Large exports of 

PLANNED ACTIVITIES FDR 1977 

The following activities are planned for next 

(1) Disaggregate current and projected (1985 

year : 

and 2000) fuel supply as appropriate to 
WRC region and to ASA's based on ERDA and 
ITA scenarios. &alifornia's supply tech- 
nology siting will be based on the long- 
range plans (to 1995) of the Conservation 
and Development Comnission and the 
California utilities ; 

(2) Determine unit water requirements for non- 
nuclear energy technologies which are 
likely to contribute significantly to 
national energy supply by the year 2000; 

(3) Calculate aggregate water requirements for 
1975, 1985, and 2000 by WRC region and by 
selected ASA's for each fuel supply tech- 
nology, including nuclear; 

(4) Identify the possible implications on water 
and related land resources associated with 
ERDA and FFA scenarios. 

A draft of the final report will be provided 
to WRC at the end of April 1977, with a final report 
one month later. 
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ANALYSIS OF CALIFORNIA ENERGY INIXISTRY 

J. A. Sathaye, H. Rudennan, R. Sextro, P. Benenson, 
L. Kunin, P. man, J. Kmser, Y. BenDov and W. E. Siri 

INTRODUCI’ION 

The California energy supply system forms an 
integral part of the State’s economy. It provides 
an important input for production of most comnodi- 
ties and services, and competes with other economic 
sectors for capital and manpower. In this study, 
we focus on the capital and manpower which would 
be required under alternative paths of energy 
development. In particular, we 

(1) Cescribe quantitatively the California 
energy industry and its relationship to 
the California and the U.S. economies, 

(2) Provide the analytic capability for deter- 
mining the direct and indirect employment 
and income impacts resulting from a given 
energy future for California, 

(3) Demonstrate and test the methodology with 
scenarios that embody varying combinations 
of conventional energy technologies, new 
energy technologies, and energy conserva- 
tion measures. 

The methodology developed in this project is 
generally applicable to any set of California energy 
futures up to the year 1995. 
this methodology for other projects such as the 
ERDA National Coal Utilization Assessment and the 
Regional Studies Program. California scenarios 
fonnulated as part of these projects will be 
analyzed using these models. 
in May 1976 and was completed at the end of 
December 1976. 

It is planned to use 

The project started 

The Present California Energy Industry 

At present, natural gas, petroleum fuels, and 
electricity form the major part of energy supply to 
California. 
peaked in the latter part of the 1960’s and has 
declined steadily since 1968. 
sales of electricity have exceeded in-state produc- 
tion since 1970. 

Natural gas and crude oil production 

Ch the other hand, 

The present energy industry accounts for about 
1.4% of nonagricultural employment and about 3.5% 
of the Gross State Product. 
intensity (employees per million dollars output), 
the energy sectors are among the lowest twenty per- 
cent of all economic sectors; therefore, large 
changes in output from those sectors are required 
before significant changes in level of employment 
are felt. 

In tern of labor 

Future Energy Supply Systems: An Assessment 
Met hodolo w 

In order to quantify the employment and income 
impacts of future energy systems, we have developed 
an energy supply model for California and linked it 
to an input-output (1-0) model of the California 

economy. This energy supply model simulates the 
construction and operation of energy resource 
extraction, transportation, and conversion facili- 
ties. It calculates capital and operating require- 
ments, including materials and fuel for these 
facilities. The indirect manpower and income 
effects are then estimated by transforming these 
requirements into inputs to the 1-0 model. 
1-0 model the interdependence among sectors is 
explicitly accounted for, so that the impact of 
changes in the production of any given sector can 
be traced to all other sectors. 
lated by these models include fuel requirements, 
capital and manpower needs for the constructim of 
new energy facilities, the indirect manpower 
required for the supply of construction materials, 
and some of the costs and manpower associated with 
operation and maintenance of these facilities. 

In the 

The impacts calcu- 

Three alternative energy scenarios were analyz- 
ed to demonstrate this methodology. While these 
scenarios are not forecasts on our part, they do 
set out three energy futures which display conven- 
tional technologies, alternative supply technologies, 
and conservation measures. 

new electricity generating capacity was acquired 
from utility submissions to the California Energy 
Resources Conservation and Development Cormnission 
(CERCDC). The supply and demand schedule for oil 
and gas in this scenario is based on published 
forecasts.1-3 The second scenario includes a shift 
in emphasis to new electricity supply technologies, 
active solar heating of residential buildings, and 
a decreased availability of natural gas for Cali- 
fornia. The new technologies are geothermal units, 
wind turbines, solar-thermal systems, and waste- 
fired power plants. 

The third scenario emphasizes use of three 
conservation measures: delamping in commercial 
buildings, retrofit ceiling insulation in residen- 
tial buildings, and construction of passive solar 
houses. These measures lead to a reduction in 
energy consumption and to a reduction in new gas 
and electricity supply facilities. 
scenario was formulated by removing these facilities 
from the first scenario, and decreasing the energy 
flows appropriately. 

In the first scenario, the schedule for adding 

The third 

Energy consumption in the three scenarios grows 
annually at a rate of 2.6%, 2.0%, and 2.4%. 
20-year cumulative energy requirements for the three 
scenarios are shown in Fig. 1. In terms of cumula- 
tive resource use, the consumption of nonrenewable ’ 
resources (natural gas, coal, oil, uranium, and 
geothermal heat) is 11% lower in the second scenario, 
as compared with the 151 x 10’’ Btu consumed in the 
first scenario. 
decline in nuclear fuel requirements and a 31% drop 
in natural gas supply. 
and third scenarios shows the effect of conservation 
measures. These measures account for a 4% decrease 

The 

The major differences are a 66% 

A comparison of the first 
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in nonrenewable resource requirements from those 
1015 BTU 1976 - 1995 called for in the first scenario. This decrease 

is due to a 6% savings in natural gas, a 42% drop 
in coal requirements, and an 8% decline in nuclear 

The capital and manpower requirements are 
sunnnarized in Table 1. The capital requirements 
for the three scenarios over the 15-year period, 
1976-1990, amount to $48 billion, $55 billion, and 
$43 billion, respectively. A significant portion 
of the capital in the second scenario is expended 
on active solar heating devices. In tern of the 
overall State economy, the capital requirement for 
the construction of new energy facilities averaged 
over 15 years ranges from 11% to 15% of $25 billion, 
the 1974 value of Gross Private Capital Formation 

The average annual manpower required by each 

160 ' Solar Heatin 
LiJ fuel requirements. 

140 

120 

100 

80 in California. 

60 of the three scenarios was calculated to be 144,300 
man-years, 183,600 man-years, and 137,600 man-years. 
The difference between the first and second scenar- 
ios is 39,000 man-years, or less than 0.5% of the 

however, with the average number of new nonagricul- 
tural jobs that have been created annually in 
California (about 210,000 per year), these additional 
jobs make a large contribution to employment growth. 
(xlr results show that one can formulate an energy 
scenario that is more labor intensive than another. 
However, this does not imply that energy policy can 

IMPACTS OF ALTERNATIVE INVESTMENTS 

40 1974 labor force of 9.5 million. When compared, 

20 

0 
Scenario 1 Scenario 2 Scenario 3 or should be used to make employment policy. 

Total primary energy use in California. Fig. 1. 
We examined the tradeoffs between the three 

-Capital (lo6 1974 $)- 
Construction Operation Construction Operation Indirect 

. Manpower (Man-years) 

1976-80 10,131 550,700 110,000 
1981-85 22,544 7,906 203,400 274,500 374,600 852,500 170,500 

282 800 760,700 152,140 
Total 47,914 24,095 483,200 834,300 846,400 2,163,900 144,300 

887,500 177,500 

1 
1986-90 15,239 9 , 116 177,900 300,000 A 

54,904 27,898 690,700 1,131,100 932,200 2,754,000- 183,600 

533,700 106,740 
778,200 155,640 
751,900 150,380 

42,803 23,327 444,600 816,800 802,400 2,063,800 137,600 
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Table 2. Estimates of energy savings and capacity reduction. 

L' Chulative savings in Cumulative savings in Cumulative savings in 
natural gas (10 Btu) electricity (lo9 Kwh) generating capacity (!.We) 

to1981 to1986 to1991 to1981 to1986 to1991 to1981 to1986 to1991 

Delamping 0 0 0 26.2 78.7 131.3 3080a 3080' 3080a 

I Retrofit insulation' 248 745 1242 1.1 3.3 5.5 0 0 0 

Passive solar housing 2 - 155 - 349 4.8 19.2 43.1 14OOb 28OOb 42OOb 

Total 287 900 1591 32.1 101.2 179.9 
- - -  

load 
bPeak load 
Crhese programs, taken together, save natural gas equivalent to the projected 
output from two synthetic natural gas (SNG) plants (total 141 x lo9 fts/yr). 

energy conservation programs and some of the energy 
facility construction programs that are rendered 
unnecessary by energy conservation. Table 2 shows 
estimates of energy savings and capacity reduction 
due to the conservation programs. The delamping 
program involves reducing the lighting level in 
commercial buildings by replacing a portion of 
the ex' ting fluorescent tubes with nonluminous 
Phantm% tubes. We assumed this program would 
require no additional expenses. At the completion 
of the 5-year delamping program, there would be an 
annual electricity savings of 10.5~10~ kwh. Over 
a 15-year period (1976-go), the program would save 
131 x lo9 kwh. It would result in reduced demand 
for 3080 MWe of base load capacity. 
remove the need for two 11OOMWe nuclear power 
plants and one 800 MWe coal-fired m e r  plant. 
These power plants would have required $1.2 billion 
(1974 dollars) of capital outlays and 39,000 man- 
years of direct and indirect labor. 

For the passive solar housing program, we 
postulate a change in building codes for new 
residential construction. The code change increases 
the requirements for insulation and glazing to maxi- 
mize solar heat gain during the winter and to mini- 
mize it during the sunnner. In addition, we assume 
the buildings are constructed with the appropriate 
physical orientation and thennal mass. We ass-, 
based on available data and engineering estimates, 
that these changes would reduce the cooling and 
heating load of the house by 60%. 
natural gas savings would amount to 2 8 ~ 1 0 ~  Btu or 
4600 kwh for electrically heated homes. 
air conditioning would be 1600 kwh per year. All 
new housing units (estimated to average 205,000 
units per year) are assumed to meet the revised 
code which would result in incremental annual 
savings of 3.1~10'~ Btu of gas and 380~10~ kWh 
of electricity. The capacity savings would amount 
to 4200 MWe by 1991. These capacity savings would 
result in reduced demand for $510 million (1974 
dollars) of capital outlays and 13,500 man-years 
of direct and indirect labor. The passive solar 
program would require no additional direct expenses, 

This would 

The annual 

Savings in 

but would require 9000 man-years of indirect labor. 

The third conservation measure, retrofit ceil- 
ing insulatian, calls for upgrading the ceiling 
insulation to R-19, in that portion of the existing 
housing stock that are insulatable. 
were implemented, the annual savings by the end of 
the pro am would be 100 x 10l2 Btu of gas and 

accumulated by the passive solar housing and retro- 
fit ceiling insulation programs would negate the 
need for two synthetic natural gas (SNG) plants. 
These two plants would need $1.5 billion (1974 
dollars) and 56,OOOman-years of direct and indirect 
labor for construction. The retrofit insulation 
program would call for $760 million (1974 dollars) 
and 23,000 man-years of direct and indirect labor. 

If  this measure 

440x10 Q kwh of electricity. The gas savings 

The three measures would obviate 3080 MWe of 
baseload capacity (two 1100 MWe nuclear plants and 
one 800 MWe coal plant), 4200 MWe of peaking capa- 
city, and two SNG facilities. 
measures would reduce the demand for capital by 
$3.2 billion and the demand for labor by 109,000 
man-years. The three measures on the other hand 
would need $760 million and 32,000 man-years of 
labor. 

Together, these 

Several important limitations of this study 
should be kept in mind. First, there are limita- 
tions in terms of both accuracy and availability 
of data. The uncertainties in facilities cmtruc- 
tion data range from 210 to *SO%. 
technologies and energy conservation measures are 
even less reliable. 
linearity in both energy supply processes and in 
economic structural relationships. These assump- 
tions do not take into account economy-of-scale 
considerations or improvements in technologies that 
may take place over time. Finally, the temporal, 
geographic, and system boundaries imposed in this 
study precluded a broader analysis of the impacts. 
Such an analysis could alter the magnitude of some 
of the results. 

Data on new 

Secondly, we have assumed 
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