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I.C. Hsu, and R.A. Seban 

LBL-8645 
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Lawrence Berkeley Laboratory 
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Abstract 

Research designed t o  obtain baseline heat t ransfer  data on secondary 
f lu id  candidates fo r  geothermal cycle systems is described. 
a tus  was designed t o  provide 
determine inside and outside 
fo r  heating and condensation of secondary f lu ids  being considered fo r  
binary systems. 
with steam, instead of geothermal f lu id ,  as the heating f lu id  and a 
th ro t t l i ng  valve instead of the turbine. 

The appar- 
asel ine data under clean conditions t o  
ea t  t ransfer  f i lm coef f ic ien t ,  respectively,  

The secondary f lu id  loop simulates the binary cycle 

In  t h i s  report ,  r e su l t  
isobutane on the outside of 
loading, as w e l l  as  p r e l  
the isobutane inside a t 
rates, are presented.. was heated i n  a horizontal ,  type 
316 stainless s t e e l ,  i e by steam condensing on the 
outside. In the cond tane was condensed on the outside 
of a horizontal  tube, a t  i n  the heater,  by cooling 

a t e r  inside the tube. Each instrumented tube was f i t t e d  with a t o t a l  
f f i f t een  thermocouples imbedded i n  the wall of the  tube a t  f ive  

i l m  coeff ic ient  for  condensing the 
e a t  various pressures and condensate 

s u l t s  on film coeff ic ient  for  heating 
4 MPa (600 psia)  and various flow 

s ta t ions  located equally a l o  
and outside wall temperature 
was calculated from the loc 
t h e i r  temperatures. The he 
determined by measuring the 
of the tube under each of f 
vapor-traced meters. The h te released by the condensing isobutane 
was a l so  determined by meas 
on the  outside of the t ters s imilar  t o  those i n  

e length of the tube. The inside 
he tube a t  each of the f ive  s ta t ions  . 
of the imbedded thermocouples and 
e t o  the isobutane i n  the heater  was 
of condensing steam on the outside 

ections by means of special ly  designed 

the r a t e  of isobutane condensing 

* 
Prepared for  the U.S. Department of Energy, Division of Geothermal 
Energy, under Contract No. W-7405-ENG-48. 
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The temperature of the isobutane inside the heater tube was 
measured by a traveling platinum resistance thermometer equipped with 
a mixing head at its tip and the temperature of the condensing isobutane 
in the condenser chest was measured by a platinum resistance thermometer. 

Film coefficients for the heating of isobutane in the range of 
540-2100 W/m2C (95-370 Btu/hr ft2 OF) were obtained for Reynolds number 
between 2 x lo4 to 2 x lo5. Film coefficients for the condensation 
of isobutane in the range of 
were obtained at temperatures ranging between 49-99OC (120-2100F) and 
condenser loading ranging between 20-1030 Kg/hr m2 (4-210 lbs/hr ft2). 

568-2270 W/m2C (100-400 Btu/hr ft2 OF) 
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HYDROCARBON HEAT TRANSFER COEFFICIENTS : 
PRELIMINARY ISOBUTANE RESULTS 

Introduction 

Assessments of the potential of geothermal energy resources have 
pointed to hot ,brines as a v 
power in the next two or thr 
(Roberts, 1976) and recent exploratory drilling (Wollenberg, et al., 
1975) tend to confirm this opinion, and show further that low-salinity 
intermediate temperature (1 OC) brines are the plentiful. 

le source of large amounts of geothermal 
decades. Power plant feasibility studies 

To take full advanta 
has been proposed, partic 
temperature range or with 
that have noncondensable no s. In this system, geothermal 
brine is used to heat anoth ndary fluid used as the working 
fluid of a turbo-genera much as in an ordinary steam 
power plant. Depending ure range and other conditions, 
the secondary fluid may a, refrigerants, isobutane, 
other fluids, or approp fluids. Although isobutane 
has received the most a in the intermediate temperature 
range, mixtures of isob ne, Freons 22 and 113, and 
ammonia are being considered. 

is source of energy, the binary cycle 
ith brines in the lower part of the 

salinities and/or with brines 

Heat transfer to heat and condense the 
secondary fluid, account y half the capital cost of 
the binary cycle g his cost is significant was 
shown by the cost erimental power generation 
facility, prepared ey Laboratory by Rogers 
Engineering Compan and Affiliates (1974). 
The estimated inst excluding brine production 

2 million, of wh 
illion. On the 
MW plant would 
imate of the he 
the coefficients used in 
to meet its performance 

11 be overdesign 

specifying heat t 
ion on the per 

dentical conditions. 
transfer equipment 

orking fluid, the engineer 
gn information. In the 
the design at hand, designers 

of Dittus and Boelter, of Colburn, 

bsence of dat 
usually refer to the heat transfer 
embodied in the correlation equatio 
and of Sieder and Tate found in standard works. These general corre- 
lations are based on fluid transport properties and give the mean, or 

efficient prediction methods 

I 
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most probable value of a large amount of r e l i ab le  experimental data. 
Unfortunately, because of the large influence sometimes exerted on heat 
t ransfer  by minor and frequently unrecognized var ia t ions i n  conditions, 
a designer can only be reasonably sure tha t  the performance of an 
individual-heat exchanger w i l l  be within plus or  minus 35 percent of 
the mean. Consequently, to  assure fulfi l lment of a performance guaran- 
tee on a design embodying a minor innovation, the designer would se lec t  
a heat t ransfer  coeff ic ient  value a t  the lower l i m i t ,  tha t  
percent less than the mean. It must be noted here tha t  the correlat ion 
equations f o r  the prediction of the heat t ransfer  coeff ic ients  need 
accurate and r e l i ab le  data on the transport properties o 
the operating conditions. Lack of data a t  these condi t i  
designer's task d i f f i c u l t  a t  best .  
t rue  fo r  designs-where the working f lu id  is  i n  the supercr i t ica l  region. 
This is important because computer s tudies ,  LBL's GEOTHM, for  example 
(Green and Pines, 19751, indicate- t a t  heating of the se  
in  the supercr i t ica l  region r e su l t s  i n  high cycle e f f i c i  
quently, the most effect ive and r e l i ab le  method for  specifying the 
equipment is t o  determine experimentally the value of the heat t ransfer  
coefficient a t  the proposed operating conditions. 

This lack of data is  especial ly  

i 
The Binary Fluid Experiment (BFE) was designed t o  provide experi- 

mental data t o  determine heat t ransfer  coeff ic ients  of the various 
candidate working f luids .  It W i l l  es tabl ish baseline data on fi lm 
coeff ic ients  fo r  several l igh t  hydrocarbons s t a r t i ng  with isobutane, 
mixtures of l i gh t  hydrocarbons, re f r igerants  and ammonia. 
gathered from the BFE fQr the ranges of heating and condensing temper- 
a ture  and pressures that  would be expected i n  geothermal power plant 
applications.  

Data w i l l  be 

Experimental Approach 

Figures 1 and 2 show the schematic flow diagram and the corres- 
ponding pressure enthalpy diagram for  an ideal  geothermal binary cycle 
plant i n  i ts  s imples t  form. 
leaves the condenser a t  s t a t e  point 1 where it is  pressurized t o  s t a t e  
point 2 by the condensate pump and heated by the geothermal brine i n  
the heater t o  s t a t e  point 3. There it expands isentropical ly  t o  s t a t e  
point 4 through the turbine where par t  of i ts  available energy i s  
extracted as  mechanical energy. In  the condenser, the f lu id  is  cooled 
and condensed to  s t a t e  point 1 by reject ing i t s  heat t 
water. 

The saturated l iquid secondary f lu id  

In transferring heat from the geothermal brine t o  the secondary 
f lu id  i n  the heater,  the overall  heat  t ransfer  coeff ic ient ,  U, i s  
given by 

. 

where 
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Rf = fouling resistance on working f lu id  s i d e ;  

t on working f lu id  s ide;  

a t  t ransfer  surface; m 

km = thermal conductivity of heat t ransfer  surface; 

hb = fi lm coeff ic ient  on geothermal brine s i d e ;  and 

ance on brine side.  

for  the condensin rking f lu id  and the 

obtain data 
t o  determine the 
the secondary f l  
schematic flow diagram of 
of a s t a in l e s s  steel loop 
of brine as the 

-turbine. The p 
instrumented tube with 
After heating, the sec f lu id  expands through the th ro t t l i ng  valve 
and is introduc 
desqperheater by means three-way valves. After desuperheating, 

superheater o r  a surface 

on the outside of a s ing le .  

i d  i s  collected i n  the secon- 
pump where i t  is s l i g h t l y  

two three-way valves are 
er expansion through the 

o t t l i n g  valve, en t  desuperheater. Also during 
s mode of operat io  ndensed secondary f lu id  is 

r and the excess is  returned 

heater but containing cooling 
water inside.  

pressurized bef re pump. During operating 
with the d i r ec t  conta 

nser were 

2 tnm (0.756 in.) .  
thickness, the two pieces were machined 

oncentricity was 
en checked by u l t raso  
1.6 mm (4.0 in . )  i n t e  

ement of the  tube w a l l  thickness a t  

measure- 

rder t o  eva 
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the fi lm coeff ic ient  and i t s  var ia t ion with time so tha t  fouling resis- 
tance, i f  it ex i s t s ,  can be calculated. The local film coeff ic ient ,  
h f ,  is defined as the r a t i o  of the heat f lux,  q ,  through the heat 
t ransfer  surface t o  the difference between the wall temperature, tw, 
and the secondary f lu id  bulk temperature, tfi, and i s  given by 

The heat f lux,  q, was determined by measuring the time required t o  
co l l ec t  a given amount of steam condensate per un i t  area of tube wall. 
The wall temperature was determined by imbedding thermocouples i n  
the wall of the tube, as shown i n  Fig. 4. The bulk temperature of 
the f lu id  inside the heater tube was measured by a t ravel ing probe 
which consisted of a 6.35 mm (0.25 in.)  dia.  x 2540 mm (100 in.)  long 
s ta in less  steel sheathed platinum resistance thermometer equipped 
with a mixing head a t  its t ip .  Mechanisms and sea ls  were provided 
t o  move and Locate the probe precisely inside the tube and prevent 
f lu id  leakage. 
experiment, a t o t a l  of f i f t een  thermocouples were imbedded i n  the 
tube at  f ive s ta t ions  609.6 mm (24 in.)  apart  with three thermocouples 
located a t  each s ta t ion ,  as shown i n  Fig. 4 .  By determining the rad ia l  
location of each of the thermocouples a t  each s t a t ion  and the tempera- 
t u re  a t  each location, one can determine the inside and outside surface 
temperature of the tube a t  t h i s  s t a t ion  regardless of the  type of 
material  of construction of the tube. 
rate input t o  the secondary f lu id  between the s ta t ions ,  and measuring 
the temperature of the vapor outside the tube and the bulk temperature 
of the f lu id  inside the tube a t  each of the s ta t ions ,  it is  possible 
t o  calculate  the average inside and outside film coeff ic ients  of the 
four sections. Also, by calculating the heat r a t e  i n  each section 
and measuring the pressure and the bulk temperature of the working 
f lu id  a t  these s ta t ions ,  it may be possible t o  determine the properties 
of the f luid a t  each of the f ive s ta t ions.  

In  order to maximize the information output from the 

Thus, by determining the heat 

The r a t e  of heat input t o  the secondary f lu id  in  the heater  and 
the r a t e  of heat released by the condensing secondary f lu id  vapor i n  
the condenser was determined by measuring the r a t e  of condensing vapor 
on the outside of the tubes a t  the four sections. This was done by 
placing a four-section pan under the tube with the five ends of the 
sections located ju s t  underneath the f ive thermocouple s ta t ions .  
Figure 5 shows a cross section of the heater.  
s h e l l ,  the instrumented tube with the thermocouples a t  450 from the 
v e r t i c a l  plane, the condensate pan and a hood placed above the tube 
t o  prevent any condensate forming on the inside surface of the  s h e l l  
from dripping in to  the pan. The condensate formed on the outside 
of the tube dripped in to  the separate sections of the pan and drained 
in to  four special ly  designed vapor-traced condensate flow meters. 
The meter had a timer t o  measure the time required t o  f i l l  a cal ibrated 
volume. 
condensate surface between two predetermined levels  i n  the meter. 

It shows the external 

The timer was operated by photocells t o  detect  th  

E 
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The temperature of th  sing vapor outside the tubh i n  each 
as measured by means of a cal ibrated of the heaters  and the co 

platinum resis tance the 
thermocouples located i space. The R’m was located a t  the 
opposite end from the vapor i n l e t ,  while one thermocouple was located 
a t  the vapor i n l e t ,  the second ha l fway along the length of the s h e l l ,  
and the th i rd  close t o  the RTD. These three thermocouples were used 
t o  check the reading of the RTD and also t o  indicate the presence of 
superheat i n  the vapor. 
by means of cal ibrated pressure transducers. 

t o  detect  the presence of noncondensable gases i n  the vapor space. 

D) and three calibrated type K 

The pr ssure i n  the vapor space was measured 
This pressure measurement 

used a s  a .check on the sa t  ated temperature of the vapor and a l so  
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Fig. 1. Simple geothermal binary cycle - Schematic flow diagram. 
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Fig. 3. Schematic flow diagram of the Binary Fluid Experiment. 
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Fig. 4, Tube cross section showing location of thermocouples. 
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Instrumented Tub e s 

The details of construction of the instrumented tubes together 
with the location of the imbedded thermocouples are extremely important 
,to the determination of the inside and outside surface temperatures 
of the tube. The inward un radial heat flaw by conduction through 
the tube wall is given by 

where 

2 Tkm (to - ti3 (3 )  
Q =  =0 In - 

f i 

Q = heat rate per unit length 

km = thermal conduct 

= outside radius 
rO 

r. inside radius o 

to = outside surface temperature of tube 

1 

t 

t. = inside surface temperature of tube 
1 

If the inside and outside surface temperature of the tube, ti 
and to, are known then one can determine the temperature, tr, at any 
radius r between the two surfaces. The temperature, tr, is given by 

to - ti r0 ln - =o r In - 
ri 

tr to - (4) 

Conversely, if the temperatures, ta and tb, at two radial points 
at radii, a and b, in the tube wall, are known, then one can.also deter- 
mine the temperature at any point, at radius r ,  between the two surfaces. 
The temperature, tr, is given by 

This equation was used to calculate the inside and outside surface 
temperatures of the instrumented tube in the heater and in the condenser. 

Three sheathed and ungrounded thermocouples were imbedded at each 
of the five stations in the wall of each tube, as shown in Fig. 4. 
Figure 6 is a photograph showing three thermocouples installed in the 
tube at one of the stations, 
inside surface of the tube and two opposing thermocouples were placed 

One thermocouple was placed close to the 



I 

-11- 

close to  the outside surface of the tube. 
provide a redundancy i n  the measurement which may be used t o  indicate 
thermocouple malfunctions. 

The two opposing thermocouples 

These thermocouples were made from chromel-alumel wire of 0.038 mm 
(0.0015-in.) dia. enclosed inside a 0.254 mm (0.010-in.) outside diameter 
type 316 stainless steel sheath. 
tangential  direct ion of i n s t a l l a t ion  were selected t o  provide the 

'accuracy needed i n  determining the location of the measuring points i n  
the wall of the test tube, and to  minimize the e f f ec t  on the temperature 
a t  the thermoc 
thermocouple sheaths. 
length of the holes i n  t 

This small s ize  w i r e  as w e l l  a s  the 

f the condensate f i l m  on the 
small diameter of the sheath and the 
11 where the sheathed thermocouples 
led  t o  a diameter of 0.813 mu (0.032-in. 

eces of s ta in less  tubes of 0.787 nrm 
0.279 mm (0.011-in.) inside diameter 

were ins ta l led  

inside the sma 

e w a l l  and brazed i n  a hydrogen 
thermocouples were inserted 

d so f t  soldere 

ed during the de 
n of the thermocouples i n  the instru- 

e f fec ts  of buoyancy o f .  the f lu id  
ic ien t ,  (Adebiyi and Hall ,  
ondensation fi lm coeff ic ient  
l ter  e t  al . ,  1946). I n  order 

t o  assess the influence of these two ef fec ts ,  the imbedded thermocouples 
a t  three s ta t ions ,  e.g., s ta t ions  1, 3 and 5 ,  were located 90° apart  
from the other 
nine thermocouples a t  stat  
along the long 
the six thermocouples a t  
would be located on a pla  
and perpendicul 
it may be poss 
f i c i en t s  for  the posit ion selec 
buoyancy and c 

measuring points of the 
3 and 5 are located on one plane 

er two s ta t ions,  s ta t ions  2 and 4, 
g the longitudinal axis of the tube 

e tube, the other measuring points of 

Thus, by rotat ing the test tube, 
h t o  calculate  surface coef- 
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Fig .  6. Instrumented tube with three imbedded thermocouples at 
one of the five stations. 
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Figure 7 is a f the apparatus. shows the 
heater, the surface 
measuring meters, 
Figure 8 is a deta 
sisting of the hea 
secondary fluid lo 
(600 psig) boiler 
hotwell, and condensate 
supplied to the preheat 
pneumatic control valve to the steam chest in the heater. 
dripping from the outside of 

condenser, the special condensate 

e experimental apparatus con- 
at rejection system and the 
stem consists of a 4.14 MPa 
ing, control valves, condensate 

d the high pressure pump. 

The heating steam from the boiler is 

Condensate 
gh a manual valve and then through a 

instrumented tube and collected in the 
into the specially designed flow- 
sate hotwell. Condensate formed 
11 as condensate formed inside 
through a separate tube into the 

f the condensate in the hotwell is 
1 valve which allows the condensate to 
cooler, and back to the boiler. Con- 

to the return line 
the pneumatic con 

0th the secondary f 
feed-and-bleed type. It consists 

of a loop where the cooling water is circulated inside the tubes at 
controlled flow rates by means of circulating pumps and throttling 
valves. 
the suction side of each circulating pump and discharged from the loop 
through a control valve after being heated in the condenser or desuper- 
heater. This allows much finer control of condenser temperature and 
exit temperature from the des ter, as well as permitting the 
circulating water in the loop rate at temperatures above lOOOC 
without boiling. The coolin volumetric flow rate was measured 
by-a calibrated turbine e temperature of the cooling 
water at the inlet and red by means of calibrated 

Cold water from the municipal water system is introduced at 

twell, centrifugal- 
, steam preheater, 
eumatically-operated 
fluid from one 
e direct contact superheater to the other. 

desuperheater, a portion of 
is diverted to the direct co 

. The volumetri 
measured with a turbine flowmeter. 
in the loop was measured by means of platinum resistance thermometers 
and chromel-alumel thermocouples. 

The temperature at different points 

The pressure of the secondary fluid 
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Fig. 7. Binary Fluid Experiment showing the high pressure pump 
in  the foreground, the Isobutane Heater and i t s  special 
Condensate Flow Meters in  the upper l e f t  section, the 
Isobutane Throttling Valve in the mid-section, the 
Surface Desuperheater and Isobutane Condenser and i t s  
special Condensate Flow Meters in  the upper right section. 
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i n  the condenser, desuperheater and upstream from the expansion valve 
was measured by calibrated s t ra in  gauge pressure transducers. 

Experimental Procedure 

Because the basic objective of t h i s  program is t o  provide baseline 
data t o  a s s i s t  designers of binary cycle geothermal power plants i n  the 
s iz ing of heat exchangers, only steady-state data were sought. 
were taken and recorded when conditions i n  the secondary f lu id  loop 
approached steady s ta te .  

Data 

The approach t o  steady s t a t e  was excellent i n  
the condenser par t  of the loop. However, steady s t a t e  was not as w e l l  
obtained i n  the heater a t  low secondary f lu id  flow ra t e s  due mainly t o  
two factors: pressure cycling in the steam boi le r ,  which caused steam 
temperature cycling i n  the ste*am chest of the heater,  and pressure 
cycling of the secondary f lu id  i n  the heater tube due t o  hunting of the 
expansion valve. 
believed to  be the cause of expansion valve hunting. 
of these cyclic var ia t ions ranged from 1 percent a t  high flow ra t e s  
and t o  10 percent a t  low flaw ra t e s  i n  some extreme cases. 
the pressure drop through the steam th ro t t l i ng  valve and running the 
boi le r  a t  f u l l  load help t o  reduce the var ia t ions.  
of the data were used i n  the computations. 

Variation of secondary f lu id  specif ic  volume i s  
The amplitudes 

Increasing 

Time average values 

The data taken during each run were used t o  calculate  heat balances 
on d i f fe ren t  portions of the system as w e l l  as calculat ing the variables 
needed t o  compute the heat t ransfer  film coeff ic ient .  
a ture  of the secondary f lu id  a t  d i f fe ren t  locations inside the heater  
tube was measured by the t ravel ing probe a f t e r  a l l  other data were taken 
so tha t  the flow p ro f i l e  of secondary f lu id  inside the heater  tube, 
upstream from the probe, was not affected by the movement of the probe. 

The bulk temper- 
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Initial Results 

The apparatus was designed to accept a variety of secondary fluids 

received the most attention as decided to start and obtain data on 
this fluid. 

- being considered for use in inary cycle. Because isobutane has 

Data were obtained at 
in the heater and at various saturation temperatures and condensate 
loadings in the condenser. 
range of interest, it was necessary to make runs at various temperatures 
and flow rates due to the lim ize of the instrumented heat transfer 
surface in the heater. 

ge pressure of 4.14 MPa (600 psia) 

In order to obtain heating data over the 

igure 9 shows a plot of the inside heat transfer film coefficient, 
lculated from Eq. 2, for the heating of isobutane-at 4.14 MPa 

(600.psia) as a function of Reynolds number, Re, where m is the weight 
flow rate of isobutane inside the heater tube, pis the viscosity of the 
isobutane at the bulk fluid temperature and D is the inside diameter of 
the tube. Figure 10 shows a dimensionless plot of these data as a 
function of Reynolds number where k and cp represent the thermal 
conductivity and specific heat of isobutane calculated at the bulk 
fluid temperature. The s d line shows the Dittus-Boelter correlation 
with values of transport perties taken from Hanley (19761, and 
L.F. Silvester, LBL (private communications, 1978) while other proper- 
ties were taken from thermodynamic tables (AS-, 1969, and Gulf 
Publishing Company, 1973). The dashed line represents the best fit 
for the data using the 

Figure 11 shows a p 
hor for the condensation of isobutane on the outside of the instrumented 
tube as a function of the con 
represents the condensa it length of tube and ytf represents 
the condensate viscoait shows a plot of Nusselt number for 
condensation as a function of the condensate Beynolds number where 

ity and kinematic viscosity of 
or temperature and g is the acceler- 

ort , and thermodynamic proper- 

eat transfer film coefficient, 

e Reynolds number, Re, where I' 

of gravity. The solid hows the Nusselt correlation 
cAdams, 1954) for is0 
es taken from Hanley (1976 (19691, and Gulf 

There was evidence o 
inibedded thermocouples. 
thermocouple readings at n the vertical plane. Therefore, 
the wall temperatures at 
average film coefficient t long section between stations 
2 and 4. The rate of sobutane was calculated from 
the steam condensate e outside o f  the tube between 
stations 2 and 4. 

4 were used to calculate the 

, 
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Fig. 10. Dimensionless plot of data on heating isobutan 
4.14 MPa (600 psia). 
Correlation. 
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Discussion 

Figure 13 shows the temperature d is t r ibu t ion  i n  the heater along 
the length of the tube for  a run where the temperature of the isobutane 
was  raised approximately 500C. The top horizontal l i n e  shows the steam 
temperature surrounding the heater tube while the bottom l ine  shows the 
bulk temperature of the isobutane being heated inside the tube. 
bulk temperature of the isobutane a t  s ta t ions  2, 3, 4 and 5 were 
measured by means of the traveling platinum resistance thermometer while 
the temperature at  s ta t ion  1 was  determined by interpolation between the 
the temperature a t  the i n l e t  t o  the tube and tha t  a t  s ta t ion  2. The 
c i r c l e s  indicate the temperatures of the imbedded thermocouples near 
the inside wall of the tube. 
the imbedded thermo-couples near the outer wall of the tube while the 
diamonds indicate the temperatures of the opposing thermocouples a t  the 
same locations. 

The 

The squares indicate the temperatures of 

Examination of Fig. 13 shows tha t  two thermocouples, the outer a t  
s ta t ion  1 and the inner a t  s ta t ion  3, have fai led.  Consequently, the 
w a l l  temperature a t  s ta t ion  3 could not be determined except by inter-  
polation of temperature between s ta t ions  1 and 5. However, because of 
the shape of the isobutane bulk temperature prof i le ,  it was not possible 
t o  assume 'a  def in i te  p ro f i l e  for  the inner thermocouple temperatures a t  
s ta t ions  1, 3, and 5 .  
2 and 4 on Fig. 13 show tha t  the temperature of the inner thermocouples 
a t  the top of the tube are higher than those a t  900 from the top. This 
may be due t o  secondary flows because of buoyancy e f f ec t s  which have 
been observed by Adebiyi and Ball  (1976) on heating carbon dioxide i n  
the supercr i t ica l  region with uniform heat f lux i n  a horizontal  tube. 
They observed tha t ,  depending on the distance.from start of heating 
and flow regime, large var ia t ions of w a l l  temperatures from top t o  
bottom of the tube can occur causing enhancement of heat t ransfer  a t  
the bottom and reduction a t  the top. Their data show tha t  the w a l l  
temperature a t  900 is  much lower than that  a t  the top. Therefore, 
because of the objective of t h i s  work, only the data collected a t  
s ta t ions  2 and 4 were used i n  the calculation of the heat t ransfer  
f i lm coeff ic ient .  

The two l ines  connecting s ta t ions  1 and 5 and 

Another factor ,  the var ia t ion of condensate film thickness on the 

Boelter e t  al.,  
outside of the tube, although of lesser importance, can a l so  contribute 
t o  the var ia t ion of wall temperature around the tube. 
(1946) showed theoret ical ly  tha t  the condensate f i lm thickness on the 
outside of the tube decreases t o  a minimum between 10 and 15 degrees 
from the top and then increases u n t i l  it reaches maximum a t  the bottom. 
This d i s t r ibu t ion  of condensate tends t o  enhance the heat t ransfer  a t  
the top and decrease it a t  the bottom pa r t i a l ly  counteracting the e f f ec t s  
of buoyancy inside the tube. 

Figure 10 shows a p lo t  of Nu Pr-0.4 versus the Reynolds number, 
Re, f o r  the data with transport  properties values taken from Hanley 
(1976) and enthalpy values from thermodynamic tables (ASHRAE,1969 , and 
Gulf Publishing Company, 1973). The so l id  l i n e  shows the Dittus-Boelter 
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correlat ion while the dashed l i ne  shows the best  f i t  l i ne  using the 
least squares method. It seems tha t  the r e su l t s  of t h i s  work show 
higher values for  the inside f i lm coeff ic ient  than those predicted 
from the  Dittus-Boelter cor 

A very important factor  i n  the representation of data i s  the 
source f o r  the properties of isobutane because it has a s igni f icant  
e f f e c t  on the calculation. This is ver i f ied  on Fig. 14 which shows 
the values of the thermal conductivity of l iquid isobutane as a 
function of temperature taken from three d i f fe ren t  sources. 
t r iangles  are taken from Natural Gasoline Supply Men's Association 
(19571, the diamonds were calculated using the A21 (1970) method while 
the circles were taken from Hanley (1976). 
the source of properties data w i l l  a f f ec t  the predicted values for  
the heat t ransfer  film 

The 
i 

Obviously the choice of 

Figure 12 shows a dimens less plot  of the data on condensation 
of isobutane a s  a function of condensate loading. The so l id  l i ne  repre- 
sents the Nusselt prediction for  isobutane condensing on the outside of 
the tube. The data seem t o  correspond w e l l  with the Nusselt correlat ion 
up t o  a Reynolds number of about 100 a f t e r  which the data produce higher 
values than those predicted from the Nusselt correlation. 
because the Nusselt correlat ion Ids only i n  the laminar regime. The 
presence of r ipp les  i n  the cond a t e  f i l m  would tend t o  induce turbu- 
lence and lower the average fi lm thickness resu l t ing  i n  enhancement of 
heat t ransfer .  Kapitsa (Kutateldate, 1963) has predicted t h a t  r ipples  
i n  the condensate fi lm c form a t  a Reynolds as low as 5 for  
propane. 

This i s  so 

The isobutane t u t b i  r readings were not us 
of f luctuat ing readings caused by cycl ic  var ia t ion of suction pressure 
a t  the i n l e t  t o  the high pressure pump. 
runs, the mass flow rate of t isobutane inside the heater tube was 
calculated from a heat  balanc 
2 and 4. Therefore, since no ect measurement of isobutane flow rate 
was avai lable ,  the report  on the heater  are 

nary. However, since the con- 
enser was measured d i r ec t ly  by 

considered by the authors to  
densation r a t e  of 

e special  flow meters, and 
ter inside the tube are negl 
e r e su l t s  on con 

Consequently, fo r  a l l  of these 

the heater tube between s ta t ions  

ue t o  i t s  high f l  

r e s u l t s  presented on Figs. used with confidence over 
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Future Plans 

Since the preliminary data presented in this report were taken, 
noncondensable gas accumulation in the heater chest has been eliminated 
by adequate venting and the turbine meter to measure the isobutane flow 
rate was moved downstream of the high pressure pump. Also, the instru- 
mented tubes in both the heater and condenser were taken out and the 
faulty imbedded thermocouples repaired. The instrumented tubes were 
then installed such that the imbedded thermocouples are located at 450 
above a horizontal plane passing longitudinally through the axis of the 
tube. 

Additional data for heating isobutane at various pressures, 
temperatures and flow rate will be taken next. 
the isobutane experiments, measurements will be made on isopentane 
and isobutane/isopentane mixtures. 

After completion of 

Acknowledgment 

This work was supported by the Division of Geothermal Energy of the 
U.S. Department of Energy, under contract No. W-7405-ENG-48, with Clifton 
McFarland, Program Manager. 

The authors wish to acknowledge the support and cooperation of the 
personnel at both the Sea Water Conversion Laboratory and Lawrence 
Berkeley Laboratory. 
the design, construction and assembly of the experiment, the following 
persons deserve special mention: 
Donald R. Lippert, Donald B. Bliss, Winston E. Canady, Eugene P. Binnall 
and Richard E. Whiteman of the Lawrence Berkeley Laboratory; Justin C. 
Eensley and Galen P. Schwab of the Sea Water Conversion Laboratory; John 
Cole of the Richmond Field Station Machine Shop; and last, but not least, 
thanks and appreciation to Kenneth F. Mirk and Robert L. Fulton of LBL 
for their cooperation, encouragement and readiness to lend a needed 
hand. 

Of the many persons who provided assistance in 

C. Adair Roberts, Milton C. Moebus, 



e 

-25- 

References Cited 

Adebiyi, G.A. and Hall ,  W.B. , 1976. Experimental investigation of 
heat t ransfer  t o  supercr i t ica l  pressure carbon dioxide i n  a hori- 
zontal pipe. . In t e r .  our. Heat Mass Transfer, v. 19, pp. 715-720. 

American Petroleum I n s t i t u t e ,  1970. Technical data book-Petroleum 
refining. Second ed., Chapter 2 ,  pp.5-23. 

American Society of Heating, Refrigerating, and Air-conditioning 
Engineers, 1969, ASHRAE thermodynamic properties of refr igerants .  

Boelter, L.M.K. e t  al.,  1946 a t  t ransfer  notes. Berkeley: University 
of California Press,  

Green, M.A. and Pines, H.S alculat ions of geothermal power 
Proceedings of Second United Nations 

(Also, Lawrence Berkeley 

plant using Program 
Symposium on the Development and Use of Geothermal Resources, 
San Francisco, May 1975, v. 3, p. 1965. 
Laboratory report ,  LBL-3238.) 

Gulf Publishing Co., 1973. thermodynamic properties of l i g h t  
hvarnrarhnnr - Rnscrtn Publishinn Ca. 

Hanley, H.J.M., 1976. Prediction of the viscosi ty  and thermal conduc- - -  
t i v i t y  coef f ic ien ts  of mixtures. 
pp. 643-652. 

Cryogenics, N O ~ .  1976, 

teladze, S.S., 1963. Fundamentals of heat  t ransfer .  Arnold 
Publishing Co., E pp. 307-308. 

dams, W.H., 1954. sion. Third ed., Ne 
M c G r a w - H i l l ,  p. 3 

a t u r a l  Gasoline Supply , 1957. Engineer 

gy conversion an rts, V.W., 1976. 
case s tudies .  Palo A lectric Power Research Ins t i t u t e .  
EPRI ER-301, Pro j  

ers Engineering Co. 

por t  2, Nov. 197 

la i r  and A f f i l i  
10 Mw experiment plant conceptua 
re-title 1 report .  Francisco: prepared fo r  U 

- 

ermal resource t. 
o r t  UCID-3762. 




