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FOREWORD

The extraction of thermal energy for electric power generation from

moderate (350°F) temperature geothermal brines, such as those found in East

‘Mesa, California, appears feasible. In exploiting these moderate temperature

resources, the use of a direct-contact process in a conventional Rankine cycle
with a turbine-generator seems like a very promising configuration.

While the direct contact approach, in which the brine and hydrocarbon
working fluid come into physical contact, has initial economic advantages
(e.g., lower capital cost of heat exchanger equipment), it also has some
potential operating disadvantages such as CO2 buildup, turbine scaling and
erosion, and hydrocarbon loss. In order to identify and evaluate these
problem areas, a 10 kW Power Loop was set up and run at East Mesa, California,
under DOE funding. This report includes the results and conclusions of
Test Series 1 and 2 performed between December 1976 and July 1978, as well
as the Executive Summary of the total testing effort. It has been reprinted
directly from copy provided by Barber-Nichols Engineering Co.

This work has been supported by the Division of Geothermal Energy,

U. S. Department of Energy.
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1.0 :'I‘NE'I‘RODUCITIO:N o

\ In December of 1976 a program was: m1t1ated to couple a turbo-generator
and controls toa d1rect contact heat exchanger system utilizing geothermal -
brine to vaporize isobutane. The purpose of the program was to identify and
evaluate problem areas in ut11121ng such a system for e1ectr1ca1 power
generatlon. e ; » e S ‘

The turbo generator conS1sted of an- ax1a1 flow, part1a1 admission’
turb'me, a gearbox, and a 60 kw generator. These components along with

 controls and safety features were shipped to the East Mesa Geothermal

Component Test Facility near Holtville, }Cal‘it‘ornia.

Turbine calibration tests were completed on pure isobutane vapor
using a conventional tube-in-shell heat exchanger and then a 500 hour endurance

test was completed with the direct contact heat exchanger:(DCHX), -

A number of significant problems were identified during the 500 hour
endurance run. Larger than anticipated amounts of brine carryover caused
scale deposits to occur in the turbine rotor and nozzles reducing turbine output
power. Condenser pressures were much higher than predicted for an '
1sobutane/ water vapor mixture, Isobutane state points entering the turbine
were not always as pred1cted. The isobutane flow rate as measured by the .

411qu1d rotameter did not give a true representatlon of the actual flow rate:

through the turbme nozzles.r

As a result, in March and April, 1978, a second phase of testing was
conducted to answer the questmns identified during the earlier tests conducted
inJ uly and August 1977 The purpose of the se tests was to obtain improved
nozzle flow cal1brat1on by using a flow orifice in the isobutane vapor line to the
turbine, to obtain 1mproved turbine performance cahbratwn data at -subcritical
and Supercr1t1ca1 condition by usmg a: calorlmeter to.determine isobutane -
state points at the. turbme 1n1et, and to evaluate turbme scalmg problems
associated with the DCHX by removing entrained mo1sture from the turbine. .
vapor flow in a demister vessel,

To achieve the above obje'cti"ves another series of calibration tests
and a 200 hour endurance run were performed after modifying the test loop
to add the demlster vessel the flow orifice and a calorimeter. In addition,, :
a new nozzle was designed and fabricated to take into, account the h1gher o
condenser pressure encountered during the earlier testmg. e

At the completton of the second series of tests, turbme scahng st111
remained as a Significant problem. Although the demlster removed 50 to 75
percent of the entrained moisture from the turbine vapor flow, the gradual
reduction of output power observed during the first.test series was still evident.

i To evaluate brine carryover, a third series of fests was performed.
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" During these tests the turbogenerator was replaced by a turbine nozzle
identical to the one used for the second series of tests. The nozzle was
installed in the flow tube which had been used to measure turbine vapor
flow during the second séries of tests. A water trap and conduct1v1ty cells
were also installed in the demister to momtor the amount and sahmty
of water collected

The direct contact heat exchanger was modlhed with a second level -
controller and the tangential brine inlet line was placed just at the free surface
level inside the DCHX in order to centrifuge out the brine entrainment. A
100 hour test with this configuration resulted in no scale formation in the .
nazzle. :

This section contains only the most significant results obtained during

_the last three test series. For further information consult Sections 2 and 3 and
LBL- 8558 (Ref 5). ' C ‘ -

z_. 0  POWER MODULE

2,1 7 DESIGN PARAMETERS
2.1, Turbi.ne

: " During the desxgn phase it was anticipated that the turbo generator
would be operated with two basic direct contact heat exchanger systems. The
first, and the only one which was tested, was a subcritical system fabricated
and tested by DSS engineers. The second was a supercritical system from
Occidental Research Corporation (ref. 1 and 2).

‘Based on discussions with DSS and Occidental, the system operating
parameters were defined as shown in Table 1. The anticipated water carryover
fraction shown in the table was calculated assuming saturated water vapor

'and real gas properties of the isobutane at the discharge of the vaporizer.
Turbine available energy was calculated based on an isentropic expansion of
the vapor mixture. Turbine design conditions were then determined for the
respective cycles. . o

Table 1. System Operating Parameters

v : Occidental Dss
Isobutane flow rate, lb/hr 2000 2650
Water Vapor flow rate, 1b/hr 50 v 32
Combined flow rates, Ib/hr 2050 2682
Max. total pressure, psia 667 315 .
Max. temperature, OF , 300 220
Condensing temperature OF 110 N 110
Total Condensing pressure, psia 83.2 - 83.2

~ Turbine available energy, BTU/Ib 36. 2 23,7

" The turbine selected for this application was a partial admission
impulse design incorporating a single rotor. Tables II and III give the detailed
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- | TABLE I
TURBINE DESIGN PARAMETERS FOR |

DIRECT CONTACT POWER LOOP TURBINE

1. Pitch diameter; Dy = - .5, 37.in.
.:2: " Blade-chord, C - .. = o 0003200,

3. Blade height, h S .404 in,
4. No. of blades, Z , 102

5. Blade entrance angle, 81 320

6. Blade exit angle, 82 TN —329.; C

7. No. of nozzles, N AT "”NOZZLE DESIGN PARAMETERS
8. Trailing rotor edge w1dth te ©.010in, : : o ,
9. Throatilameter,gDv IR ‘;,,-;;:_i; . R Sub. Super.
10. Exit diameter, Dg '~/ =7 ik i oh 70 Nog~nozzles. c2 v1», _
11. Nozzle area ratio, Ar Cloeooo oo o 9, Throat diaso o .229in . w199 in

12, Nozzle angle, oL = | o %o o 10,  Exitdia, - .. - .286in: - .337 in

13. Edge thickness between. Gl igen o - 11, -Arearatio .. 1.567 .  2.87

' " ‘nozzles, Te L. ... .. 12, Angle . . 16° 16°

14. Arc of admission, ¢, . . * .. 13, Fdgethk. .010 max N/A
‘15, Tip clearance, T, = . .015in. 14, Admlssmn 45° . 26.1°

16. Axial clearance between’ ' o 620 in‘ R |- ‘Exhaust © 7 5;550 o '550
' nozzle & wheel, Aey *t 19, "Pres. _rat;o CiBUT9 o T 21
17. Axial clearance between ks D e R e i T e

‘wheel 8 exhaust, Aqo - 030 in.
.18. Arc of exhaust, ¢€exh. Tk

.19, DeS1gh pressure ratlo, PRdes *
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design parameters for the turbine rotor and the nozzles. The nozzle
parameters shown in Table II are for the nozzle block used during the series
1 tests. Since during the series 1 testing the turbine exhaust pressure was
approximately 10 to 20 psi higher than anticipated, a new subcritical nozzle
was designed for the series 2 testing. Table III lists the design parameters
for the series 2 subcritical nozzle.

Table III Series 2 Nozzle Design Parameters
Subcritical (Single Nozzles)

Number of N bzzles 1

Throat Diameter 0. 306
Exit Diameter 0. 3521
Area Ratio ‘ 1. 306
Angle ' ~16°
Edge Thickness N/A
Admission 27, 34°
Exhaust - | | - 55°
Pressure Ratio 3. 32

2.1,2 Gearbox

The gearbox was a standard double reduction type (GR=6,05) designed
and manufactured by Barber-Nichols., Lubrication was provided by an internal
chain driven oil pump, and the oil temperature was controlled with a water
cooled oil cooler mounted on the gearbox housing. A mechanical-seal on the
high speed shaft was used to contain the isobutane in the turbine exhaust housing.

2.1, 3 Generator

The generator was a standard 60 kw ""KATO'" 3 phase synchronous
machine. The . generator power package used a speed control consisting of a
- ‘Woodward governor, an SCR power controller and a load bank consisting of
two electric space heaters. The governor was an electronic unit with .
isochronous capability that measured shaft speed and provided a voltage
output that increased or decreased as the speed attempted to move from the
setpoint. The output voltage from the governor modulated a power controller
which adjusted the load on the generator by controlling power fed to the
paras1t1c load bank.’ The speed set point on the governor could b e changed
allowing turbine performance to be measured over a range of speeds. This
variable speed feature allowed the one turbine design to meet the different
levels of the subcritical and supercritical cycles.

2.2 PREDICTED PERFORMANCE

Based on the design parameters of Tables I, II, and III, the predicted
variation of turbine efficiency with speed is shown in Figure 1. Because of the

allowable test speed range of the alternator as mentioned above, the turbine
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Figure 4. Direct contact heat exchanger.

Figure 6. Demister vessel.
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The test loop was again modified to perform the brine carryover -
experiments. These modifications included the addition of a second level
controller to the DCHX to allow for a greater span in boiler level control,
and an alternate brine inlet below the existing inlet. The reasoas for the
modification were two fold: 1) to increase the vapor space in the DCHX,
and 2) to introduce the brine at the free surface level without spraying. The
effect of minimizing turbulence in this section of the DCHX could then be
evaluated.

Since the brine carryover experiments were performed by DSS
only, the turbo-generator was not available. To simulate the turbine pressure
drop and provide a media for scale deposition so that a comparison could:
be made between the scahng results of the endurance runs and the brine
carryover experiments, a 'dummy" nozzle was fabricated and assembled
into a "Daniels'' flow orifice tube. The assembly was installed in the vapor
line downstream of the demister vessel. Figures 8 and 9 show the modifica-
tions to install the level controller and the "dummy'' nozzle. Conductivity
cells were also added to the dem1ster water drams to monitor salinity of
the blowdown effluent.

4.0 FIELD OPERATIONS
4.1 LOOP OPERATION

The test unit provided for the continuous circulation, contact, and
separation of brine and isobutane. Heat from geothermal brine was transferred
to the isobutane in a single direct contact heat exchanger.

Isobutane liquid was pumped from the hotwell to the direct contact
heat exchanger where it was heated and vaporized by counter current contact
with the brine. The isobutane vapor and a small amount of water vapor was
then throttled to the condensing pressure through the Barber-Nichols turbine.
The vapor was condensed and the 1sobutane liquid returned to the hotwell to
repeat the cycle.

Hot brine from well Mesa 6-2 was pumped from the supply manifold
to the direct contact heat exchanger where heat was extracted from it to
vaporize the isobutane. The high pressure brine was then reduced to
atmospheric pressure and sent to the reinjection system.

4.2 CALIBRATION TESTS
The primary goal of the calibration tests was to obtain turbine and

cycle performance data with pure isobutane for use in evaluating results of the
direct contact heat exchanger tests.
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The calibration loop consisted of the d1rect contact heat exchanger
loop with the DCHX replaced by a conventional tube-in-shell heat exchanger
to keep the brine and isobutane separated. Subcritical and supercritical tests
were run with both subcritical nozzles and with the supercritical nozzle. Data
was obtained by varying degrees of superheat, isobutane flow rate, brine flow
rate, and turbine pressure ratio. Several turbine speeds were run to identify
and measure peak power output. Turbine output power and efficiency and
nozzle flow coefficient were correlated with various conditions run. The
effect of turbine pressure ratio on overall efficiency was also evaluated for
each of the subcritical nozzles.

4.3 ENDURANCE 'RUNS

A total of thrée endurance runs Were performed The series 1
endurance run in July and August 1977 had the following goals 1) to obtain
operating experience on a power producing loop utilizing an organic working
fluid (isobutane) with some entrained geothermal brine, 2) to evaluate cycle
efficiency, 3) to accumulate sufficient run time to identify and/or evaluate
potential problems, and 4) to identify loop or fluid degradation.

- The series 2 endurance runs were performed in March and April
1978. The primary goal of these endurance runs was to observe any difference
in scaling of the turbine nozzle block, rotor, and exhaust housing with the
moxsture removed from the 1sobutane/ water vapor in a demister vessel.

Operati.ng pa‘rametersi fdr the endurance runs were as shown in Table IV:

Table IV. Operating Para_meters For Endurance Runs

; Series 1 . Series 2

Brine Inlét Temp to DCHX . 33045°F  32223°F
IC,, Outlet Temp to Turbine _ 245+5°F | . 230¢59F
‘:D_CHk}‘{hOperating'P:‘r’essur,e E SOO#IOpeig ' SOOﬂOpsig
Brir‘lke’;Flei)v Rate 5.440,2 gpm 5.4%0.3 gpm

1C, Flow Rat‘é””“’ R | "‘,“f,y"éf.js‘io.3','gpm. 9.540.4 gpm
Turbine Speed 27505 rpm 275045 rpm.
1C4 Level in Hotwell | greater than 1/2 full .  greater than 1/2 full

- Condenser Pressure S ‘ 95410 psig 65+£10 psig
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These parameters resulted in:

Turbine Inlet temp 232+3°F 222£30F
Turbine Inlet Pressure 300+10psig | 30020 psig
Turbine Exhaust Pressure 9510 péig 65+10 psig
4.4 ' BRINE CARRYOVER EXPERIMENTS

Eighteen carryover tests were run in June, 1978. Tests were run
with brine flowing into the DCHX through the ''new' brine inlet. Then
comparative tests were run for brine introduced through the "o0ld" inlet.
During these tests data were collected for various DCHX levels while holding
the brine and isobutane flow rates constant for each set of levels observed,

5.0  TEST RESULTS

5.1  TURBINE CALIBRATION - CONVENTIONAL HEAT EXCHANGER

5.1.1 Subcritical Calibration

The subcritical calibration tests were performed to provide turbine
performance data and nozzle calibration data on pure isobutane for later
correlation with flow rates and performance of the direct contact heat
exchanger. The calibration tests were performed with the hairpin heat
exchanger.

Subcritical calibration tests were performed with two different
nozzles (area ratios of 1.57 and 1. 30) to evaluate the effect of area ratio on
turbine performance. Figure 10 is a comparison of variation of turbine
efficiency with pressure ratio for the two subcritical nozzles.

5.1.2  Supercritical Calibration

Calibration tests were performed with the supercritical nozzle utilizing
the hairpin heat exchanger. The tests were designed to obtain performance
data expanding through the saturated vapor dome and to use the calorimeter
data to verify inlet enthalpy and turbine efficiency obtained from the test data.

" Turbine output horsepower is shown versus inlet enthalpy in figure 11. As
may be seen, the variation in output horsepower with inlet enthalpy reasonably
follows the predicted variation over the range of enthalpy examined.

5.2 ENDURANCE TESTS

Three separate endurance tests were performed. A 500 hour test
was performed in July and August 1977 and a 200 hour and a 40 hour test were
performed in March and April, 1978. Throughout the endurance tests the
direct contact heat exchanger maintained the same level of performance, The
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| .capacity to transfer heat was not affected by corrosion or scaling properties

of the geothermal brine. Figure 12 shows a typical plot of temperature versus
amount of heat added to the isobutane during the endurance runs. Any variations
in the DCHX heat transfer performance were caused by variations in incoming
brine temperature, brine flow rate, and isobutane flow rate.

Scaling propertles of the brine did a.ffect the performance of the
turbine. Figure 13 illustrates the effect on turbine efficiency as a function

of time., The turbine efficiency gradually changed from 58% at the beginning
“of the 200 hour endurance run to 41% at the end of the run. At the conclusion
‘of the 200 hour endurance run, the nozzle and rotor were descaled and a 40
“hour endurance test was performed. During the 40 hour endurance run the
turbine efficiency averaged 54%. At the end of the 40 hour endurance run there

was a thin layer of scale (approx1mate1y 0. 002 1nch) on the dlvergent section of
the nozzle, »

5. 3 TEARDOWN IN SPECTION

Teardown inspections of the turbine nozzle and rotor were conducted
at various points during the endurance runs, Figures 14, 15 and 16 show the
areas of scale buildup on- ‘the nozzle d1vergent section, rotor mlet and
exhaust housmg at the end of the 200 hour endurance rua.

5.4  BRINE, CARRYOVER EXPERIMENTS o

As a result of the brme carryover expemments, no def1n1te correlation

“between DCHX operating level and the amount or salinity of the water content
_ of the isobutane vapor stream are apparent. The only significant result is
" that the high knockout drum water: blowdown ratio measured during some of

the test runs were accompamed by the h1ghest measured sahmty.

At the end of the testing penod the ”dummy nozzle Was removed and
examined for scaling. It is estimated that the nozzle was intermittently in
service for a total of 120 hours. The surfaces of the nozzle were found to
be free of any significant scale’ depos1ts. Only a fine powdery coating which
was later analyzed as carbon was evident.

5.5 ' ISOBUTANE LOSS MEASUREMENT

Attempts were made to measure the amount of isobutane lost due

* to entrainment in the brine returning to the reinjection pond. However,
“because a substantial amount of isobutane was lost through numerous leaks
- in the system due to worn pump packings, leaking pipe fittings, blown burst
 disks, leaking relief valves, etc., any estimate of 1sobutane lost to

entramment in the brine is purely speculative.

6.0 CONCLUSIONS

1) Stable, long-term operation of the direct contact heat exchanger
coupled with the turbine was achieved in the test program.
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2) Turbine efficiency measured during the testing verified performance

- predictions techniques and design methods for partial admission axial flow

hydrocarbon turbines. The influence of entrained water in the working fluid
vapor flow on turbine performance during direct contact heat exchanger
testing was shown to be reasonably predictable.

3) Supercritical test results showed that turbine performance could
be predicted with reasonable accuracy, however, turbine and cycle efficiency
were reduced slightly by expanding inside the isobutane saturated vapor dome
as compared to expanding to a superheat condition at the turbine exhaust.

4) Overall performance of the supercritical cycle was not as good
as the subcritical cycle because of the additional pump work.

5) Nczzle scaling was found to occur during endurance operation
with the DCHX. Although the demister removed large liquid droplets, some
entrained mineral content was carried to the turbine resulting in a silica scale
formation. No significant scalmg was observed in the DCHX or in the
connectmg pipes.

6) When the DCHX brine inlet was lowered to the internal liquid
interface, the scaling problem appeared to be significantly reduced.
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1.0 = INTRODUCTION = ' *

Extraction of" thermal energy from geothermal brlnes has
recently received significant attention. The present program was
initiated in December of 1976 to couple a ‘turbo- generator and con-
trols to a direct contact heat exchange system to 1dent1fy and evalé
uate problem areas in utlllzlng such a system for electr1ca1 power
generation. P - ‘ ' o

" The turbo-generator consists of an ax1a1 flow partlal ad-
mission turblne ‘a gearbox, and 260" KW 3600 rpm, KATO generator _
These components, along with" controls and safety features, were Skld:
mounted ‘prior to shlpment to the East Mesa Component Test lac111ty
near Holtville, California. o '

The turbine was callbrated us1ng a R W Holland shell and
tube heat exchanger on pure 1sobutane at subcrltlcal and supercrltlcal
turbine inlet cycle conditions. An endurance run of 500 hours’ was
then completed using an existlng dlrect contact heat exchanger de— ‘f
signed and operated by DSS Eng1neers of Ft. Lauderdale Florlda
At the conclus1on of this testing the turblne connectlng p1pes,
and a portion-of the direct contact heat exchanger ‘were dlsassembled
and inspected for evidence of scaling or eros1on 1n the test hardware

This report presents the results obtalned durlng these tests
and is submitted to fulflll the work deflned 1n LBL Purchase Order. '
No. 2590502, i L S

2.0 SUMMARY«’“**

The geothermal power loop test program successfully demon—: ‘
strated ‘the’ production of electrlclty from a geothermal source u51ng ;
1sobutane ina d1rect contact heat exchanger X The tests were com—‘
pleted at the East Mesa COmponent Test Fa0111ty utlllzlng brlne from ,
well Mesa 6-2. ' Lo N ‘

The test" program 1nvolved laboratory check out tests on the'\
sk1d mounted turbo- generator Durlng these tests the gearbox power
loss was ‘determined ‘the controls were checked out and the subcritical
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nozzles were calibrated on air. The skid mounted assembly was then
shipped to the East Mesa facility and installed adjacent to the DSS
direct contact heat exchanger test. loop. A conventional R. W.
Holland shell and tube heat exchanger was also installed in parallel
to the dlrect contact heat exchanger to allow callbratlon of the
turbo generator on pure 1sobutane. ‘

Ca11brat10n tests were compieted for ‘suberitical .and super-
cr1t1ca1 turbine 1n1et cycle conditions. Subcritical tests were
completed at three flow rates and at degrees of superheat from about
10°F to 60°F A number of turbine speeds were run at each test con-
dltlon to identify and measure the peak output power. The'nozzle
flow coerflclent calculated from the subcritical data -was in all
cases greater ‘than unlty. In general the nozzle flow coefj1c1ent
decreased toward its laboratory measured value of 0.962 as the nozzle
inlet pressure and apparent superheat increased to dry out the

iosbutane. The max1mum turblne output power (17.0 hp) also approached

the predicted value of 17.6 hp at increased superheat as the nozzle
flow coefficient approached its laboratory measured value.  The
measured turbine efficdency for this data was 57% compared to a
design value of 59% for the subcritical cycle conditions.

Thedturbinedcontained two different nozzle configurations
designed for subcritical and supercritical cycle conditions. The
subcritical;configuration consisted of two nozzles with an arc of
admission of 450; and the supercritical configuration was a single
nozzle with an arc of admission of 26.1°

An interesting result obtained with the supercritical calibra-
tion occurred as the turbine inlet conditions were varied. Consider-
ing the saturated vapor dome on a P-H diagram, as the turbine inlet
condition moves to the left above the dome an isentropic turbine
expansion results ih greater turbine exit wetness, and reduced
available energy compared to expansion into the superheat-region.
One would expect a significant reduction in output power under these
conditions. The actual turbine output power (14.3 hp corresponding
- to a turblne eff1c1ency of 52%) agreed with the predicted output at
the rlght—most extremlty of the dome. Moving to the left above the

[}
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‘dome the turbine output remained higher than predicted.,  The reason-
ing behind this behavior is not clear, although compressibility
effects and .fluid properties just above the dome are difficult to
predict. Additional measurement of total heat input to the cycle is.

< . needed to improve evaluationfof this effect.

- Turbine calibration tests with the.direct contact heat exchanger

3 were performed at the start and the end of the 500-hour endurance run.
As with the previous calibration data the measured performance was
below the predicted performance and approached the predicted as the
amount of superheat increased. Measured nozzle flow coefficient
operating with the DCHX was in the.range'of 1.11. '
' - During the 500-hour test the measured turbine efficiency -
~gradually changed from an average value of 49% at the beginning of
the run to 39% at the end of the endurance run. The turbine horse-
‘power changed from 10.75 hp to 7 hp. "The loss in efficiency was due-
to a scale build up in the turbine:nozzles,'particularly in the area .
of the supersonic expansion cone. Analysis of the turbine nozzle
scale showed primarily a silicate constituent, which would be

 expected from the brine from well Mesa 6-2. 'This is considered
further evidence of a liquid;carryover_occurfing from the.DCHX,
The primary test'compqnents of the direct contact power loop
performed quite well during the 500-hour endurance test. “The heat
exchanger loop was originaily configured for short term testing and
contained some components not suitabie_forjantinuous;operation.
Problems were consequently encountered'with isobutane and brine pump
packings and certain fluid loop_controls. The turbine,shaft seal
began leaking about .341 hours into;the:endurence,run:and.was replaced.
OtherwiSe,-the turbo-generator and:controls performed entirely as
. expected during the endurande~test~"No problem with. . heat transfer
or stability. attrlbuted to the direct: contact heat -exchanger: was
observed durlng the test: program ‘ T : -

-~ Brine samples taken .at:the outlet of: the dlrect contact heat

]

‘exchanger were analyzed by thegchemlstry»1aboratory;at the East .
Mesa Test Facility. Samples were evaluated to measure the concentra-
tion of isobutane in the brine and to estimate the ‘isobutane loss.
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Results of these tests showed an average of 87 ppm isobutane fraction
in the latter stages of the endurance run. This quantity amounts to
only 25% of the equilibrium solubility (based on isobutane. solub111ty)
reported in Ref. 1 expected for the brine from well Mesa 6-2. The
‘equilibrium solubility was taken for a brine having a salinity of 0%
by weight TDS. An attempt was made to verify the above figure by
measuring the quantities of isobutane added to the loop during the
endurance run. Significant leakage occurring in the_pump packing
and turbine seal, however, invalidated the measure of isobutane
loss fraction in this manner.

Following the endufance run the turbine, connecting pipes,
and a portion of the direct contact heat exchanger were disassembled
and inspected for evidence of.scaling or erosion in the tést:hardware.
The only scale deposition noted was that mentioned previously as
being in the turbine nozzles. The remainder of the loop was in good
condition and gave no evidence of distress which would prevent con-
tinued operation of the test loop.

3.0 POWER EQUIPMENT MODULE
A partial list of equipment contained in the power equipment

module is as follows:

Turbine, housings and connecting piping
Gearbox

Torque meter and readout

Generator

Speed control

Pressure, temperature and speed instrumentation
Safety controls and interlocks

Air cooled resistive load bank

Items 3 through 7 were located in a pressurized enclosure to
circumvent any possibility of an explosive isobutane-air mixture in
the vicinity of the generator. Item 8 was remotely located a safe
distance from isobutane sources. Discussion of the safety features
contained in the power equipment module is contained in Section 3.3
'of this report. This equipment was skid mounted for ease in trans-
portation and was installed next to the direct contact heat'exchanger
test loop at the East Mesa Facility.

i
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Each of these primary,components are discussed in‘tufn»in,the
following sections.

3.1  DESIGN PARAMETERS

3.1.1 Turbine , , : _

During the design phase it was anticipated that the turbo-
generator would be operated with two basic ‘direct contact heat -
exchange systems.  The first, and»the subject of this report, was a
subcritical system.fabricated and tested by DSS Engineers. The
second was .a supercritical "system from Occidental Research Corporation.
Ref. 2, 3. AT G | .
- .- Based on d1scuss1ons with DSS and Occldental the system -
operating parameters were defined as shown in the following table.
The anticipated water carry over fraction shown in the table was
calculated assuming,saturated;watervvapor.and real gas properties of
the isobutane at the discharge of the;vaporizer, -Turbine available
energy was calculated based on an isentropic expansion of the vapor
mixture. Turbine design conditions were then determined for the

respective cycles. - .-

TABLE I

Occidental DSS
(Supercritical) (Suberitical)"
Isobutane flow rate, 1b/hr -~ = ' 2000 72650
- Water vapor flow, 1lb/hr . . .-~ .. . B0 - - ;. = 32
Combined flow rate, lb/hr N - .. 2050 . 2682
"~ ‘Max. total pressure, p51a e eevT - 315
-~ .Max. temperature, °F G i 23000 g e 220
, Condens1ng temp., OF - 110 <110
Y Total! conden51ng ‘pressure, ps1a 83020 83 2 -
- Turbine available energy,; Btu/lb - 36.2 oo 23.7

An axial flow turbine with‘a*Wideylatitudevdf flow through-put
and power output was selected and designed specifically’forfthis
applicétiCn;' Based 6h“th¢”fluid‘éondifidns above ‘a partial admission

turbine design would yield reasonable efficiency and would allow

excellent ‘growth potential or application to different resources.
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The partial admission impulse design incorporated a single rbtbr
and a nozzle block with two nozzle geometries. One nozzle configur-
ation was designed for the subcritical cycle.‘ The desired nozzle
configuration is selected by rotating the nozzle block so that the
inlet flange of the desired nozzles lines up with the inlet piping.
The inlet piping contains a short length of flexible metal -hose to -
reduce piping loads on the ‘turbine gearbox.

A summary 6f detailed :turbine design parameters is shown in
Table II. The nozzle throat and exit areas were calculated‘usihg
the gas properties for isobutane presented in "Fluid Thermodynamic
Pfoperties for Light Petroleum Systems'" by Kenneth E. Starling
(Ref. 4). The analytical approach for the detailed nozzle design
involved calculating the mass averaged density and velocity of the
~ isobutane (IC4) and water mixture assuming an isentropic expansion
from the specified inlet conditions. The nozzle throat pressure
was determined to maximize the product of density and velocity which,
for a given mass flow rate, uniquely determines a nozzle throat
area. The nozzle throat pressures for the subcritical and super-
critical cycles are estimated to be 212 psia and 410 psia,
respectively. The above design approach has been verified in a
number of similar organic fluid turbine nozzles previously designed
and tested by Barber-Nichols.

3.1.2 Gearbox

A standard double reduction Barber-Nichols gearbox (GR=6.05)

was used in the power equipment module. The gearbox used rolling

element antifrlction ball bearings to minimize the paras1tlc power
losses of the gearbox and to allow improved evaluation of the turblne
output power. Lubrication was provided by an internal chainidriven
lube pump, and oil temperature was controlled by a water cooled heat
exchanger mounted on the gearbox housing.

A face seal on the high speed shaft was used to seal the
isobutane contained in the turbine exhaust housing. A nominal design
face loading of 9.7 1lbs. was estimated at a turbine exhaust pressure .
of 837psia. The seal was designed to incfease the face loading to.
about 11.9 1lbs. at 110 psia.
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TABLE II
TURBINE DESIGN PARAMETERS FOR |

DIRECT CONTACT POWER LOOP TURBINE

Dp

1. Pitch diameter, D, = © -° 5.87in.

2. Blade chord, C.. = . . 0.32in. -, ..

3. Bilade height, h S 404 in.

4, No, of blades, Z 102 .

5.  Blade entrance angle, 61 13200

6. Blade exit angle, g2 . ‘320 L | e

7. No. of nozzles, N L *NOZZLE DESIGN PARAMETERS
8, ‘Trailing rotor edge width, te" -~ %010 in, ' s o ‘Sub Super

9. Throat diameter, D% ok e e ~ — —
10. Exit d1ameter, Dy Sk 7. No, -nozzles 2 1
11. Nozzle area ratio, Ar * 9. Throat dia. .229in  .199 in
12, Nozzle angle, oC @ . *. -’10 Exit dia.. .~ .286.in .337 in
‘13, Edge thickness between " 11, Area ratio ‘. 1.567 2.87
kN nozzles, Te . - _ © 12, BAngle 169 16°
- 14. Arcof admission, ¢ 0 % ... "+ 138, Edge thk. .010 max N/A
15, Tip clearance, T, DU R 015 in, 14, Admission = 45° . 26,1°
16. Axial clearance between 020 in © 18, Exhaust 550 - 559

nozzle & ‘wheel, A,y - "t 719, Pres. ratio 3,79 7.21

'175 _Ax1a1 clearance between o 2030 in. - , : . o

wheel & exhaust, Acz 7
18. .Arc of exhaust, € exh. R
19. Desigh pressure ratio, PRdes.u *
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3.2 PREDICTED PERFORMANCE

The predicted variation of turbine efficiency with speed is
shoWn in Figure 1. Efficiency curves are presented for pure isobutane
and IC4/water mixture at supercritical and subcritical conditions.
Because of the allowable test speed range of the alternator (see
Section 3}3)7the turbine can be tested above and below the antici-
pated peak‘efficiency-point for each of the specified cycle conditions.
The selected turbine configuration is well within the experience
envelope offprevious Barber-Nichols turbine designs.

3.3 CONTROLS AND SAFETY

3.3.1 DSS Loop Controls
. The controls on the DSS loop consisted of a Fisher Wizard II

pressure controller to maintain the DCHX operating pressure at a
pre-set value (normally 340 psi). Isobutane and brine flow control
Was4obtained'by manually adjusting bypass flow in both the isobutane
and brine circuits. Brine level in the column was automatically
maintained by a Fisher type 2500-2493 level controller.

3.3.2 Barber-Nichols Turbo-Generator Controls

The controls for the turbo-generator consisted of a variable
load speed cdntrol,overspeed switch, a gearbox lube o0il high.tempera—
ture sWitch, a lube o0il low pressure switch, a shed high and low
pressure switch, a gearbox high pressure switch, a turbine inlet
‘shutoff valve, visual and audible alarms, and ancillary switches,
-relays and indicator lights. ' , '

The lube o0il temperature switch and the overspeed switch
were mounted on the turbo-gearbox and were, therefore, eXplosion
proof. The warning alarm light was also explosion,proof.r«‘ |

Since the generator and its speed control Wére'not-explosion
proof they were mounted inside a pressurized enclosure to meét“safety
requirements. To reduce component cost,'all other electrical
components were also mounted inside the shed.

The control system featured warning alarms and an automatic
shutdown mode. A high isobutane level outside the shed (greater
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~ than 50% LEL), high lube oil temperature (above 200 F), or high
gearbox pressure (above 5 ps1g) caused the audible and v1sua1 alarms
to activate but did not shutdown the turbo generator. An indicator
light on the control panel also illuminated to indicate which alarm
circuit had been activated. Low lube oil pressure or turbine
overspeed both activated the alarm and shutdown the turbo—generator
If turbine output shaft speed increased. .above 4000 rpm or gearbox
lube o0il pressure dropped below 15 psig, the turbo-generator would
automatically shutdown and an alarm would activate, ‘Thebhydrocarbon
detector was'also capable of shutting down the turho”generator

A safety interlock was provided between the turbo -generator
and the heat exchanger loop. Either a manual or automatlc operating
mode could be selected If the DSS loop was operatlng in the auto-
matic mode, which was always the case durlng ca11brat10n and endur-
ance runs, shutdown of the turbo- generator would also shutdown the
DSS loop.

Normal operation of the turbo-generator was with the shed
door closed to keep the shed,pressurized.“However, it was necessary
to open the door periodically to add water to the shed cooler. To
prevent the audible alarm from sounding when the shed overpressure
dropped, a key operated switch was available to turn off the alarm
buzzer. If any other fault occurred while the shed door was open,

a relay contact across the key switch would close to reactivate the
buzzer. The buzzer could then be shut off again by depressing a
push button. The alarm light would stay on in both cases until the
fault was corrected and the reset bntton Was'depressed Figure 2
shows the control system schematic and Appendlx A contalns a more
detailed descrlptlon of the control loglc . o

In addition to the turbo- generator controls dlscussed above,
the generator power package used a speed control consisting of a
Woodward model 2301-8271-347 governor, a Vectrol VPAC 5106-480-35E~
LSER power controller and a load bank consisting of two Singer 34702T
electric space heaters. The governor was‘an electronic'unit with
isochronous capability that measured shaft speed and provided a
voltage output that increased or decreased as the speed attempted
to move from the set point. The output voltage was used to modulate
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a power controller which adjusted.the load on the generator‘bplcon—
trolling power fed to the'parasitic 1cad;bank Speed control was
achieved by increasing or decreas1ng the load on the generator as
dictated'bylthe governcr. This approach for controliing speed of
the Rankine cycle powered generator was selected for two reasons.
This loading approach is consistent with the concept‘that geothermal
should provide base load and that all of the power generated can be
absorbed by the grid. 1In addition to being a cost effectiVe approach
for good dynamic regulation, all of the components-required fcr'
control were available as off-the-shelf hardware items and requlred
~a minimum of engineering or fabrication to implement.

The evaluation of the control approach showed that this sys-
tem would have good control characteristics, both from the stand-
p01nt of accuracy in holding the desired speed and secondly that it
was stable regardless of the settings or gain in the control 1oop
A Root Locus Diagram show1ng the open loop system dynamics is
presented in Figure 3. As can be seen from the diagram, the locus
is stable regardless of the governor settings.

3.3.3 Safety - DSS Loop’ .
Safety equipment on the DSS Loop consisted of burst discs

on the DCHX and the condenser to protect the heat exchangers in the
event of overpressure, pressure switches on the brine‘and butane
pumps to shutdown the loop in case of excessive pump discharge
pressure, a pressure switch on the condenser to shutdown the loop
in case of‘excessive condenser pressure, and safety shields on all
sight glasses. The platform around the top of the DCHX was also
equipped with safety chain railings for personnel safety.

3.3.4 Safety - Barber Nichols Turbo-Gearbox v
Since the generator and its control box, the electrical

instruments, and most of the control logic were not exp1051oniproof,
they were enclosed: in a pressurized‘shed tolisolate them from“any
iscbutane vapor. The turbine and gearbox were located outs1de the
shed and the low. speed shaft passed through the wall of the enclo—‘
sure with a reasonably close clearance. A positive pressure ‘was-

(1)
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maintained inside the enclosure to keep isobutane vapor from enter-
ing. Since the turbo-gearbox was outside the preséurized shed and
there was the possibility of isobutane vapor leaking through the
turbine shaft face seal into the gearbox, the gearbox was continu-
Ously purged with commercial dry nitrogen at the rate of 2 standard
cubic feet per hour. This flow rate was sélected to keep the
gearbox internal pressure below 5 psig. |
The gearbox vent line was equipped with a rotometer to

measure the nitrogen flow rate and a water-filled U-tube manometer
which served as a relief valve in the event of a catastrophic seal
failure. The gearbox vent line was connected to the DSS loop vent
stapkrto route any isobutane vapor from the gearbox away from the
pressurized shed. . |

- A hydrocarbon detector with two sensors was installed in
theisystem,to detect high levels of isobutane. One sensor was
1qcated inside the pressurized shed and, if it detected_an~isobuténe
level above 20% LEL; the détector would shut down all electrical '
components in and around the shed before an explosive mixture was
attained. The second sensor was located outside the shed next to
the door to detect high isobutane levels outside the shed and warn
personnel not to open the shed door ifvthe isobutane concentration
was high enough (above 50% LEL) to pfésent a hazard. The hydrocarbon
detector was equipped with a meter which read the highest isobutane
level which was being sensed and with visual and audible alarms
independent of the control system élarmé to warn of a high isobutane
level. The detector was also equipped with a failure relay to
shutdown all electrical equipment if the detector either lost power
or malfunctioned and with a steady audible alarm to warn of a mal-
function. The high isobutane warning alarm was a pulsating alarm
to distinguish it from the failure alarm.

3.4 LABORATORY TESTS ' e E

3.4.1 Gearbox Losses

For the gearbox loss test, the gearbox was driven by a hydrau-
lic motor connected to its output shaft through a Morse gearbox and
a Lebow torque meter (see Figure 4).
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The gearbox was driven over a range of output speeds and the

lube oil temperature and turbine exhaust pressure were varled The

- exhaust pressure was varied from O to 70 psig by pressurlzlng the

turbine hous1ng w1th dry air. The oil temperature was varied from

160°F to 100°F'by cooling the oil in an oil-to—water heat exchanger.

The hydraulic motor speed was varied to change the gearbok output

shaft speed from 2000 to 3600 rpm. ﬂThis,correspondedzto;a turbine

input shaft speed variation of 12,000 to 21,800 rpm. .GearboxAloss

tests were. conducted both with and withoutAthe'turbine rotor installed.
In addition to the above mentioned parameters bearlng tempera-

ture, lube 0il pressure, exhaust temperature and output shaft torque

were also measured. These parameters‘were used to calculate gear-

hox horsepower loss as a function.ofioil temperature, exhaust pressure

and turbine shaft rpm. These data are presented graphically in

Figure 5. _ —

3.4.2 Air Tests - ’
To verify proper operation ofvthe/completefsystem and to
calibrate the turbine nozzle flow coefticient,fthe system was tested

" at Barber-Nichols. Air was used as the Working fluid to minimize

problems during this initial operatlon of the turblne Figure 6 is
a simplified plumbing schematic of the a1r test rlg Air was supplied
from a screw type air compressor. ' The air was compressed cooled,
and the 011 removed before the: flow was measured using a sharp edge
orifice. The compressed air then flowed through the turbine run
valve and into the nozzles designed for the subcritical cycle con-
ditions. The turblne pressure ratio was varied by adjusting the
valve in the turbine exhaust duct. o .

The air flow data was reduoed us1ng the relatlons 1n the ASME
Power Test Code, Chapter 4, Flow Measurement (1959 ed1t10n) The
theoretical air flow through the nozzles was calculated us1ng the
ideal gas relations for flow through a choked nozzle That calcula-
tion used the measured nozzle throat area and 1ncluded the effect of
water vapor, but neglected the effect of any entralned 0il vapor or
mist. The nozZle flow coefficient (or discharge'COefficient) was
then calculated by dividing the measured air flow by the air flow
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rpredlcted from the ideal gas relations.: It should be pointed out

that over “the range of air pressures (120 psig max1mum) and tempera-
tures‘(83 F’to,142 F) observed during the tests, air behaves like

an ideal_gas;'-However, during thewiSObntane tests, the turbine
inlet conditions. were near the vapor dome and real gas properties
had:to be used. The average measured subcritical noZzle‘flow ’
coefflc1ent was 0.962 which, based on our experience “for similar
nozzle de51gns, is very reasonable Proper operation of the turblne

*controls and safety equlpment was also verified during the air tests.

' Durlng the air tests 1t was determined that the control sys-

‘tem would perform better if the generator exitation was changed

from generator produced power{topexternal line power.

4.0  LOOP CONFIGURATION

:4,1},' DIRECT CONTACT HEAT EXCHANGER TEST LOOP

4 l 1 Test Loop Components

_The test loop con81sted of the following maJor components
a. dlrect contact heat exchanger, a comblnat1on preheater and b011er,
an 1sobutane separator a str1pp1ng column a condenser a hotwell
and two clrculatlon pumps for isobutane and brine circulation.
The:general_relatlon ship of these components is 111ustrated in the
proceSS flow sheet and the P & I diagram.

4. 1 2 Vesse] Design

All test vessels were fabrlcated of carbon steel to Sectlon

_VIII D1v1sion I of the ASME B011er and Pressure Vessel Code

Plate, standard weight plpe ‘(sch. 40) and weld flttlngs were used
for the shells Nozzles were elther schedule 80 plpe with 300#
flanges or. 3000# screwed ‘couplings. Construction detalls are shown
on the draw1ngs in Appendlx A, Overpressure protect1on was prov1ded
by safety valves 1nsta11ed behlnd stainless steel rupture dlSCS

The: condenser was a standard off-the- shelf 1tem w1th brass shell

.andatubes, and a cast lTQH water box. Piping was predomlnantly

carpon steel hydrauliC'tubing to facilitate bending and minimize
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the(number of joints. '"Swagelok" type .fittings were used extensively
to allow frequent disassembly and modification of the piping system.

4.1.3 Direct Contact Heat Exchanger

. The preheater and boiler were combined into one single
chumn having'ah overall héight of about 13 feet. The distance
between the isobutane distributor at the bottom and the brine dis-
tributor at the’top was 10' 4", The Straight section of the column
was 9' in length with an inside diameter of 6". At both ends a
conical section with an included angle of 20° flared to a 10 inch
diameter. The transition at the bottom resulted in a-gradually
decreas1ng downward velocity of the brine and the- enlarged dlameter
at the bottom allowed sufficient area in the annulus between the
isobutane distributor and the wall to reduce the brine velocity in
the straight section. At the top of the column the 10 inch diameter
provided a large area for mist eliminators. The column is shown
schematically in Figure 9 and in detail by drawing no. 051-2202 in
the Appendix.

o Isobutane was introduced near the bottom of the column by a
plate containing 390 drilled holes 0.060 inch in diameter. Type
316 stainless steel, 1/8 inch thick was used for the plate. On
the bottom face of the plate the edges of the holes were beveled
while the upper face of the plate was ground to ensure sharp edges.
After machining, the surface of the plate was slightly oxidized to
make it more oleophobic (less wettable by isobutane) by pickling in
COhcentrated nitric acid. »

Brine was introduced through a perforated distribution ring
near the top of the column. The isobutane vapor leaving the top of
the column'passed through a knit stainless steel wire mesh demister
pad 6 inches deep which minimized carryover of either liquid iso-
butane or brine.

The construction of the column incorporated 5_pairs of flanges
to facilitate inspection and'experimental modifications. Numerous
connections were prov1ded on the .shell of the column for vents,
dralns and instrumentation. They included 3 thermowells, 1 pressure
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gage connection, 2 manometer taps, 4 high pressure windows (or
"bulls-eyes'') forvviewing the dispersion, and 3 pairs of gage glass
connections. ’ ’

4.1.4 Separator ‘ _

Brine leaving the direct confact heat exchahger entered the
separator which was a horizohtal:settler with a coalescer at the
inlet end. The vessel was 7 feetrlong and 8 inches in diaméter,
and was installed with its longitudihal axis tilted up 1°‘from the
horizontal toWard the outlet end. - .

The separator was not used during the endurance run. Enter-
ing brine passedAthroughrif‘fo the flash tank taking an& entrained
isobutane with it. - ; f

4.1.5 Condenser

Isobutane vapor, after throftiing through a valve or expand-
ing through the turbine, was condensed on the shell sideiof a con-
ventional shell-and-tube heat exchanger by cooling water flowing
through a single pass of tubes. The unit was installed with its
longitudinal axis tilted up 20° from the horizontal. The isobutane
vapor inlet was at the upper end of this unit and the condensate
outlet was at the lower end. The cooling water flowed counter
current with respect to the isobutane flow. The condensate outlet
and a vent line were connected to the hotwell in such a way that a
liquid level was maintéined in the bottom of the condenser to
subdool isobutane liquid. The total heat transfer area for this
condenser was 120 sq. ft. ’ |

4.1.6 Hotwell

The hotwell served as a receiver from which the condensed
isobutane was pumped. As test unit operating conditions changed,
the amounts of isobutane in the direct contact heat exchanger varied.
The'hotwell pfovided the inventory to cope with these operating
changes as well as losses through leakage. Instrumentation on the
hotwell included temperature and pressure indication and 1 gage
glass. The vessel was 6 feet long and 10-5/8 inches in diameter.
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It was installed with its longitudinal axis tilted up one inch from:
the horizontal toward the pump suction line.  Therefore, the water
condensate in the hotwell:.could be drained off at the lower end of
the vessel, " The-hotwell is shown in detail in draw1ng 051-2208,
Appendix-: A ' ‘ '

4.1.7 Stripping Column

The DSS loop was equlpped w1th a strlpplng column to remove
any addltlonal 1sobutane from the brine 1eav1ng the separator. The
stripper was 1solated from the remalnder of the DSS loop during the
endurance run and therefore wasknot used.

4.1.8 Pumps

The isobutane was “eirculated by a 4 cyllnder John Bean outside
packed plunger pump (Model T- 0410C) rated at 10 gpm capac1ty The -
brine pump was an outside packed triplex pump (John Bean Model M-0910)
with a° rated capac1ty of 7 gpm Both pumps were equlpped w1th a
n1trogen f111ed accumulator on the dlscharge s1de to reduce pressure
pulsation. Flow rate was controlled by a valve on a bypass line

-from the dlscharge to suctlon side of the pump. A rel1ef valve

was prov1ded on the d1scharge line to prevent overpressure damage
to the pump or test unit. ' v

Pumping requlrements for the- 1sobutane were espec1ally demand—
ing because of " the comblnatlon of low available net positive suction
head and high discharge head‘in'a single pump. Isobutane liquid
also had extremely low density and visc051ty, p1a01ng further )

frestrlctlons on the type of pump whlch could be used.

4.1.9 -Modificationvtovthe.Test?Unit for Turbine Experiment“
- Several piping and control changes were made to the test unit

to accommodate the turbine experimentf:~These changes were made so
that the system could provide isobutane liquid at supercritical and
subcritical pressures to the surface heat exchanger for calibration

.0f the turbine.

Piping from the isobutane pump to the d1rect contact heat
exchanger was provided ‘with tees and block valvés to direct isobutane
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to either the surface heat exchanger or to the direct ccntact heat
exchanger. - Since calibration with the surface heat exchanger was
at both subcritical and supercritical conditions, two safety relief
valves were provided on the pump discharge. Either safety valve
could be selected: 650 psi for supercritical or 350 psi for sub-
critical.

Isobutane vapor piping was provided for the surface heat
exchanger to the turbine inlet. The Vapor'line from the DCHX was
also connected to the turbine inlet by means of approprlate iso-
1at1ng valves and tees. As a result of these changes the mode of
operatlon could be changed from calibration with the surface heat
exchanger to operation with the DCHX without any piping changes
‘ A vapor llne was provided between the turbine exhaust and
‘the condenser This line was tied into the original vapor line
yfrom the DCHX to the condenser. The original pressure control valve
(PCV 100) between the DCHX and condenser remained operable to .allow
the turblne to shut down while the DCHX was still running. Th1s
provided a. "short circuit" around the turbine directly to the
condenser,v_v . :

»Separate brine supply and return pipes were installed to.
provide the surface heat'exchanger with brine. The flow of brine
to the heat exchanger was manually controlled. o

A11 piping was hydrotested to 900 psi before testing began
Hot plpes were insulated with asbestos lagging. ,

An electrlcal relay was installed linking the turbine stop
valve to the DCHX system. A signal closing the turbine stopvvalves
also shut off the power to the DCHX pumps and opened the pressure
control valve (PCV 100) between the boiler and condenser. This
allowed the isobutane vapor in the DCHX to be vented to the condenser
-when the turbine inlet valve closed for any reason. ‘

4.2 INSTRUMENTATION AND SAMPLING

4.2.1 Instrumentation - DSS Loop ,

,The 1nstrumentat10n on the DSS dlrect contact heat exchanger
(DCHX) loop consisted of a multi-channel Leeds and Northrup strip
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chart recorder to record brlne temperature into and out of the DCHX
and 1sobutane ;temperature into and out of the DCHX.. Other instru-
mentat1on con81sted of pressure. gages and thermometers located in
the 1oop pip1ng to monltor brlne and butane temperatures and
pressures at various locatlons{_and\two Brooks Instruments Division
rotameters to measure brlne and iSobutane.flow,rates in gpm.

4.2.2 Instrumentatlon - Barber N1chols Turbo Generator

The turbo- generator 1nstrumentat1on consisted of a Doric

412A-T-F Trendicator for displaying the turbine gearbox lube o0il

- temperature, turbine bearing temperature, turbine'inlet gas tempera-

ture, turbine exhaust temperature and generator shed temperature;

a Newport Model 6110 electronicrtachometer for displaying turbine
output.shaft speed,inyrpm;:a Lebow Model 7525 digital. indicator for
displa}ing_gearbokrtorgue output; and turbine inlét. pressure,
exhaustbbressure;and oiltpressure gages. Other,instrumentation.
included a Dwyer Model 3000-00 shed pressure switch with a gage to
indicate_the‘amount ofished oyerpressure,ﬁﬁThe switch contained
relays;wbichQWQuld llght aiwarning-light-and sound an.alarm if the
shedipressure dropped below :0.05 inches of water. or rose above 0.15
1nches of water (nomlnal was. 0 10 1nches of water).

t The 1nstruments were mounted on an aluminum plate. and could
be v1ewed through a. plexl glass window in the side of the generator
shed. The window was. hinged and the 1nstrument ‘panel edges were
sealed_to,keepvthe:shed,pressurlzed.when the window was open.

4.2.3 Sampllng o _ |
‘ The DSS loop was 1nstrumented to obtaln samples of 1sobutane 7
flowing to the turblne 1n1et and samples of br1ne flow1ng from the '
DCHX to the separator ' ThlS 1nstrumentatlon cons1sted of two 300
ml bombs. The 1sobutane vapor bomb was equlpped w1th 350 p51g gage
The brine bomb was connected to a tee on the ‘brine outlet fitting
of the DCHX. The bomb was mounted vertically and the llne and bomb
were purged for 5 minutes to equalize the temperature and bleed off
excess gas before the sample was collected. The vapor bomb was
connected in parallel with the. turbine between the inlet and outlet
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pipe and was mounted horizontally. To collect a sample the bomb
inlet valves were opened fully. The outlet valves were then opened
until the bomb pressure dropped approximately 50 psi. Théwhdmh"h |
was then purged for 5 minutes to equallze temperature and m1n1m1ze
_condensatlon " The sample was then ‘collected. , ' '

The samples were analyzed by the East Mesa chemistry lab to
determine the amount of brine carryover to the turbine 1n1et and
the amount of 1sobutane loss to the brlne reanectlon pond .

5.0  FIELD OPERATIONS

5.1  LOOP OPERATION

" The test unit provided for the continuous circulation, con-

tact, and separation of brine and isobutane. Heat from geothermal

brine was transferred to the isobutane in a single direct contact

heat exchanger. ' B
Isobutane liquid was pumped from the hotwell to the direct

contact heat exchanger where it was heated and vaporized by counter

current contact with brine. The isobutane vapor and a small amount
of water vapor was then throttled to the COndensing:pressure'through
the Barber-Nichols turbine. The vapor was condensed and the isobu-
tane liquid returned to the hotwell to repeat the cycle. Water
condensate in the hotwell was continuously drained off.

Hot brine from well Mesa 6-2 was pumped from the geothermal

supply manifold to the direct contact heat exchanger where heat was .

extracted from it to heat and vaporize the 1sobutane. The high
pressure brlne was then reduced to atmospherlc pressure and dumped
“into an open tank where dissolved isobutane in the brine was flashed
out. No attempt was made to recover the isobutane at thls point.
Fipally, the brlne was sent to the reanectlon syotem

5.2  CALIBRATION TESTS

The primary goaliof the calibration tests was to obtain
turbine and cycle performance data with pure isobutane for use in
evaluating results of the direct contact heat exchanger tests.

»
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A ca11brat10n loop was assembled and instrumented to obtaln
turbo gearbox ‘and cycle efflclency over. a range of cycle operating
parameters. These operatlng parameters 1ncluded turbo gearbox
output shaft speed amount of superheat turblne pressure ratio,
and 1sobutane flow rate. The Ca11bratlon loop cons1sted of the DSS
DCHX loop w1th the DCHX replaced by a conventlonal br1ne to-~ 1sobutane,
heat exchanger. _

The turbo- gearbox callbratlon tests were conducted at both
subcrltlcal and supercrltlcal cycle condltlons Turblne inlet
pressures of about 300 and 600 psia and temperatures of 220 F and
300 F were . run ' The upper 11m1ts of pressure and temperature
correspond to the supercr1t1ca1 condltlons , o

- The subcr1t1ca1 callbratlon tests were performed at 1sobutane
flow rates of 8, 10 and 11. 5 gpm, at turbine inlet temperatures of

,220 F through 290° F, turbine inlet pressures of 220 psig through

350 psig, and at turbine output shaft speeds of 2400, 2600, 2800
SOOO,aand 3200 rpm. For each test, the isobutane flow rate was
first set at a desired value by adjusting the isobutane pump bypass
control. The turbine inlet temperature was then set by varying

the brine flow through the hairpin heat,exchanger;.,The turbine
output shaft speed was 'then varied by adjusting the generator speed
controltprearbOX output horsepower was. .calculated -at each speed
setting'to;assure<that“performance*data‘wasvobtaineduat'near'peak

output. :Data were recorded at the five'speeds'mentioned above

'whlle holding the turbine inlet temperature and: 1sobutane flow rate

constant Turbine inlet temperature was then adjusted to a new

value and the 'test wanrepeated;t;When Sufficient data had been

collected at a number of different turbine inlet temperatures, the
isobutane flow rate was changed ‘and-the test sequence was repeated.
The supercritical calibration tests were performed at iso-
butane flow rates of 8,*8.5}vand 9;gpm, turbine inlet temperatures
of 270°F»throughﬂSOOQF;vturbine~in1et~pressures of 510 psig through
575 psig,vand,at turbine output shaft speeds of 2400 rpm through

'3000 rpm. fThe,single nozzle configuration;was used-in this test.

The test sequence for the superéritical tests was the same as that

‘used for: the subcritical tests.
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' Upon completioﬁ of the subCriticalrend superéritical iso-~
butanercelibration tests, the hairpin heat exchahger’was isolated
and calibration tests were performed with the direct contact heat
exchanger} Only subcritical isobutene/water tests were perfofmed
with the DCHX loop These tests were performed at an 1sobutane flow
rate of 10 gpm, a turblne inlet temperature of 225° F, a turbine
inlet pressure of 282 psig, and at turbine output shaft speeds of
2400 2600 2700, 2800, 3000, and 3600 rpm

v When the DCHX calibration tests were completed the endurance
run was started The operatlng,parameters for the endurance run
were selected from results of the subcriticel isobutate calibration
- with the halrpln heat exchanger and the DCHX subcritical 1sobutane ‘

and Water tests. '

5.3 ENDURANCE RUN

The‘gbals of the endurance run were: 1) to obtain operating
experience on a power producing loop utilizing an organic working -
fluid (isobutane) with some entrained geothermal brine vapor, 2) to
evaluate cycle efficiency, 3) to accumulate sufficient run time to
identify and/or evaluate potential problems, and (4) to identify
loop or fluid degradation.

In discussing the endurance run and any equipmént problems or
malfunctions encountered, ene point must be clarified. The intent
of the endurance run was to demonstrate the periormance of a direct
contact heat exchanger in an electric power proddcing loop. The
endurance run was not performed to test conventional heat: exchangers,
pumps,'pressure switches, seals, or any other equipment or components.
Although the Barber-Nichols turbo-generator was designed-and
assembled with the 500 hour endurance run in mind, the DSS.direct
contact heat exchanger loop was not. It was assembled on a 'crash"
basis nearly 2 years ago for a series of short heat transfer tests
nqt'lasting more than a few hours .each. L .

“The endurance run began at 0940 on July 26, 1977, and was
completed at .1630 hours on August 24, 1977.. During this time period
the DCHX loop and the turbo-generator accumulated a total of 500
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‘hours running time. Four personnel, two from Barber- Nichols

Engineering'Co and two from DSS Englneers, manned the test 1oop on

a 24 hour a da&, 7 day a week bas1s For the endurance run, ~the

R. W. Holland heat exchanger (used for the callbratlon test) was

isolated by 01051ng approprlate valves and the DCHX was used. ,
Operatlng parameters for the endurance run were as follows

Brine inlet temperature to the DCHX 330 + 5°F
Butane outlet temperature from the DCHX 245 + 5°st
DCHX operating pressure . ST 300 + 10 psig
Brine flow rate . - 5.4 + 0.2 gpm
Butane flow rate . .. . - 9.5 + 0.3 gpm
Turpine speed : - L 2750 + rpm
Butane level in hotwell : o greater than 1/2 full
Condenser pressure E , S 95 + 10 psig
These parameters resulted in:
Turbine inlet temperature 232 + 3°F
Turbine inlet pressure =~ 300 + 10 psig

Turbine exhaust pressure - 95 + 10 psig

The turbine inlet~temperature and pressure were very close to
design conditions; however7'the turbine exhaust pressure was approx-
1mate1y 25 psi higher than des1gn This occurred for a number of
reasons: 1) some of the coollng water tubes in the ‘condenser were
plugged with debrls, 2) with the high humidity at the test site, the
cooling tower water was entering the condenser at 83°F to 86°F,

3) water carryover and non—condens1b1es such as CO increased the
condenser pressure. N o ‘ EERR o

During the "endurance run data were- recorded once each hour.

These data included gearboxlubeoil temperature gearbox bearing -

‘temperature turblne inlet and exhaust temperature, shed temperature,
turbine inlet’ and exhaust pressure gearbox lube 0il pressure; turbine

output shaft speed and’ torque hotwell temperature brine and iso-
butane flow rate,.and DCHX brine 1n1et and outlet temperature. '
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Since the gearbox was belng purged W1th nitrogen to prevent
isobutane bulldup, its oil level and  the nltrogen flow rate were
checked once each hour. '

During the endurance run, the DCHX loop and the'turbo-
generator were shut down a total of 26 times for varlous reasons
These reasons are summarized as follows:

Number of Times :
Shutdown : : : Cause

5 o Isobutane flow problems
Brine pump pressure switch
Repack brine pump
Cooling tower
Gearbox o0il change
Low isobutane level
Site power failure
High gearbox pressure
Blown DCHX burst disc S
Ruptured brine pump discharge line
Switch to hairpin heat exchanger
Repack butane pump

. Plugged reinjection line

I S R N S I = T = I - R I R LI N

Endurance run complete

The largest single shutdown problem was isobutane flow. This
was normally caused by water or air in the butane pump or,butane :
pump packing failure. The second largest shutdown failure occurred_
early in the endurance run and was traced to a faulty pressure switch. -
This was corrected by replacement of the pressure switch andraddition"
of a cooling ceil to the brine line to prevent overheating of the
pressure switch diaphragm with hot brine. Brine pump packings were
the third most common\cause for shutting down the loop. The briner
pump was de51gned for a maximum operating temperature of 160°F.
However, the brine was at 330°F and 300 p51g The packings depended

on water seepage for lubrlcatlon and since the brine flashed throughv

the packings, they received no lubrication and failed every 50 to 100
hours,
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- Because the condenser was water cooled, the loop:-had to be

'shutdown;twice,to;prevent condenser overpressure'due;toﬂCOOIing :

tower problems. . :
The loop was shutdown twice tofchange gearbox oil, 'once

. because -of ‘water contamination caused by a leaking oil :cooler at-

311 hours and;oncefdue to isobutane contamination caused by-a
leaking gearbox turbine shaft face seal. : , )
Although the loop:was only shutdown once specifically to

replace the isobutanhe pump packings, these packings were replaced:a -
~number of times when the loop was shut down for other reasons. The: -

butane jpump packings failed as often as the brine pump packings and

for the same reason; no-lubrication. Neither pump was designed: for - :

this application. : o

‘ Since there were no automatic. controls on the DSS:loop, the
brine flow rate, isobutane flow rate and wéter level in the hotwell -
had to be watched almost constantly. Normally if the water level
in the hotwell was kept to a minimum and the isobutane level in the
hotwell was kept above the half full mark, the isobutane flow rate
remained. constant.: - , G . . e

The brine:flow.rarely changed, but it had to be readjusted -
periodicallytto;compensate for changes -in brine temperatures.

If the temperature of the isobutane léaving the DCHX was Kkept
between 240°F and 250°F, the water carryover:to the condenser
remained fairly constant"and'the”drain4pet¢oék on the hotwell. sight
glass could beiset,atione,position.and:léff”algne‘for up’ to 5 hours.

Normally if the plots offiSObutane,inletvandzexit#temeprature

‘and brine inlet and exit temperature remained:constant on the strip

chart recorder, thelcontrolsionﬂthe'DSSwloop:could‘be=1eftfalone.
This cbnditionrrarely;perSisted'IOr-mdre'thanj2‘hours,r~' - ,

‘For:the first 341 hours of the endurance.run the Barber-Nichols
turbo—génerator‘ran trbuble free. At 341 hours themturbine face -
seals started tOfleak-isobutane:into the gearbox.: The high gearbox

pressure alarm activated and:the operator shutdown the test ‘loop..

The seallwaSvreplaced but never did completely stop.leaking;u This
necessitated an oil change at 415 hours.
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‘A total: of 1315 pounds of isobutane were added to the DSS loop
durlng the 500 hour endurance run. Figure 10 shows the cumulative
isobutane added to the loop as a function of calendar days. As can
be seen, the rate increased sharply at the 340 hour point and
remained high until the 450 hour point. It then dropped bac¢k to the
rate just prior to the seal failure. For :the first 90 hours of
operation the loop used 1 1lb. of isobutane per hour. For the ‘next
250 hours of operation it used 2.2 1lbs. per hour. - For the next
100 hours Of_dperation it used 5.5 1lbs. per hour and for the final
60 hours it used 2.1 1lbs. per hour. |

:Not all the isobutane losses are attributable to operation
with the direct contact heat exchanger. As discussed above, a
substantial amount of isobutane was lost in numerous leaks in the:
test loop. Further discussion on this point is contained in
Section 6.5.

5.4 - TEARDOWN INSPECTION

After completion of the 500 hour endurance run a teardown
inspection was conducted. This inspection included examination of
the turbine, the DCHX, the condenser and the piping for corrosion
or scaling.

The Barber-Nichols turbine nozzle block and turbine wheel
were removed. They were photographed to show the areas of scale
buildup.  Samples of scale material were scraped from the nozzle
block, the burbine wheel, and the exhaust housing. These samples
were sent to LBL for analysis. ,

The DSS loop condenser heads were removed and the tubes
were examined for corrosion, scale buildup and plugging caused by.
foreign debris. The heads and the tubes were also photographed: to
illustrate their condition.

The upper distributor tube and piping were‘removed from the

DCHX and examined for corrosion and scale buildup. - These items
| were photographed and samples of scale were sent to LBL for analysis..
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6.0 TEST RESULTS

6.1 TURBINE CALIBRATION - CONVENTIONAL HEAT EXCHANGER

~6.1.1 Subcritical Calibration

The subcritical calibration tests were performed to provide

turbine performance data and nozzle calibration data on pure iso-
butane for later correlation with flow rates and performance of the
direct contact heat exchanger. The calibration teéts were .performed
with the hairpin heat exchanger and at the conditions outlined in
Section 5.1. o | o

To evaluate the actual turbine performance and compare it to
" the predicted performancé, the turbine was operated at ofodesign'
speeds both above and below the design speed. The turbine was also
operated at a number of different off-design isobutane flow rates
-to determine effect ofvisobutane flow rate on turbine performance.
A number of operating parameters such as turbine efficiency, turbine
horsepower, velocity ratio, superheat, nozzle flow coefficient{
and pressure ratio were calculated from the éollected data.

A'program written for HP-9825A computer was used to analyze
and reduce data taken during the calibration test. -Turbine output
power was calculated by adding the measured gearbox losses (Section
3.4) to the generator input torque. Isobutane flow rate was determined
using the calibrated isobutane rotameter on the DSS loop. Isobutane
thermodynamic parameters were calculated using Starling's equations
(Ref. 1). Measured turbine inlet pressure and temperature were
used to caléulate inlet enthalpy and entropy. At reduced pressures,
enthalpy and density was calculated for an isentropic expansion. A
maxima of the product of density and vapor velocity (\/EEZSEET)
determined the nozzle throat pressure and consequently the nozzle
ideal flow rate. The nozzle flow coefficient (Cd) is defined:

c. = measured isobutane flow
d nozzle ideal flow

The above approach was necessary'since the isobutane expansion
occurred close to the saturated vapor dome, and significant compressi-
bility effects were expected for the vapor expansion. Turbine
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available energy was calculated by continuing the isentropic expan-
sion to the measured turbine exhaust pressure.

Turbine efficiency was defined:

generator input shaft power

=

yvl
(o]

"

measured gearbox power

B

'iwi=smeasured 1sobutane flow lb/secA |
‘iZSHU:n,turblne avallable energy, B/lb

Velocity ratio: (U/C ) was deflned

U/C % U/ \/ZgZSH'

where: U = turblne p1tch 11ne ve1001ty, ft/sec

Both predictéd and measured turbine efficiency'were plotted
vs. velocity ratio at various pressure ratios and are shown in Figure
11. In each case, the actual eff101ency is compared to the predlcted
efficiency at actual pressure ratlos of 3.4, 3.12, and 2.8. As may
be noted, the peak turblne effic1ency occurs at a veloc1ty ratlo
close to the value predlcted ThlS result 1nd1cates that 1ndeed
the available energy calculated from the thermodynamlc analys1s for
isobutane is close to the value actually present in the expandlng
vapor. The variation in- actual and predlcted efflc1ency 1s due
prlmarlly to a higher than antlclpated nozzle flow coefflclent

The nozzle flow coeff1c1ent calculated from the data in all
cases was greater than unlty Thls was- attributed to- wetness in
the isobutane. Flgure 12 1llustrates the ‘effect of this wetness on
the makimum turbine efficiency as-a-function of pressure ratio and
isobutane tlow rate. S S R N

Flgure 13 shows the effect of nozzle 1nlet pressure and super-
heat on the nozzle: flow coefflclent - In general the nozzle flow
coefficient decreased toward 1ts laboratory measured value of 0.962

as the nozzle inlet pressure and superheat increased to 'dry out"
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‘the isobutane. This figure can be used to explain the results shown
in Figure 14.

Both predlcted and actual maximum turbine output power are
compared in th1s figure vs. superheat at three different values of
isobutane flow rate and pressure ratio. At higher values of super-
heat, the. actual output approaches the: predlcted output since the
1sobutane 1s drying out and the nozzle flow coeff1c1ent is approaching
its measured value

: Turblne performance was not measured at values of superheat
above 65°F because of limitations imposed by the equlpment.

6.1.2 Supercritlcal Callbratlon

The supercr1t1ca1 callbratlon tests were performed to obtain

‘preliminary data 1n preparation for the Occ1denta1 tests the super-

critical nozzle was calibrated on pure 1sobutane us1ng the ha1rp1n
heat exchanger and at the condltlons outllned in Sectlon .1.
The- turbine was operated at a- number of off design speeds

above and below ‘the des1gn speed to determlne 1ts peak efficiency

and output horsepower. Since the 1sobutane pump flow ‘rate was
limited at the ‘higher pressures, there was only-a 1 gpm variation
in flow rate (8 to 9 gpm) for the supercrltlcal callbratlon

Flgure 15 shows the comparlson between predlcted and actual
turbine output horsepower.u Such lines of constant temperature and
lines of constant pressure are almost parallel over the saturation
dome, and degrees of superheat does not accurately deplct the rela-
tionship between the fluid and the saturatlon dome, the turbine
output was plotted vs. turblne 1nlet enthalpy The pos1tlon of each
data point in relation to the dome is shown at the top of Figure 15.

As one moves to the left above the dome on the P-H diagram,
the actual turblne output deviates further from the predlcted and
is greater than that predlcted At a p01nt just above the right
most extremity of the dome the actual and predlcted output are in
agreement, and as one moves to the rlght of this point, the actual
turbine performance drops off agaln whlle the predlcted performance

continues to 1ncrease
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The reasoning behind this behavior is not clear. It is
assumed that it results because of compressibility effects and the
fluid properties Jjust above the dome cannot be accurately predicted.
Small changes in temperature or pressure certaihly have a pronounced
vlnfluence on the predlcted performance. |

Figure 16 shows ‘the actual and predicted turbine efficiency
vs. velocity ratio as a function of pressure ratio and nozzle flow
coefficient. At the higher pressure ratios (lower nozzle flow
coefficients) the actual eff1c1ency agrees w1th the predicted effi-
ciency. This indicates that the nozzle flow coefficient may be
qﬁite close to thekestimated value of 0.96 rather than the calculated
value of 1.08 to 1.11, also indioating that fluid'ooﬁdifiohs,just
above the dome are difflcult to predict. - I :

In comparing the subcritlcal and supercritical performance
data, a number of similarities exist. 1In both cases-rhe nozzle
flow coefficient is greater”thah unity. A possible ekplanation is
that a certain amount of liquid isobutane exists with ‘the vapor
even though the vapor is superheated. All data points are ‘relatively
close to the dome. As the pressure ratio is increased, the actual
performance approaches the predicted performance more closely.

The major difference between the subcritical and supercritical
calibration is that with the subecritical cycle, the turbine perfor-
mance is below the predicted performance and approaches it as the
data points move away from the dome, while with the supereritical
data the actual turbine performance is above the predicted as the
data moves away from the dome to the left and below:the predicted
as the data moves-away.from the'dome to the right. '

6.2 TURBINE CALIBRATION - DCHX

Turbine calibration tests with the direct contact heat
exchanger were performed at the start and at the end of the endurance
run. The turbine was operated at various speeds above,and;below the
design speed to determine the peak turbine output. Figure 17 shows
the results of these tests as a function of superheat and presSure
ratio. As in the case'of the subcritical and supercritical data,
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the actual performance is below the predicted performance and -
approaches the predicted as the amount of superheat is increased.
This degradation in performance may also be attributed to wetness
(nozzle flow coefficient of 1.11).

A1l calibration tests were'performed at constant brine and

.isobutane flow rates and any Change in the amount of superheat was
‘due to the inlet brine temperature which could not be easily con-

trolled. The brine and isobutane flow rates were set by the limits

.0of the DSS direct contact heat exchanger loop capabilities and the

temperature of the brine from the well.

6.3  ENDURANCE TEST

During the'endurance test the direct contact heat exchanger
maintained the same level of heat transfer performance throughout
the 500 hours. The capa01ty to transfer heat was not effected by
corros1on or scallng propertles of the geothermal brlne. Flgure 18
shows a! typical plot of temperature vs. percent of heat added to '
the isobutane dur1ng the endurance run. Approximately 94%!of“the.nl
9eat from the brine was transferred to the isobutane. The remaining
6% was retalned by -the entralned water vapor. Any varlatlons 1n :
the DCHX heat transfer performance were caused by variations in
incoming brine temperature, brine flow rate and 1sobutane flow rate

Scaling propertles of the br1ne however d1d effect the
performance of the turbine. Figures 19 and 20 111ustrate the effect
of scaling on turbine horsepower and eff1c1ency as a functlon of

time. The data from 0300 hours to 0600 hours each day was used

because the max1mum turbine output occurred between these hours more
often than at any other time of day dp '

The turbine efflclency gradually changed from an average value
of 49% at the beginning of the endurance run to 39% atythe,end of
the endurance run. The turbine horsepower changed from"aniaverage
value of 10.25 hp. to 7'hp The scattervin the data wasacaused by
a number of factors. “They included: (I)ﬁvariations”in“ihiet’brine
temperature which changed the amount of superheat and effected fluid
wetness; (2) variations in*atmospheric conditions which effected the
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cooling tower water temperature and condenser pressure; (3) clogging

of the condenser cooling water tubes which changed the turbine exhaust

pressure; and (4) scale buildup on the turbine wheel, nozzles and
exhaust housing.

6.4 POST CALIBRATION - CONVENTIONAL HEAT EXCHANGER

At the conclusion of the endurance test the turbine nozzles
were again calibrated,usingwthe hairpinuheat;exchanger'and the same
isobutane flow rates as were used for ‘the initial calibration.
Figures 21 and 22 show the results of the post endurance5calibration.
The turbine performance at the end of the endurance_run was much
less than that originally measured durlng the initial callbration
tests. Two factors appear to have caused the degradation in perfor-
mance. One was the reduced pressure ‘ratio (2 66 and 2.83 as opposed
to 3.12 and 3.48 durlng 1n1t1a1 callbrat1on for the 2680 and 3070

lb/hr flow rates) and the scale buildup on the turblne components

The reduced pressure ratio and scale: buildup. resulted in a 16%

reduction in turbine efficiency at the 3070 lb/hr flow rate and a
14% reduction at the 2680 lb/hr flow rate, '

6.5 ISOBUTANE’LossfFRAcrioN*”“”“”°"

Brine samples were taken from the outlet of the d1rect contact
heat exchanger in order to measure the ‘concentration of isobutane in

~-the brine and to estlmate the 1sobutane loss. The brine samples were

taken from a teerlocated directly below the DCHX outlet. The line
was purged several times before connecting the sample cylinder in
order to ensure that a clean sample would;bektaken and dirt or scale
would not be swept into the cylinder. The sample bomb was oriented
vertically to ensure a. full liquid sample and avoid trapping vapor
in the sample container. The brine samples were then cooled and
analyzed by the chemistry laboratory at the East Mesa Test Facility.
The analys1s of the brine samples for 1sobutane was made with
a Perking-Elmer model 910 gas chromatograph Prior to injecting the
sample into the gas chromatograph, the brine samples were flashed
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into a second cylinder which had been evacuated to a vacuum of 26.5
inches hg. For the initial sample the pressure rise in the evacuated
cylinder was 11.5 inches hg when the brine sample was allowed to
flash into it. :This‘pressufe_rise was due to the dissolved gases
-and water vapor preSSure of the brine sample. The brine remaining
in the sémﬁle cylinder was analyzed with the gas chromatograph and
was usually iny 1 ppm. After the brine flashed into the evaéuatéd
cylinder thercylindér contained only gas. The gas mixture in the ‘
cylinder was determined to have as its major constituehts water vapor,
isobutane,”Coz-and~trace quantities of other gasés. Of-the 11.5
inches of hg total pressure rise, it was estimated that 1 inch hg
was water vapor, 9.1 inches CO2 and 1.4 inches hg isobutane vapor.
This volume of gas plus the 1 ppm residual in the flashed brine
translates into 110 ppm which is the value determined by,gas“chroma-
tograph analysis. : ‘

The test results reported by Lawrence Berkeley Laboratory are
shown in Table III. The last column in this table is the percent
of equilibrium solubility of isobutane in the brine. This is based
on isobutane solubility data reported by the University of Utah.

The equilibrium solubility was taken for d brine having'a salinity
of 0% by weight TDS which is the closest to the actual (0.41% by
weight) TDS of well Mesa 6-2.

The results of August 9 and 10 were an order of magnitude
higher than the other tests. The reason for those higher values is
speculative. The remaining tests averaged 87 ppm or about 25% of
equilibrium solubility. " That value représents a reaSOﬁabie'minimum
estimate of isobutane loss rate. It should be notéd that Mesa 6-2
is not very saline. What will occur with high saline brines is
unknown. Will the % equilibrium hold? The solubility of 87 ppm
is approximately the equilibrium solubility expected for a 250,000
ppm brine at 150°F and 315 psia. If the % equilibrium does hold for
the higher saline brines, the anticipated dissolved isobutane will
be quite low. _ '

The 500 hour endurance run was accomplished in 29 days
(703 hours). During this period the amount of isobutane added to
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- TABLE III

MEASUREMENT OF ISOBUTANE CONCENTRATIONS AT THE BRINE'OUTLET

o OF DIRECT CONTACT HEAT EXCHANGERS‘

.Observed - S : o

| . v . ... _ lsobutane - Percent
“Sampling Conditions Concentration Equilibrium
Date ~ 'Temp. F -Pressure, PSIG = ~  PPM - - Solubility*

.JulyfééyvOf'iéb° e 1100 20.3%

Avg. 9 157 F . 207. 1600 . - 445, %
Aug. 10 154 F - - 305 940 256, % -
ag. 19 163 306 120.  33.6%
Aug. 20 157 - 205 _108. 28.7%
Aug. 21 © 186 - . 300 . T - 49, 713.3%

M .o O © ©

Aug. 24 167 - - - 315 - . 89, - 25.0%
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the system was measured. Figure 10 was:prepared to show the cumu-
lative amount of isobutane added'to:the loop'as a functionspf’time.
"For the entire 29-day perlod a total of 1300 1bs. of isobutane'was
added to the system which is much hlgher than was antlclpated

For example, at an average solubility of 87 ppm and an average brine
flow rate of 2900 lbs/hour, the total consumption of_isobutane
should have been 87 x 107° x 500 x 2900 = 126 1bs.

A substantlal amount of the lost 1sobutane may be accounted
for due to leaks in the test loop. The outs1de packed plunger pumps,
were probably the worst offender as they requlred repacklng numerous
times. The turbine seal began 1eaking considerable amounts of iso- |
butane about 340 hours into the run and was replaced. Rupture discs
were blown out and safety valves lifted on two occasions because of
operator errors. Countless other undetected leaks were pfebably
losing isobutane during the 29-day test. Exactly where and how the
isobutane escaped would be pure speculation at this point. The
isobutane being used is a technical grade (98% 1sobutane) and con-
tains no ethyl mercaptan odorizers. Consequently the small leaks
were not detected by the human nose which is the best isobutane
detector when ethyl mercaptans have been added. For these reasons
an improved estimate of isobutane losses cannot be made from the
test data.

Additional tests with an active separator and stripping
system is needed to allow economic evaluation of actual isobutane
losses for the direct contact power loop.

6.6 INSPECTION

Following the endurance run the heat exchanger loop and the
turbine were disassembled for inspection. This section presents
the visual results and chemical analysis performed on scale or
deposits found on the various components.

6.6.1 Direct Contact Loop

The primary test component of the heat exchanger loop was the

direct contact boiler. No evidence of scaling or erosion due to the
injected brine was observed in this component.
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A reduced condenser heat transfer coefficient was evidenced
during the endurance run by increased condenser pressure.  The con-
denser had a thick mud coating on the cooling water side which is
attributed to the quality of the cooling water available for use in
the test. The mud was easily wiped from the inside of the condenser
tubes, and no,permanent damage,was ‘apparent. -The shell or ' isobutane
side appeared quite clean, and nofeVidence?of scallng or corrosion
was noted. ' . o ' e

Throughout.the loop the vapor carrYing pipingxshowed,a thin
coating of a soft black oxide, although the liquid 1ines were quite
clean. Again, no distress was noted in any ‘of the connecting pipes.
In particular, the p1p1ng downstream of the pressure control valve
also showed no ev1dence of scale build up.

6.6.2 Turbine and Gearbox

The turbine was disassembled on two occasions in this test
sequence. (The first was 350 hours into the‘endurance run and was
requlred for the replacement of. the turblne shaft seal At'thiS‘ A
tlme a’ “Scale depos1tlon was noted in the turblne nozzles A port1on'
of the nozzle throats were plugged and a 81gn1f1cant bu11d up of |
scale was apparent in the nozzle expansion cone The scallng

obv1ously reduced the nozzle throat area, thus 1ncrea51ng the 1n1et.”ld

pressure level requlred ‘to- malntaln the turblne flow rate. »Theq_
dep081tlon in the expans1on cone degraded nozzle performance and
overall turblne efflclency as discussed 1n Sectlon 6. 3 A s1m11ar
depos1t10n was in ‘evidence .in the exhaust hous1ng surround1ng the
turblne rotor In addition an accumulatlon of the ‘black oxide ’
materlal was found in the v1c1nity of the turbine shaft seal. This
accumulatlon, however, 1s not felt to be responsible for ‘the seal R
fallure R : , S Y S S :

At the completlon of the endurance run the turblne hardware ,
was agaln disassembled | As before evidence of scale depos1t10n was.
apparent in the turblne nozzles “although the locatlon +and amount of
scale had markedly changed. " Figures 23 through 25 show photographs
taken at this second dlsassembly




Figure 24. Turbine

rotor inlet.

Figure 25. Rotor inlet blade
leading edge.
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Samples of the scale were collected at each disassembly and
results of a chemical ana1y51s of the material is presented in the
following section. T TrE LT '

6.6.3 Chemical Analysis

Samplings‘of the scale found in the turbine nozzles and
scrapings from other components were taken durlng the dlsassembly

and 1nspect10n of the power loop Analys1s of the turb1ne nozzle :

scale obta1ned at the 350 hour dlsassembly showed the primary con-
stituent to be silicate., Spectrographlc analysis. of samples taken
at the flnal inspection is shown 1n Table Iv. Sample numbers in
the table correspond to the follow1ng locatlons 1n the loop

# 9  Material removed from brlne sample at the d1scharge
..ot the column. T o

#10 ° Deposit around br1ne 1n1et rlng of direct contact
- column. , L :

#12;,,Br1ne dlscharge of column
#13f;rTurb1ne nozzle block scraplngs
#14;A;T0p of dlrect contact column

As may be noted, w1th the exceptlon of #10 ox1des of s1llca‘;f

and iron compose the pr1nc1pal constltuents of ‘these samples. This o
‘result was expected from prev1ous hlstory at the East Mesa Fac111ty.jg:

Sample #10 was 1dent1fled .as the rema1ns of a polycarbonate rlng
prev10usly 1nsta11ed in the d1rect contact heat exchanger.‘ Conse—
quently no’ unexpected results were obtalned from the analysis

e

7.0 CONCLUSIONS AND‘RECOMMENDATlONé. f

ll)‘ Stableﬁlong;term operatlon of the direct contact‘heatA
exchanger coupled with the turbine was achieved in the test program.

2) Tests indicated pos31ble 11qu1d carryover as evidenced by
high nozzle discharge coefficients measured during the turbine cali-
bration. ‘At increased values of apparent vapor superheat (subecriti-
cal'calibration) the nozzle discharge coefficient approached that
expected prior to the test.




Si
Ca

Fe
Na
Al
Cr
Mn

Pb
Ni
Sn
Cu
Zn
Sr
Ba
Sb
Ti

Be
Mo
Co
Bi
Ag
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TABLE Iv

SPECTROGRAPHIC ANALYSIS OF SCALE SAMPLES

FROM DIRECT CONTACT POWER LOOP

v"P C " 1nd1cates "Pr1n01pa1 Constltuent"

The follow1ng are reported as ox1des ‘of the elements 1ndlcated

9 #10

#9 #12
P. C 0.5 % P. C.
8.5 % .05 7. %
2.5 - 1.5
8.5 B 7.5
1.5 <.3 1.75
.25 .08 .75
.35 .02 .05
.05 .005 .04
.1 .015 .2
.01 .15 .85
.2 .05 .15
.005 .04 .015
.1 .6 .6
.08 .07 .2
.5 .003 .5
.2 .003 .08
- .05 <.03
- 004 - .005
001 - .002
006 - . 006
003 - -
- - <£.001
- <.001 <.001

(Subsequent muffling indicates the

ignition at 1100°F:

#Omm e 84%;

#13
C.

.
.5

(NS e Ry

.35
.03
.025
.2
.1
.06

.01
.2
.15

.015

<.001
<.003
.001

7<(.001

following residues after
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3) Turbine output power measured during the supercritical
calibration maintained a higher level than expected while- expandlng
1nto the 1sobutane saturated vapor dome * o '

' 4) Laboratory measurement of 1sobutane carryover 1n the
brine effluent from the dlrect contact heat exchanger averaged 87 ppm
isobutane fraction 1n the latter stages of the’ endurance run.l This
quantity amounts to 25 of ‘the equllabrlum solublllty expected for
the brlne;from.welleesa~6—2.' Isobutane losses from the test loop -

~in pump‘packinguand“the:turbinefseal»invalidated'a measure of iso-

butane losses based on quantities of isobutane added to the loop.

5) No heat.transfer problem in the dlrect contact. heat
exchanger was found ‘due to scale or. eros1on from the injected ‘brine.
Scale dep081t10n was noted, however, in the turbine nozzles, parti-
cularly in the area of the supersonic expansion cone.

_ Based on these results, it is recommended that additional
tests be performed with a demister vessel located between the heat
exchanger loop and the turbine. In this fashion the effect of the
liquid mist -carryover on nozzle discharge coefficient and scaling
can be evaluated. Also; the isobutane loss fraction should be
verified by continued testing with an operational separator and
stripper added to the basic heat exchanger test loop.
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APPENDIX A

| LBL STARTUP AND SHUTDOWN CONTROL GIRCUIT

lCR ZCR BCR ». and. 4CR energize lLT 5LT and 7LT 1llum1nate and
the fan starts Sw1tches 3SS and 4SS can now be placed to ON to

.turn on the building lights and start other electrical equipment

Relay 9CR energizes, locking out the alarm horn and alarm light.
Switch 28S can%be,placed to ON at this time .- When 5LT (low
shed pressure light) goes . out, the turbine start sw1tch 3PB can )
be depressed . When the generator shaft speed reaches 2800 rpm _ ‘
switch 6SS can be placed to ON. 4TR 5CR, 6CR, 7CR and SCR P
energlze and 9 CR de- energizes, putting the alarm back in the.f?‘g'
circuit, However lCR 2CR, and 8 CR are energized and 3CR is
de- energized so the alarm w1ll not sound When lube 011 pressure !_
rises above 18 psig, 7LT _goes. out After 30 seconds, relay 4TR o

de- energizes Relay 6CR stays energlzed holding relay QCR

. de- energized to keep the alarm on the 11ne

Emergency Alarm and Shutdown

i

N & shed pressure rises too, high or drops too low (0 1 inch .
of water 1s normal pressure), sw1tch 2PS w1ll energize relay 3CR
turn on the high or low shed pressure light 'and sound the alarm‘ o
but the system will continue to run. If lube 011 temperature rises
above_ZOO F, 1TS will open causing 2LT to illuminate and 1CR to

"de-energize, sounding the alarm, If gearbox pressure rises too high,

switch 1PS will open to de-energize 2CR, 1ight 3LT, and activate

~the alarm. If the turbine overspeeds or the lube 0il pressure drops

below 15 psig, switch 10S or 3PS will open causing 4CR or 5CR to
de- energize‘and 6LT or 7LT to illuminate This will de-energize
relay 8CR to sound the alarm, 1SV to shut down the turbine, and
7CR for the DSS equlpment. After 0.1 second, 2TR or 3TR will
energize to prevent a restart without depressing reset button 3PB.

When 3PB is depreSsed, 2TR or 3TR will de-energize. Relay 6CR also

de-energizes.

Sw1tch ISS is placed on ON F1ve seconds later 1TR energizesrn d
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_ngh Isobutane Level or Detector Failure .

If the hydrocarbon detector is shut off or falls, relay 2CRE
will de-energize, shuttlng down the system. If the hydrocarbon
1eve1 outside the building rises too high (above 50% LEL), the alarm
on the detecto; will sound but the system w111 continue to run. “If-
the’isebutane'ievel inside the building rises above 20 LEL ‘the
alarm on the detector will sound and relay contact ICRE will ‘open,
shutting down the system;

Alarm
‘ ':Aftefhrelay 1TR energizes, the alarm horn and light can be
tested- by depress1ng alarm test sw1tch 2PB. If the alarm should
activate because of a fault the audible alarm can be shut off by
depress1ng switch 4PB. ' ' '
If the system is to be operated with the door open, shed’

pressure will drop, energizing relay 3CR. This will cause the alarm

to actlvate. Howevef the alarm horn can be de-activated by openlng“
'key switch 5SS. If any other fault should then cause an alarm,
relay 10CR will energlze and the alarm horn will sound. It can then
be shut off by depressing switch 4PB. . ’ '

Normal Shutdown

Shutdown is the reverse of startup. The alarms will activate
when the gearbox oil pressure drops below 15 psig and switch 1PB
must be depressed to reset the alarm circuit.
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1.0 - INTRODUCTION. -~ .« 0

“In'March and April, 1978, a second phase of testing wasconductedat o

the ‘East Mesa Component Test Facility'near Holtville, California using a 10 .
kW Dlrect Contact Heat Exchanger Power Loop. The tests were de51gned to
answer questlons 1dent1f1ed durmg earller tests at the fac111ty in July and e
August, 1977.‘ (Phase I tests, Volume 1 of th1s report). ObJectlves of these ,
Phase I tests may be summanzed o » “
1) Improve turbme nozzle ﬂow ca11brat1on. o e s
2) Improve turbme performance callbratlondata at subcr1t1cal and super- v

o cr1t1ca1 condltlons w1th the ha1rp1n heat exchanger. br e e
3) . . Evaluate turbme scallng problems assoc1ated w1th the DCHX w1th en- ‘;
o tralned mo1sture removed from the turbme vapor flow.

. In add1t1on, a separate loop was fabricated and 1nformat10n obtalned as

to the amount of C02 whlch could be removed from the 1ncom1ng brme ina vent

vessel. Concurrent data was, also obtamed as to the amount of 1sobutane Whlch

could be recovered m a separator and a strlpper. Th1s data was needed to a1d

in the des1gn of the 500 kw pl].Ot plant. o

To, achleve the above ob3ect1ves and obtam mformat1on on 1sobutane loss

\' lfract1on and COz removal a Phase II 200 hour endurance test was performed at

East Mesa. For th1s endurance test the DCHX loop was mod1f1ed in the followmg

areas; 1) a demlster vessel was 1ocated between the heat exchanger loop and

: the turbme, 2) a new subcrltlcal nozzle was des1gned and fabr1cated for a lower

pressure ratlo, 3) an 1sobutane vapor ﬂow orlﬁce was added between the de-

" m1ster and the turblne 1nlet, 4) a er.ne ﬂow or1f1ce was added 1n the brme dlS-

charge hne, 5) a calorn'neter was. added between the turbme 1nlet and exhaust
piping, and 6) a vent vessel was added in a separate brl.ne supply lme. N

Followmg the callbratmn tests performed w1th _pure 1sobutane and a

v{ standard brme to 1sobutane heat exchanger, a 200 hour endurance run Was com-

pleted usmg the ex1st1ng hardware from the 500 hour endurance run, At the 42
hour, 120 hour, and 200 hour pomt the turbme nozzle was removed to check for
scale bmldup. At the end of the 200 hour run the nozzle and turbme blades were
cleaned and an add1tlonal 40 hour endurance Tun was completed to determme ,

what effect the scale bulldup had on overall turb1ne eff1c1ency and power output.
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This report presents the results obtained during these tests and is
submitted to fulfill the work defined in LBL Purchase Order No. 40571702,

2,0  SUMMARY

~ The geothermal power loop was modified for additional test effort
addressing gnestions raised during Phase I testing (LBL~-7036, Vol. 1), This
_ report (Vol, 2 of LBL-7036) presents the results obtained during this testing.
Additional instrumentation and a liquid knockouf drum was added to the basic
test loop. The power generation loop consisted of a brine pump s‘upply_ing high
pressure brine to a direct contact heat exchanger which transferred heat by :
intimate contact between the brine and the 1sobutane working fluld The
heated and vaporlzed 1sobutane was directed to a partial admission axial flow
turbme which extracted energy from the Workmg fluid to drive a 3600 rpm KATO
generator; " The workiﬁg” fluid then passed to a condenser and an isobutane feed
pnmp and the cycle repeated, The heat exchanger' and pump loop was designed
and operated by DSS Engineers of Fort Lauderdale, Florida, and the turbo-
genera'.‘tor package was supplied ’by Barber-Nichols Engineering COmpany; De-
tails of the design geometries of thls hardware are contained in Volume 1 of
this report. The test program was conducted at the East Mesa Component Test
Fac111ty near Holtv111e, -California.
Turbine performance was initially measured using a concentric tube
"hairpin" heat exchanger in place of the direct contact heat exchanger. The
| purpose of fhese tests was to establish the turbine and system performance on
a pure ﬂu'.id‘not containing water vapor. Performance data was obtained on two
subcritical nozzle configurations and a supercritical design., Data was taken -
‘at several flow rates and turbine inlet temperatures and at a range of turbine
pressure ratios, , | o
' The two suberitical nozzle configurations differed primarﬂy in the value
of nozzle area ratio. The original nozzle was designed for an overall pressure
ratlo of 3,79, A nozzle expansmn ratio of 1,567 was selected to match this"
pressure ratio, A peak turbine efﬁclency of 61% was measured at a pressure
‘ratio of 4.25. Th1s value of efflclency may be compared to an ongmal esti-
mate of 59% for this configuration. Data obtamed at lower pressure ratios was

found to duplicate efficiency measurements during Phase I tests. A second
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Aétzbcritiycal nozzle ,wa_s,des'_i’gned with an expansion ratio of 1. 306, _The reduéed
nozzle area ratio compared to the original design «_vr"rabs‘e:‘tpectedr toreduce the
- -optimum pressure ratio for the turbine, Avmax_i._mu,m efficiency of 64% was
..achieved during these tests at a pressure }ratio of 4. 0. Slight improvement
in nozzle efficiency due to surface fi_nieh or other, factors could account for
-the difference in turbinewefficiency notecll‘betwee‘n the subcritical nozzle con~
figurations, Over the entire preseure ratio range examined, the new nozzle
was found to outperform the or1g1na1 design, and was selected for use in the .
direct, contact heat exchanger tests. . o 7
‘An objective of the subcritical turbme tests was to vemfy nozzle flow
: cahbratmn partlcularly at d1fferent levels of superheat, An orifice type flow
meter. was installed in the turbine inlet line to provide a vapor flow measure-
ment, Data obtained with this measurement provided much more reliable and
.consistent nozzle flow coefficients at levels of superheat from near zero to
' 60°F. Values of nozzle flow coefﬁc:.ent calculated from these data, remamed
between 0, 94 and 1, 02 for the orlgmal nozzles and between 1,03 and 1, 05 for
~the low area.ratio nozzle, ... : .- e . PRI i
o Supercntlcal callbratlon tests were also completed usmg the halrpm heat
exchanger, during ,Phasxe_,II:étestmg.._ Consnstent data were obtained showing turbine
efficiency and cycle performance as a function of tur‘bine_‘inlet enthalpy., :Inl.et;,
enthalpy was varied to investigate the effect of vapor expansion close to the
saturated vapor dome, . A maximum turbine _ef_tflciencyy‘of 58% .nr_as measured -
consistently at high levels of inlet enthalpy. This efficiency may be compared
“to a design value of 52%. A reduction in efficiency to about 54% was finally.
 noted when the turbine vapor expansion resulted in quality at the nozzle dis-
. charge,. No Itéductiénaizi efficiency was noted by expanding through a portion of
- the vapor dome as. long as 'isentropic, expansion to the turbine _exhaust pressure
resulted in at least saturated vapor conditions, .. | —_ : .
- Cycle efﬁc:.ency was.a maxunu.m at- h1gh 1n1et enthalpy. : Performance
V declmed consistently with inlet enthalpy even though the turbine inlet ytemperature
remained fairly constant, Less available energy existed for the turbine expan-
sion}andvthe gross output. power was reduced at lower values of inlet enthalpy,
The supercrltlcal cycle can be used to u:nprove ut111zat1on efficiency by

' ehmmatmg the 'pinch" temperature dxfference between the brine and working .
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fluid and by minimizing the average temperature difference over the entire

brine cooling curve, This advantage is offset, however, by the need to operate

at high preesure levels corresponding to supercritical conditions., Consequently

parasitic losses such as working fluid pumps and brine boost pumps are a large'
~ percentage of the:Output and high efficieney components are essential to show

any net improvement over optimum subcritical cycles.

" Turbine calibration tests were completed using the DCHX and the low -
area ratio subcritical nozzle at the beginning and end of the endurance runs,
These tests showed good agreement with the hairpin data, with measured values

of flow coefficient varying between 1,01 and 1,03, A maximum turbine efficiency
of 59% was measured during the first calibration test at a pressure ratio of 3, 54.
~A 200 hour endurance run was started following the calibration tests.
Both the DSS heat exchanger loop and the Barber=Nichols turbmeegearbox'
generator ran srridoth’ly during the test, Only 10 days were needed to complete
the 200 hour run. Inspections of the turbine component were made
perivodically dﬁring f:he endurance run, Very minor scaling was noted, -
noted up to 120 hours into the run, Between 120 hours and 200 hours significant
~'scaling was formed, and a reduction in turbine efficiency from 54% to ‘about
41% occurred. The nozzle flow coefficient dropped from 1,03 to a value of
0,92 during this time, |
 Following the 200 hour inspection the nozzle and rotor hardware was
cleaned in a lye solution. A maximum turbine efficiency of 56% was measured
after this cleaning, although the nozzle flow coefficient returned to a value of
1,02, | |
An additional 40 hour continuous run was then performed., Scaling was
‘again noted, and apparently much more rapidly than during the previous test,
At the end of the 40 hour run the turbine efficiency and flow coefﬁclent dropped
to values of 52% and 0,98, respectively., '
“'The remainder of the piping and loop hardware was relatwely clean,
" ‘with no evidence of distress noted, ‘
) 'Due to the higher than anticipated condenser pressure observed during
the DCHX test series, ‘a simplified flash experiment was performed. Brine
from well Mesa 6-2 was subjected to a controlled pressure drop, and the COy

and’additional vapor generated was vented from a flash vessel, Flow pressure
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'and‘temperature instrumentation was provided to sét and monitor test conditions.
Results of these tests showed ‘that a significant amount of free and dissolved COy
can be removed from the brine stream' with moderate flash temperature differ-"

ences in the range of 2°F to 7°F. Also, ‘significant carbonate scaling was ob- -

.served at temperature drops of about 1 0°F, At 5°F extended operation of the

. flash vessel showed essentially no scaling problern. R

These tests and the significance of the noncondensible accumulations - -
problem has spurred additional detailed chemical analys1s and f1e1d tests, Re-
sults of these mvestlgatlons will be reported at a later date.

o In conclusion, from a heat transfer andoperab111ty standpoint,' ‘the direct
contact heat exchanger ‘has demonstrated its viability as an alternative to con-'"
ventional heat exchange equipment in an operating geothermal power generating

loop. Three basic problems: were identified, however, ‘which require solution

to improve the practical long term operatlon of the DCHX" power loop. Thése

may be summarized:

1) COz or noncondensible contamination in fhe isobutane condenser.

. 2) Isobutane recovery followmg the d1rect contact heat exchanger,
3) Mineral carryover in Workmg fluid vapor from the d1rect contact heat
exchanger, el

Reasonable solutions to these problems are proposed and are- 1nc1uded in the de-

- sign phllosophy of the 500 kW pilot plant pro;ect.

3.0 POWER EQUIPMENT MODULE

The following is a partial list of equipment contained: 1n the power
eqmpment module: » ’ \ ' '
1) Turbme, housmgs and connectmg p1p1ng.
2) Gearbox. B '

AT

'3) ' Torque meter and readout,

4) Generator.,

5) Speed.control.j o
6) - Pressure, temperature and speed instrumentation, *
7). Safety controls and interlocks, « |

8) . Air cooled resistance load bank, : .
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‘Items 3 through 7 were located in a pressunzed enclosure to circumvent
any poss1b111ty of an explosive isobutane-air mixture in the vicinity of the gener-
ator, - Item 8 was remotely located a safe distance from the isobutane source. .
The power,e_quipmenf module was skid mounted for ease in transportation and
was installed next to the direct contact heat exchanger test loop at the East Mesa

facility. (See‘Figures 1 and 2.)
3.1 DESIGN PARAMETERS

3.1.1 " Turbine

7 Durmg the Phase I testmg the turbine exhaust pressure was 95 to 105
'ps1a rather than 83 psia as ant1c1pated during the original design phase. To
take th1s mto account a new subcritical nozzle was designed with a reduced area

- ratio (1', 3 instead of 1.57) corresponding to the increased turbine exhaust pres-
sure (see Table I for design parameters).

TABLE I
NOZZLE DESIGN PARAMETERS

Subcri_tical (Single Nozzle) ,

Number bf nozzles 1

Throat diameter 0. 306
Exit diameter ' 0. 3521
Area ratio 1.306
Angle 16°
Edge thickness , N/A
Admission : . 27,340
Exhaust : 550
Pressure ratio ‘ 3.32

The turbine was a partial admission axial flow demgn mcorporatmg a
single rotor and nozzle blocks with three nozzle geometmes for subcr1t1ca1 and
supercritical cycles. Design conditions and turbine geometry were presented

in Volume 1 of this report.

3.1.2 Gearbox _ ‘ -

The gearbox was a standard double reduction type (GR=6.05) manu-
factured by Barber-Nichols. Lubrication was provided by an internal chain
driven oil pump, and the oil temperature was controlled with a water cooled.

oil cooler mounted on the gearbox housing.
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4,0 LOOP CONFIGURATION

4,1 DCHX TEST LOOP

4.1,1 Test Loop Components

The test loop consisted of the followingmajer ‘compenents. a direct con-
tact heat exchanger (F1gure 3) which was a combmatmn preheater and boiler to
supply isobutane vapor to the turbme, an 1sobutane separator to separate any iso-
butane from the brme leavmg the DCHX a stnppmg column to remove the iso-
butane from the brme and return it to the hotwell a condenser. a hotwell, two
circulation pumps, one for 1sobutahe c;rculatmn and one for ‘brine --feed to the
DCHX, and a demister vessel to remove entrained water and isobutane liquid
from the vapor entering the turbine, The general relationship of these compon-
ents is illustrated in the P & I diagram, (Appendix A).

4,1,2 DSS Loop Changes

The major changes to the DSS loop included an isobutane liquid bypass
control valve to automatically control the isobutane liquid flow rate to the DCHX,
a hotwell water level and water drain control, and an additional brine pump to

be used in conjunction with the separator and stripping column,

4,1,3 Barber-Nichols Loop Changes

The major changes to the Barber-N1chols loop included a demister (see
Figures 4 and 5) installed between the heat exchanger loop and the turbme to remove
liquid from theIC4/H20 vapor entermg the turbine, a calorlmeter mstalled up-
stream of the turbine. inlet to evaluate the enthalpy of vapor flow tothe turbine,

a flow orifice inthe lme,between the demlster and the. turbme mlet to measure

the vaporflow rate tothe turbme, and 2 flow orlftce in the brme dlscharge line to
measure brine flow rate through the halrpm heat exchanger durmg cahbratlon
testing. A vent vessel was ‘also. added m a separate brme supply hne to determme

how much CO2 could be removed by flashmg the bnne. ‘ (See Flgure 6. )
4,2 INSTRUMENTATION AND SAMPLING

4,2,1 Flow Measurement

A "Daniel Industries" M-30RW orifice flow tube and a ""Barton'’ model
200 (0-400" W,C.) AP gage were installed in the heat exchanger loop between
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Figure 3.

Direct contact heat exchanger.

Figure 4. Demister vessel.
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the demister and the turbine inlet. The flow tube had a 0. 70 inch orifice for

"subcritical isobutane testing and a 0.50 inch orifice ‘for..supercr,itic'al,testing.

The flow tube was used to ver1fy turbine vapor flow rates for nozzle flow cali-
brations and to enable a heat balance around the ha1rp1n heat exchanger.

7" A model M- 30RW orlflce ﬂow tube and a "Barton model 202A AP
recorder (0- 400" W, C ) Were 1nsta11ed in the brme dlscharge lme from the
ha1rp1n heat exchanger. The flow tube had a 0. 40 mch orlﬁce for subcr1t1ca1
testlng and a 0,530 1nch orifice for supercr1t1cal testmg. The flow tube in the
brine d1scharge line was used to enable a heat balance around the ha1rp1n heat
exchanger. o AR - R

A calorlmeter was fabrlcated from an 8 inch sectmn of schedule 40
seamless p1pe with schedule 40 p1pe caps welded to each end Instrumentatlon
consisted of a model AA14P "Weksler" 0-200 p51g gage and a ‘model NS -2 2-2-
DH1-T-100T-2 1/2-304SS "Omega” thermocouple assembly.( The calorimeter
was used durmg cahbratlon and endurance testmg to evaluate the enthalpy of the

vapor flow to the turbme nozzle(s)

4.2 2z coz Handhng

A small flash tank was installed adJacent to the DSS loop to determine’
how much COg could: be removed fpy; preflashing the brine before it ‘entered the
brine.feedvpump. - Brine was supplied to the flash tank from the well Mesa 6-2
supply: line on the manifold, Brine samples were taken at the entrance and the
exit of the brine flash tank and were analyzed by the East Mesa Chemlstry Labor-
atory. To take a sample the flash tank brine COIldlthIlS were first.gtabilized
to obtain spec1f1ed flow rate and temperature d1fference between the brme inlet
and the flmd temperature in the tank w1th the tank half full. Brme flow rate and
fluid level were controlled by manually adJustmg the mlet and d1scharge throttle
valves, The amount of brme ﬂash and the pressure level in the vessel were v
controlled via the C02 and steam vent. When condltlons had remamed stable

for at least 30 mmutes samples were taken.f To keep the brme from ﬂashmg in

the sample containers, the sample liquld flowed through coohng co11s immersed

in ice water to lower the1r pressure and temperature below the flash pomt. '
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5.0 - FIELD OPERATIONS -

9 1 _ LOOP OPERATION

The test un1t prov1ded for the contmuous c1rculat10n. contact, and
»-separatlon of brme and 1sobutane. Heat from the geothermal brme was trans—
ferred to the lsobutane in a s1ng1e d1rect contact heat exchanger.v, e
ISObutane 11qu1d was pumped from the hotwell to the dlrect contact heat
, exchanger where it was heated and vapomzed by counter current contact w1th
the brme. The 1sobutane vapor and a small amount of water vapor, then flowed
to a demister vessel where any entrained 11qu1d was removed. The "dry vapor
mixture was then expanded to condensmg pressure. through the Barber-Nlchols
turbme.‘ The vapor was condensed and returned to the hotwell where the water
condensate was contmuously dralned off The 11qu1d removed in the demlster
' vessel was also returned to the hotwell where its water was dramed off.
‘Hot brme from we11 Mesa 6 2 ‘was pumped from the geothermal supply
manifold to the direct contact heat exchanger where heat was. extracted from
it to heat and vaporize the isobutane working f1u1d. The hlgh pressure brine
was then reduced to atmospheric pressure and dumped into an open tank wﬁéré
entrained isobutane was flashed out. ‘Except for a brief ‘period of time when
the separator and stripping column were being tested no attempt was made to
recover the isohutaneeentrained in the brine leaving the direct contact heat ex-
changer. The brine, after leaving the open flash tank, was returned to a set-

tling pond for reinjection.
5.2 CA LIBRATION TESTS

| The prlmary goal of the callbratmn tests was to operate the turbme and
obtam data w1th both the or1g1nal 1.57 area ratlo subcrltlcal nozzle and the new
1.3 area ratlo subcr1t1ca1 nozzle as well as the or1g1na1 supercrmcal nozzle.,
The subcr1t1cal data was obtamed at varymg degrees of superheat, isobutane .
flow rates, and brme flow rates. Several turbme speeds were run to identify.
and measure peak power output. Turbme output power and eff1c1ency, and noz-
zler flow coeﬁ’lment Were correlate.d w1th vamous cycle conditions run.. The ef-
fect of turbme pressure ratio on overall eff1c1ency was evaluated for each of

the subcritical nozzles in these tests. With the demister in operation performance
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of the ﬁorigin_al;nozzlew_as;uerifiedfand the original turbine inlet state point
was checked with the calorimeter and by performing a heat balence on the . =

hairpin heat {,exch,anger:to determine,how much heat was removed from the

_As w1th the subcr1t1ca1 nozzles, data was obtamed for a range of speeds
and 1sobutane flow. rates W1th the smgle supercritical nozzle.. Also, output. :’
Y;po)wer_was determmed with. varymg degrees of vapor expansion into the saturated
vapor; dome. _The initial turbine inlet state point.was checked by correlat).on w1th_
the heat removed from the brine. TR

Upon completion of the subcritical and supercritical 1sobutane cahbratlon
tests, the results of the subcritical cahbratmns were used to-determine which of
the subcritical nozzles to use for the DCHX endurance run and at what conditions
of turbine inlet temperature, pressure and isobutane ﬂow rate to operate durmg
the endurance test.h Smce the efficiency of the turbme was apprommately 4
points higher with the new 1.3 area ratio subcr1t1ca1 nozzle, ‘it v was used for the
DCHX. endurance run. o cesTmE i

Du'ect contact heat exchanger callbratlon tests were run before and after
the 200 hour endurance run and during the 40 hour .endurance;run.~~_~These;,ca11-
bration runs prov1ded baseline data to be used 1n determmmg performance de-
gradation due to scale bulldup in the nozzle and on the rotor blades. “The ca11-’
bration tests were used to set operating parameters such as turbme B
inlet temperatures and pressures and turbine speeds (for maxzmum

output horsepower) to be used during the 200 hour endurance run.

MRS S

5.3 ENDURANCE RUNS

\ Two separate endurance tests were run, a 200 hour .run durmg whxch
the scale buxldup on the nozzle and turbme blades was momtored by inspecting
the turbine component three times during the run and & 40 hour endurance-run
. which was performed after the nozzle block and rotor blades,Were_descaled;
B :Th’e primary goal of the 200 hour endurance run was toobserve any -
d1fference m scaling in the turbine ‘nozzle and rotor with the moisture removed
in a demlster vessel as compared to the original 500 hour endurance run when

a mesh pack inside the DCHX was the only means to''dry out'. the vapor. .




$3-14

The endurance runs began'at 1342 hours on March 25, _'1'978,' and were
_completed at 0700 hours on April 7, 1978. ‘ During this time period the DCHX
loop and the turbo-generator accumulated a total of 240 hours running time.
-Six personnel, three from Barber-Nichols Engineering Company and three from
- DSS Engineers, manned the test loop on a 24 hbﬁrie-day,' 7 days-a-week basis.
Unlike the 500 hour endurance riin during which a Barber-Nichols employee and
" a DSS employee alternated 12 hour shifts, during the 200 hour and 40 hour en-
durance runs one Barber-Nichols and one DS.S”empIOyee monitored the loop

during each 8 hour shift.

" TABLE II
; Operating Parameters: for the Endurance Runs
- Brine inlet temperature to DCHX -~ - 7 3224 3%F
. .Isobutane outlet temperature from DCHX = 230 +5%F
" DCHX operating pressure 300 + 10°F
Brine flow rate’ ' SR . 5.4+0.3 gpm
Isobutane flow rate S R : 5+0.4 gpm .o
- Turbine speed 2750 + 5 rpm
Isobutane level in hotwell Greafer than 1/2 full
.Condenser pressure e : , - 65 +10 psig

‘These parameters resulted in:

“Turbine inlet te;riperafure o | _ ‘222 + 3°F
‘Turbine inlet pressure ' ‘ 300 ¥ 20 psig
Turbine exhaust pressure < : - - 65 + "10 psig

During the endurance run data were recorded once each hour, These
data included gearbox lube 0il temperature and pressure, gearbox bearing
temperature, turbine inlet and exhaust temperature and pressure, 1sobutane
orifice temperature, pressure and differential pressure, DCHX brine and

- isobutane inlet and outlet temperatures, demister te"rnp:’e‘!"aﬁire;'hbtwellr tem-
perature, calorimeter temperature and pressure, brine orifice differential
pressure, turbine gearbox output shaft torque and rpm, and brme and 1sobutane
liquid flow rate.” SR ‘ A

' -A substantial 1mprovement in loop operation” wes noted durmg the 200
hour test compared to the phase 1 testmg Operatlon up tlme amounted to ’
92% of the total time available durmg the test. ' A
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During the endurance runs, the DCHX loop and the turbo-generator
were shut down atotal of 13 times for various reasons. These reasons are
summarized as follows:

No. of Times Shutdown

5 Gastech hydrocarbon detector drifting
! 2 Change wells
. 2 Normal shutdown at end of endurance

run ,
A " Inspect turbine nozzle
1 | Low wellhead temperature at well
~ . Mesa 8-1
A  Site power failure
1 | » Air compressor failure

The largest smgle shutdown problem was the "Gastech" hydrocarbon
detector, The potentlometer circuit for the zero set point of the detector which
monitored hydrocarbon level inside the pressurized shed kept drifting and
shutdown the entire system if the drift was more than 5% down:scale or 20% up
scale on the detector meter. At no time was. excess 1sobutane level found in the
vicinity of the power ‘generating system. .

The loop was shut down twiceto change wells. Well 6-2 was used for the
first 42 hours of the endurance run. It was decided to use well 8-1 for the re-
mainder of the endurance run smce it 1s to be used to supply heat to the 500 kw
pilot plant. The loop operated for approxnnately 5 hours on well 8-1, When

its wellhead temperature dropped to 295°F the loop could no longer be controlled.
Therefore, the remamder of the endurance run was completed with well 6-2
. which had a loop inlet temperature of 320°F,
Unlike the 500 hour endurance run, there were no shutdowns due to pump
¢ packing failures. The brme pump was modified to. supply additional cooling
water to the packlngs. ThlS mcreased their life to 200 hours. The isobutane
pump packings were inspected at each shutdown and were replaced between the
200 hour and the 40 hour endurance runs.

A total of 596 pounds of isobutane was added to the DSS loop during the

200 hour endurance run. Figure 7 shows the cumulative isobutane added to the

loop as a function of accumulated operating hours. As can be seen the rate
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vtremamed constant.except at two pomts. Durmg startup for‘ the 200 hour en-
durance run the condenser burst d1sc ruptured At the 99 hour pomt the DSS
loop was acc1denta11y shutdown while resettmg the "Gastech" and a large quan-
t1ty of 1sobutane was vented wh11e restartmg the loop. The make-up isobutane
was added over a 15 hour perlod The average 180butane usage throughout the

endurance run was 2, 2 pounds per hour. Rt

5,4 ON LINE TIME S

Durmg the series 1 500 hour endurance run the system was started
at 0940 hours on July 26, 1977 and the endurance run was completed at 1630
hours on August 24 1977. This is a ‘total of 703 hours. Durmg this period
the system accumulated a total of 500 hours of runmng time for an on line rate
of 71%. . Durmg the series 2 200 hour endurance run the system was started at
1342 hours on March 25 1978 and the endurance run was completed at 1509

‘ ‘;‘hours on .Apnl 3, 1978, This is atotal of 2 17 hours. Durmg thls pemod"f-? o

,system accumulated <200 - hours runmng for an on lme rate of 92%.
‘3:fthe t1me requlred to change from well 6-2 to well 8 1 and back to well 6- v. 5
rdeducted (a total of 8 hours) smce this t1me was not due to a component

’ the on l1ne rate 1ncreases to 95%. There were also a number of nu1-

: ":sance shutdowns due to the hydrocarbon detector c1rcu1ts drlftmg. If these

‘;’are deducted from the total down time, the on 11ne rate 1s further mcreased to

‘. ;97%. , None of the shutdowns Were due to Barber—Nlchols or DSS equipment
5 fjfaxlures. Unhke the 500 hour endurance run, the pumps and turbine gearbox
ran trouble free for the entlre 240 hours of both endurance runs. Durmg the -

o ,‘_"40 hour endurance run the system d1d not shutdown unt11 the run was. complete.' :

5, ‘5 TEA RDOWN INSPECTION

» Teardown mspect1ons of the turbine nozzle and rotor were conducted at;

the 42 hour, 120 hour. 200 hour and 240 hour pomts m the two endurance runs.

o The nozzle block and turbme rotor were photographed a.fter the 200 hour
endurance run to show the area of scale buildup (see Flgures 8 9, and 10).

Samplées of scale mater1a1 were removed from the nozzle block and turbme

wheel. These samples were sent to LBL for analysis.
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Fig. 9. Rotor inlet blade Fig. 10. Turbine exhaust
- leading edge. ' housing. '
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6.0 TEST RESULTS

6.1 TURBINE CALIBRATION - CONVENTIONAL HEAT EXCHANGER

6.1,1 Subcmt1ca1 Cahbratmn -

. Calibration tests were performed with two subcritical nozzle configu-

rations utilizing the hairpin heat exchanger. The tests were designed to verify

‘the turbine efficiency data obtained -during the previous test series (Ref. 1)

with the original nozzles (area ratio = 1.57) and to obtain more consistent values

of nozzle flow coefficient.: “The subcritical data was obtained at varymg degrees

of superheat from 10-60°F,. isobutane flow rates of 8, 10, and 11,5 gpm, and

brine-flow. rates.of 5.5 and 8 gpm. :

. The calibration tests with the second subcrltical nozzle (area ratio = 1 3)

- were also-used to evaluate the effect of area ratio on turbine performance and

to select the subcritical nozzle to be used durmg the DCHX tests. Since greater
pressure ratios were achleved durmg these cahbratlon tests because of reduced
cooling water temperatures and condenser pressures as compared to the previous
tests, it‘Wwas not obvious which nozzle would perform the best w1th the DCHX
-As with the prev1ous tests, turbine eff1c1ency, turbme output horsepower,

veloc1ty ratio, superheat, nozzle ﬂow coeff1c1ent ‘and pressure ratio were cal—
culated at each data point us1ng a program written for a Hewlett Packard 9825A
calculator. Isobutane thermodynamlc parameters were calculated usmg equatmns

in the program which were obtained from Starlmg (Ref. 2). ;’ ”

The turbine output power was obtained by calculatlng gearbox output ’
horsepower from the measured values of shaft rpm and output torque ‘and
adding the gearbox horsepower loss obtalned durmg laboratory cahbratlon of
the gearbox., The isobutane flow rate was measured with an or1f1ce flow tube
and a dl.fferentlal pressure gage. The nozzle flow rate (Wn) 1n pounds per hour

was obtained usmg the equatlon

Wn = 359CFd2Fay  Tw 7

the coefficient of discharge

F

velocity of approach factor (1/ 'A/'1-8 4y

(ﬁ = orifice diameter/pipe inside diameter)
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d = orifice diameter , , _
Fa = thermal expansioh coefficient for the orifice
Y = an expansion factor for square edged orific.es, ratio of the
discharge coefficient for a gas to that for a liquid at the
same Reynolds number, ' _
hw = differential pressure gage reading in inches of water
. 7’ = fluid density
‘Meas,ur»ed turbine inlet temperature and pressure were used to calculate
inlet enthalpy and entropy. At reduced pressures, enthalpy and density were -
calculated for an isentropic expansion. A maxima of the product of density
and vapor spouting velocity ( Vz_gTEF-) determined the nozzle throat pressure
énd conse_quently the nozzle ideal flow rate, The nozzle flow coefficient (Cd)
was theh calculated as:

measured isobutane flow rate

Cd = nozzle ideal flow rate

The above approach was necessary since the isobutane'expansion
occurred close to the saturated vapor dome, and significant compressibility
effects were expected for the vapor expansion, Turbine available energy was
calculated by continuing the isentropic expansion to the measuréd turbine ex-~

haust pressure,

The turbine efficiency was calculated from:

I? t = [(HPo + HPg)/w ah'] 550/778

where: HPo = generator input shaft power
| HPg = measured gearbox losses | ‘
W = measured isobutane flow rate, 1b/sec
A h' = turbine available energy, Btu/lbm

Velocity ratio was calculated from:

U/Co = U/ \[2gT 1"

where: U = turbine pitch line velocity, ft/sec.
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Measured values of turbine efficiency are shown ‘plotted against velocity
ratio for the two subcritical nozzles in Figures 12.and 13, A comparison of
the results obtained with both nozzle configurations is shown in Figure 11. A
peak efficiency of 61% was measured with the original nozzle configuration at
a turbine press‘ure ratio of 4.5, Data at lower pressure ratios, 2.8 to 3.5,
showed the same eff1c1en01es as that obtained during the first test series. Ef-
f1c1ency data with the 1 3 area ratlo nozzle is improved over the original
nozzles by about 4 points., The original nozzle block consisted of a two nozzle
set with an area ratio of 1.57 and a design pressure ratio of 3.79, The 1,3
area ratio nozzle block cons:iSted of only one nozzle with a design pressure
ratio of 3.;32. The neur .lowe‘r p'ressu}re ratio nozzle was designed and fabricated
because during the 500 hour endurance run the actual turbine exhaust pressure
was 95 to 105 ps1a mstead of 85 psia as ant1c1pated As expected, the maximum

eff101ency occurs ‘at a lower pressure ratio correspondmg to the reduced ex-

: pansmn ratlo. The best eff101ency pomt for this conf1gurat1on may be seen to

occur at a pressure rat1o of 4 0. e

The reduced expansion ratio was expected to ‘i.mprovei turbine efficiency
at low pressure ratlos, but the overall unprovement observed in the test was
higher than expected Shght unprovement in nozzle eff1c1ency due to better

surface finish or alignment could account for the difference, Because the pri-

mary goals of the test were centered around operation of the turbine with the ‘
direct contact heat exchanger no attempt was made to identify the reason for the

| unproved efficiency.

Values of nozzle ﬂow coeff1c1ent calculated from these data were more
consistent compared to the prev;ous tests. Over a wide range of superheat and

pressure ratios the calculated nozzle flow coefficient remained between 0,99 and

1,02 for the ongmal nozzles and between 1.03 and 1, 05 for the low area ratio

nozzle, Cons1stent values of flow coeff1c1ent greater than 1,0 are felt to be the
result of maccuracles in measurmg actual nozzle throat areas or uncertainties

in isobutane vapor thermodynamic properties, Turbine efficiency data were also

" much more consistent during these tests., Primary differences between the test
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SUBCRITICAL NOZZLE.
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Figure 11. Pure IC4 calibration fest, _
(using hairpin heat exchanger).
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Figure 13. Subcritical calibration tests; efficiency
vs. u/Co nczzle AR=1.30 (single nozzle).
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series was a liquiyd knockout vessel installed between the heat exchanger and

‘turbine and also the isobutane vapor flow rate was determined using a standard

orifice installed in the vapor line leading to the turbine., During the previous
tests a calibrated rotameter was used to measure liquid isobutane flow rates
upstream of the heat exchanger,

- It may be hypothesized that not all the liquid supplied to the heat ex-
changer was vaporlzed and the 11qu1d fraction either was trapped in the knock-
out drum or was passed through the drum in the form of a fine mist and went
undetected throughv the orifice and turbine. In either case, the orifice provided
a good determination of the Vap'or flow to the turbine and no evidence of reduced

turbine performance due to entrained liquid was observed during these tests,

6.1.,2 Supercr1t1c al C alibration

Callbratmn tests were performed with the. or1g1na1 supercr1t1cal nozzle
utilizing the hairpin heat exchanger. The tests were designed to obtain perfor-
mance data expanding through the saturated vapor dome and to use the calori-
meter data to verlfy 1n1et enthalpy and turbme eff1c1ency data obtained durmg
the previous test serles (Ref, 1). »

Calibration data were collected at pressure rat1os rangmg from 7.7 to 8.7,
The data collected and the method of data reduction was 1dent1cal to that used
with the subcritical data. ;

Measured values of turbine efficiency are shown plotted agamst velocity

ratio for the supercritical nozzle in Figure 14. “The predlcted curve presented

in the Phase I report 'is also shown for comparison, Durlng the Phase II testing

the condenser pressure was 68 ps1a as compared to an or1gmal des1gn pressure
of 83.2 psia. A turbme pressure ratlo of 6. 54 Was measured durmg the Phase I
testing., The increased pressure rat1o for this test series resulted -in an increase
of 2,5 to 5.5 percent in turbme eff1c1ency.

Values of nozzle flow coefficient calculated from these. ddta varied from
1. 08 to 1,14 over a w1de range of pressure:ratlos using the calorimeter data to
determine inlet enthalpy. The calorimeter was able to improve the consistancy of
the data used to calculate turbine flow rates as compared to those obtained using
temperature and pressure measurements. Values of flow coefficient greater
than 1.0 are felt to be the result of inaccuracies in measuring actual nozzle

throat areas or uncertainties in isobutane vapor thermodynamic properties used
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_ :to calculate the ideal flow rates. Turbine efficiency data were also found to

be very consistent during these tests. As with the subcritical tests, a knock-
out drum was used between the heat exchanger and the turbine and isobutane

and brine flow rates were measured with orifice flow meters. ~Turbine?.output
horsepower is shown versus inlet enthalpy in'Figur’e 15. As "tnay”%he seen the

variation in output horsepower. with inlet enthalpy reasonably follows the pre-

-~ dicted variation over the range of enthalpy examined. Flgure '16. shows_the

variation in maximum turbine efficiency and maximum cycle efficiency with

- turbine inlet enthalpy. As canbe seen, the calorimeter measurements resulted

in a consistent set of data. The turbine efficiency varied from 55% to 59%. The
predicted efficiency over the range of inlet enthalpies presented was 52.4%. The

reduction in eff1c1ency at low values of 1n1et enthalpy is felt to be the result of

- expanding into the saturated vapor dome. 7

6.2 TURBINE CALIBRATIQN - DCHX

Turbine calibration tests with the DCHX were performed at the ,stax't of
the 200 hour endurance run and at the start and finish of the 40 hour endurance
run, At the beginning of the 200 hour endurance run the subcritical calihration
data of the ha1rpm tests were examined to determme which subcr1t1cal nozzle to

use. Since the low pressure ratio (PR=1. 3) nozzle gave a 4: pomt h1gher turbme

efﬁciency it was selected for use during the endurance runs. .
" A1l calibration tests were performed at constant brine and 1sobutane flow

rates. Since the turbme 1n1et enthalpy obtamed from the turbme mlet tempera-

ture and pressure agreed w1th the enthalpy obtamed from the caloruneter data,

the turbine inlet temperature and pressure were ‘used in conjunction with the

measured values of gearbox output shaft torque and rpm to determine turbine

efficiency as a function of vv?elocity ratio,

Figures 17 and 18 present the turbine calibration data collected before

and after each endurance run. The calibration tests prior to the 200 hour en-

durance run are presented in Figure 17. They Were performed at pressure ratios

of 3.4, 3.54, and 3,70, The nozzle ﬂow coeff101ent var1ed from 1,01 to 1,03,

The turbine efficiency at the beginning of endurance run #1 (200 hour) agrees

 very well with the predicted efficiency shown for a pressure ratio of 3,79, This

improvement in agreement between the predicted and actual performance is

due to the improved flow measurement with the isobutane flow orifice,
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Figure 18 shows the efficiencies measured at the end of the 200 hour

run, at the beginning and end of the 40 hour endurance run, and the efficiency
versus velocity ratio measured during the calibration tests at the beginning of
the 40 hour endurance run, The nozzle flow coefficient at the end of the 200
hour endurance run was 0,92 down from 1,03 indicating that the nozzle was s
heavily scaled. L
The two curves in Figure 18 illustrate the effect on turbine performance _ v
of scaling on the nozzle and the rotor, With the scale removed from the nozzle
block only, the turbine reached a peak efficiency of 50% at a velocity ratio of
0.35. The rotor inlet was also descaled, and subsequent tests showed the tur-
bine eff1c1ency increased to 56% at a U/Cq of 0, 35. This was 2% less than the
peak eff1c1ency reached durmg the cahbratum tests at the beginning of the 200
hour endurance run. The reduced peak eff).clency resulted because not all of the

scale could be_ removed from the nozzle between the 200 hour and 40 hour endur-

ance runs.
6.3  ENDURANCE TEST |
6.3.1 ~ Turbine Output and Efficiency Versus Time )

During the endurance test the direct contact heat exchanger maintained
the same level of heat transfer performance throughout the 200 hours. The
capacity to transfer heat was not affected by corrosion or scaling properties
of the geothermal brine. Figure 19 shows a typical plot of temperature versus
amount of heat added to the isobutane during the endurance run. A heat balance
around the DCHX balanced within 1.4% and indicated that 490, 000 Btu/hr was
being transferred to the isobutane, Any variations in the DCHX heat transfer
performance were caused by variations in incoming brine temperature, brine
flow rate, and isobutane flow rate. o o ®
Scaling properties of the brine did affect the performance of the tﬁrbine.
Figures 20 and 21 illustrate the effect of scaling on gearbox output horsepower e
and turbine efficiency as a function of time. Turbine gearbox horsepower and
turbine efficiency were calculated for each data point recorded during the en-
durance run,
The turbine efficiency gradually changed from an average value of 58%

at the beginning of the 200 hour endurance run to 41% at the end of the run, The
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. turbine gearbox output horsepower decreased from 12,5 horsepower to 8.6
horsepower. The hourly variation in the data was a result of changing the
b_rine and isobutané ﬂéw rates tvo,adAjust tﬁrbihé inlet temperature and pres-
sure, These adjustments wefe requiféd tdrcdmpensat'e for changes in brine
temperature, changes in condenser preSsure caused by noncondensibles,
cooling tower water temperature variation; and atmospheric conditions which
changed the amount of heat loss through uninsulated or poorly insulated piping.
At the cohc;'lus_ion‘o,f the 200 hour end.uranc,e‘run, ‘the nozzle and rotor
were descaled and» a 40 hour-ex‘nd,i'zranége' test was }_performed. During the 40 hour
endurarice run the gearbox Qlitput horsepower averaged 11,1 horsepower and the
turbine efficiency averaged 54%, At the end of the 40 hour endurance run there
was a thin (approximately 0, 002 inch) lé.yer of scale on the divergent section of

the nozzle,

6.3.2 - Liquid Removed in Demister

During the 200 hour endurance run the amount of liquid being removed
by the demister was measured (see Table III). To make the measurement the
valve that drained the demister through the steam trap was closed and the valve

to drain the demister through the hot well was opened. The hotwell was then

drained of all water. When water started to collect in the hotwell again, it
was alldwed to drain at a steady rate., This rate was measured and recorded,
The valve between the demister and the hotwell was then closed and the steam
trap valvé was reopened, The hotwell was also drained of all water. When
water collected in the hotwell again and started to drain, its flow rate was
measured. Simulté.neously the water leaving thé deﬁister through the steam

trap was measured,
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TABLE Il

_ MEASURED WATER CARRYOVER FLOW RATES B
J Demlster Valve to Hotwell 3 Flow Rate, gpm |

OEened -~ Closed Hotwell ‘Demister = Total
x0T 0,204 % 0,294
x C0.455. % 0.455
x L 0.3 0.435
x | ~ 0.400 % 0,400
x . - 0.071 . 0.238  0.309
0,167 .- 0,158 .. = 0.325
x 0.253 % 0,253
x B e L St
x 0,136  0.136
x 0,227 0.227
| x .- 0.089  0.198 0,287
0,278 .- . .0,278
x S 02T 0,278

As shown above, the total flow rate of Water bemg carr1ed over w1th the iso-

butane vapor varied from 0.111 gpm to 0 455 gpm w1th an average flow rate of
| 0,291 gpm. Comparing the columns for the water removed from the hotwell
- with those for the water removed from the dem1ster when both flow rates were

_ measured separately, the demister removed between 50% and 75% of the entrained

geothermal brine from the. vapor stream flowmg to the turbme. On’ the basis of
9.5 gpm- of 1sobutane ata nommal temperature of 230°F and a total pressure of
315 psia, ‘the equilibrium water vapor fractmn 1s 0 011 by we1ght This weight
fraction corresponds to a calculated flow rate of water of 0.08 gpm which is rea-

sonably close to the hotwell flow rate with the demister valve closed. ..

6.3.3 Measurement of Flow Rate with IC4/H20 Orifice .

‘ The workmg ﬂuld ﬂow rate through the turbine nozzle was measured
W1th 2 0,701 inch orifice having a [ of 0,339, During the 200 hour endurance
run the ﬂow rate through the nozzle started out at 2351.1b/hr aud,dropped to .
2150 1b/hr as seale collected on the.n_o/z’zle divergent section and in the throat

area. . -'l‘he;noz‘zleﬁf_low;fcoefficieutV‘dec‘reased from 1,01 to 0.92 during the 200

[
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At the end of the 200 hour endurance run the nozzle was cleaned. The
flow rate returned to the 2351 lb/hr value and the flow coeffiéignt was 1,02,
A 40 hour endurance ri‘mwas completed, At the end of this run the flow rate
was 2271 1b/hr and the flow coefficient was 0,99, indicating the nozzle was
scaling up again, | TABLE IV

DCHX HEAT BALANCE
Data at 1330 on 4/2/78

Brine In 319°

Brine Out 140°F - Boiler pressure = 325 psia
IC4In - 720F
- IC4 Out  228°F -
QIC4 9.1 in = 8,913 gpm = 2485, 75 Ib/hr
~ QBrine 5.3 .in =5.,96 gpm = 2710,175 lb/hr )
Brine |
Q= mAH = 2710, 175 (289, 64 - 107, 89) = 492,574, 31 Btu/hr -

Cp = 1.015
Partial pressure of 228°F water = 20,016 psia

Partial pressure of saturated IC4 = 325 - 20 = 305 psia
Tgat IC4 = 217.53°F .

Superheat = 228 - 217,53 = 10, 47°F

A\ H boil = 88. 88 Btu/lbm
Q boil = 2485, 75 (88. 88) = 220, 921,03 Btu/hr

/A\H ph = (-703,63) - (-801,74) = 98,120 Btu/lbm
Q ph = 2485, 75 (98.120) = 243, 889, 36 Btu/hr

'AH sh = -606, 39 - (-614, 75) = 8, 360 Btu/lbm
Q sh = 2485, 75 (8. 360) = 20, 780.87 Btu/hr

Q total 485, 591, 26 Btu/hr
Balance within 1, 42%

6.4 INSPECTION

6.4.1 Turbine Gearbox

At the 42, 100, 200 and 240 hour points in the two endurance runs, the
nozzle block was removed from the turbine and inspected for scale buildup, At
the 42 hour point there was virtually no scale on the nozzle block, This was
probébly due to the fact that the nozzle block was new and 'sfili contained va
coating of oil from the machining process. At the 100 hour and 200 hour points

a scale deposition was noted on the expansion cone of the nozzle and the nozzle

O

$ 4
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throat was partially plugged (approximately 10%) ‘with scale., The scaling re~.

duced the nozzle throat area and. the mass ﬂow rate as 1nd1cated by the isobutane = -~

or1f1ce. The depos1t10n in the expansmn cone degraded nozzle performance and
overall turbme eff1c1ency as discussed in sect10n 6. 3

At the completlon ‘of the 200 hour endurance run the nozzle block and
turbine rotor were descaled and a 40 hour endurance run was performed to

check the effect of cleanl.ng the nozzle and rotor on. overall performance and to

- check scale buildup in the first 40 hours of run time, Samples of scale were

collected at the complet1on of the 200 hour and 40 hour endurance runs and re~

~ sults of a chemical ana1y51s of the scale material is presented in the following

. section,

6.4.2 : ,' ,éhemical ‘Analysis

- Sampling of the scale found in the turbine nozzles and scrapings from
the rotor blades and turbine housing were taken during the disassembly and in-

}spection of the turbine. ‘Analysis of the scale obtained showed the primary

. ingredient, 90%. or more,.to be silic‘,on,di'oxide indicating that the source of all

the scale Was%brine,entrainment from the DCHX,  The restof the constituents

present were typical also of the brine composition, see Table V., Sample

. numbers 1n the table correspond to the locatmns noted in Table V.

*Evaluatlon of the scale in. ‘sample #2 also revealed the presence of excesSlve
copper and zine: mdlcating poss1ble corrosion of a brass f1tt1ng somewhere in
the system, A1l of the samples contamed 1ron whlch md1cates some corrosmn

of the steel plpmg, though the prmc1ple source would be the brine,
6.5 RESULTS OF COz FLASH EXPERIMENT | |

Condensmg pressure for the entire direct contact test series was signi~-
ficantly higher than one would expect based 'on the cooling water temperature
available and the IC4 temperature measured in the hotwell vessel, - Typically,

values of IC4 subcooling in the rarge Of'zdoF"to 300F ‘were measured, This

~ overpressure condition was attributed in part to an accumulation of nonconden-

sible vapors in the condenser. A primary source of noncondensible vapor was
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TABLE V

SPECTROGRAPHIC ANALYSIS OF SCALE SAMPLES FROM DCHX TURBINE

# MA 42 43 #4
Si . Principle constituent in each sample, ]
B 1.5%  2.0%  2,5%  2,0%  1.5%
Fe 175 1.25 2.5  1.25  1.75
‘Na .6 25 .8 1.5 .6
ca 1.0 2.0 1.5 1,0 1.0
K - 25 - 2,0 -
Al .05 .2 .03 .3 .05
Cu .08 .06 .4 .04 .08
Mg .04 .1 .08 .08 .04
sr a5 .4 .3 .15 15
cd .015 .02 .05 .04 .015
zn .05 .05 .3 .05 .05
Mn . 025 .02 .04 .01 . 025
Pb .01 .015 .006 .04 .01
Ba .015 .05 .05 .02 .015
Cr . 008 .01 .008 .05 .008
Ni .025 .02 .01 .03 . 025
Ge . 005 .01 015  ,003 . 005
Sn . 002 .003 - . 002 . 002
Ga . 001 .001 - 002 .001
Be .001 .001 .002  ,002  .001
Ti - 002 - .002 -

#1 Found inside nozzle (4/4/78)
#1A  Found inside nozzle (4/4/78)
#2 Turbine nozzle (4/7/718)
~ #3  Turbine housing  (4/4/78)
#4 ‘Turbine rotor (4/4/18)
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CO, from the brine ’stresm“whichwhen enterlng"~th’e direct contact column"- :
gave up a portion of the dissolved COg to the IC4 stream, The COZ accumu-
lated in the condenser raising its total pressure. SR '

To 1nvest1_gate the amount of -002 which can be removed from the brine
stream a small flash vessel was fabricated and installed at the test pad, Brine
from well Mesa 6-2 was directed to the flash vessel .and subjected to a controlled
pressure drop, - Flow, pressure; and temperature instrumentation were pro-
’vided around the flash vesse€l to set and monitor test conditions, ‘Brine sample
ports were provided upstream and in the vessel to- evaluate the: CO2 removed in
the flash process. ‘The brine: samples were’ analyzed by the chemistry lab at
the East Mesa Component Tést Facility, " Although these tésts were not intended
to provide a complete answer to the:complex COz-brme chemistry. interactlons, '
two-basic results were obtained:. '

1) Free and dissolved "c02~ contaminates can be substantially reduced

" by moderate flash temperature differences in the brine stream,

'=ff»r'F1a‘sh"température differences as low'as-20F to 3°F showed ‘sub-

*‘stantial reductmns in COg content, ‘

2) . Flash temperature drops of: up to '10CF resulted in s1gmf1cant carbon-
ate scalmg ‘problems in the flow metér and vessel downstream of the
flash tank.» Flash temperature drops of about 5°F were'run for ex-
tended-periods (2 to"3 days) and no evidence of scaling”wés. observed.

As a result of these tests, detalled chem1ca1 analyses and add1t10na1 field

tests were 1n1t1ated Results of these mvestlgatmns W111 be reported ata

later date. e

7 0 CONCLUSIONS AND RECOMMENDATIONS

1) ' Turbme efficiency and nozzle flow coefficients measﬁred during
this phase of testmg verified performance pred1ction techniques
and design methods for partial admission axial flow hydrocarbon
turbines. The influence of entrained water in the working fluid
vapor jflowl on turbine performance during direct contact heat

exchanger testing was shown to be reasonably predictable.




2)

3)

4)

5)

342

Improved performance data obtained during this phase of testing
as compared to that obtained during previous tests was attributed
to the use of a knockout vessel located between the brine-to-iso-

butane heat exchangers and the turbine. The knockout drum re-

E moved liquid droplets from the vapor stream to the turbine.
.Also, the vapor flow rate to the turbine was determined using

a standard orifice, This provided improved flow data as compared

to that obtained by measuring the liquid isobutane feed to the heat

- exchangers with a rotameter.
A turbine effiéiency improvement of 4 points was obtained with
~ the single low area ratio nozzle (AR=1. 3) as compared to that

~.obtained with the original nozzle design (AR=1,57),

'Supercritical test results showed that turbine and cycle efficiency

was reduced slightly by expanding inside the isobutane saturated
vapor dome as compared to data obtained with expansion resulting
in superheat at the turbine exhaust. Brine utilization efficiency
was improved, however, because of the additional AT removed

from the brine. Overall performance of the supercritical cycle

.~ was.not as good as the subcritical cycle because of the additional

. required pump work.,

Nozzle scaling was again found to occur during the endurance

- operation with the direct contact heat exchanger. Although the

7 knbcl;out drum removed large quuid‘ droplets, some entraih‘e.d

mineral content was carried to the turbine resulting in a silica
scale formation. As in previous tests no significant scaling was

observed in the direct contact heat exchanger or in the connecting

pipes.

£
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A practical’m'eansﬁ of sub’stantiallfréducing the free and dis-
S solved COZ content of the East Mesa brmes was demonstrated

N fvby allowmg the brine to ﬂash 2'to 3°F in a flash tank. Very
‘.:Tlow amounts of carbonate scalmg were observed at this condition
V‘wh1le 1aboratory analys1s 1ndlcated only residual amounts of CO2

| remammg in the brine samples taken downstream of the flash

tank. The maJomty of COg remamed in a bicarbonate form (HCO3)

in these samples.

To achieve practical long term operation with the direct' countact power.

loop,. 1mprovements are needed in the followmg three areas:

2)

N

.COg or noncondenS1ble contammatlon in the 1sobutane condenser.

Isobutane recovery followmg the d1rect contact heat exchanger.

+.Mineral carryover m workmg fluld vapor from the d1rect contact .

: vheat exchanger.,::,_, :

.. Items 1 and 2 are not, unrelated smce noncondenmbles contamed in the

" ‘brine influence the amount of -isobutane wh1ch can be stnpped from the brme

rm a flash recovery vessel. Noncondenmble content also determines the dlfflculty

involved in condensing and recovermg the 1sobutane collected.

Suggested means of dealmg with the above problems are:

1)

2

Install a flash tank to pre-ﬂash the brine upstream of the direct
contact heat exchanger, Noncondensibles removed at this point
reduce the severity of noncondensible accumulation in the condenser.
Analysis indicates that if the COz content in the brine can be re-
duced to about 50 ppm, less than 2 psi part1al pressure of COZ
would accumulate in the condenser. o

The present scheme for isobutane recovery involves flashing the

“brine fo a subatmospheric pressure level and collecting the freed

| gas. Operating this system in the absence of noncondensibles in

the brine may reduce the effectiveness of the flash process in
removing isobutane, although the recovery condenser would be

less of a problem.
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. 3). vaprovements in demister des:.gn and operatmn can reduce or

ehmmate mineral carryover m the workmg ﬂuld vapor. It is
suggested that the design be modxfled to mcorporate a hot water
-wash of the demlster mesh to 1mprove removal of the water
carzyover. Qhe_vron baffles following the mesh (preferably in

a horizontal configuration) would also improve the efficiency of
the dem).ster element, | N

It is recommended that these unknowvn effects be evaluated in test.
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