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FOREWORD 

The extraction of thermal energy for e lectr ic  power generation from 
moderate (350'F) temperature geothermal brines, such as those found i n  East 
Mesa, California, appears feasible. In exploiting these moderate temperature 
resources, the use of a direct-contact process i n  a conventional Rankine cycle 
with a turbine-generator seems l ike  a very promising configuration. 

* \  - 
"lr 

While the direct  contact approach, i n  which the brine and hydrocarbon 
working fluid come into physical contact, has i n i t i a l  economic advantages 
(e.g., lower capital  cost of heat exchanger equipment), i t  also has some 
potential operating disadvantages such as C02 buildup, turbine scaling and 
erosion, and hydrocarbon loss,  
problem areas, a 10 kW Power Loop was s e t  up and run at East Mesa, California, 
under DOE funding. 
Test Series 1 and 2 performed between December 1976 and July 1978, as  well 
as the Executive Summary of the to ta l  testing effor t .  
directly from copy provided by Barber-Nichols Engineering Co. 

In  order t o  identify and evaluate these 

This report includes t h e  resul ts  and conclusions of 

I t  has  been reprinted 

This work has been supported by the Division of Geothermal Energy, 
U .  S.  Department of Energy. 
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1.0 INTRODUCTION 

- initiated to couple a turbo-generator 
xchanger system utilizing geothermal 
ose of the program was to identify and 

3. evaluate problem as  in  utilizing such trical power 

8 

generation. 

The turbo - g en e r at o r  cons i st e d partial admission' 
nents along with turbine, a gearbox, and a 60 kw generat 

controls and sde ty  features were shipped to the East Mesa Geothermal 
Test Facility n 

utane vapor 
using a conventional tube-in-shell heat exchanger and then a 500 hour endurance 
test was completed with the direct contact heat exchanger 

A number of significant problems were identified during the 500 hour 
endurance run. 
scale deposits to occur in the turbine rotor and nozzles reducing turbine output 
power. Condenser pressures were much higher than predicted for an 

Larger than anticipated amounts of brine carryover caused 

A s  a result, in March a 

these tests was to obtain improved 

vapor flow in a demister vessel. 

.r 

and a 200 hour endur 

* * 

removed 50 to 75 

To evaluate brin 



1-2 

During these tests the turbogenerator was replaced by a turbine nozzle 
identical to the one used for  the second series o€ tests. The nozzle-was 
installed in the flow tube which had been used to measure turbine vapor 
flow during the second-series of tests. A water trap and conductivity cells 
were also installed in the demister to monitor the amount and salinity 
of water collected. 

The direct contact heat exchanger was modified with a second level 

A 
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. 
100 hour test with this configuration resulted in no scale formation in the 
nozzle. 

This section contains on the most significant results obtained during 
the last three test series.  
LBL-8558 (Ref. 5) .  

2 .0  WER MODULE 

For further information consult Sections 2 and 3 and 

DESIGN PARAMETERS 

2.1.1. Turbine 

During the design phase it was anticipated that the tu 
would be operated with two basic direct contact heat exchange 
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 (re€. 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 a€ 
the vapor mixture. Turbine design conditions were then determined for t 
respective cycles. 

Table 1. System Operating Parameters 

Isobutane flow rate, lb/hr 
Water Vapor flow rate, lb/hr 
Combined flow rates, lb/hr 
Max. total pressure, psia 
Max. temperature, OF 
Condensing temperature O F  
Total Condensing pressure, p i a  
Turbine available energy, BTU/lb 

0 c cid ent a1 Dss  
2000 2650 

50 32 
2050 2682 
667 315 
300 220 
110 110 
83.2 83.2 
36.2 23.7 

E 

Y 

The turbine selected for  this application was a partial admission 
impulse design incorporating a single rotor. Tables I1 and 111 give the detailed 
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DIRECT CONTACT POWER LOOP TURBINE 

I 



1-4 

design parameters for the turbine rotor and the nozzles. The nozzle 
parameters shown in Table 11 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 I11 lists the design parameters 
for the series 2 subcritical nozzle. 

Table I11 Series 2 Nozzle Design Parameters 

Subcritical (Single Nozzles) 

Number of Nozzles 
Throat Diameter 
Exit Diameter 
Area Ratio 
Angle 
Edge Thickness 
A dmis sion 
Exhaust 
Pressure Ratio 

1 
0.306 
0.3521 
1.306 
16' 
N /A 
27.34' 
5 5O 
3.32 

2.1.2 Gearbox 

The gearbox was  a standard double reduction type (GR=6.05) designed 
Lubrication was provided by an internal and manufactured by Barber-Nichols. 

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 o r  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 
parasitic load bank.' The speed set point on the governor could b e changed 
allowing turbine performance to be measured over a rang speeds. This 
variable speed feature allowed the one turbine design to the di€€erent 
levels of the subcritical and supercritical cycles. 

2.2 PREDICTED PERFORMANCE 

Based on the design parameters of Tables I, 11, and 111, the predicted 
Because of the variation of turbine efficiency with speed is shown i n  Figure 1. 

allowable test speed range of the alternator as mentioned above, the turbine 

5 

Y 

V 
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A 

ti 

Figure 4 .  D i r e c t  c o n t a c t  h e a t  exchanger.  

F igure  6 .  Demister v e s s e l .  
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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 reasons for the 
modification were two fold: 1) to increase the vapor space in  the DCHX, 
and 2) to introduce the brine at the f ree  surface level without spraying. The 
effect of minimizing turbulence in this section of the DCHX could then be 
evaluate d . 

Since the brine carryover experiments were performed by DSS 
only, the turbo-generator was not available. To simulate the turbine pressure 
dropand provide a media for scale deposition so that a comparison could 
be made between the scaling results of the endurance runs and the brine 
carryover experiments, a dummy" nozzle was fabricated and a 
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 'ldummyll nozzle. Conductivity 
cells were also added to  the demister water drains to monitor salinity of 
the blowdown effluent. 

I I  

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-N ichols turbine. 
The vapor was condensed and the isobutane 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 direct 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 r u n  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 ENDUR.ANCE RUNS 

A 

t s 

A total of three endurance runs were performed. The series 1 
endurance run in  July and Au t 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, 
potential problems, and 4) to identify loop or fluid degradation. 

3) to accumulate sufficient run  time to identify and/or evaluate 

The series 2 endurance runs  were performed in March and April 

or, and exhaust housing with the 
e r  vapor in a demister vessel. 

1978. The primary goal of these endurance runs was to observe any difference 
in scaling of the turb 
moisture removed rfr , 

parameters ce runs were as  shown in Table IV: 

Table IY Operating Parameters For Endurance Runs 

Series 1 Series 2 

Brine Inlet Temp to 330zt5OF 322f3OF 

IC4 Outlet Temp to Turbine 245k 230k5OF 

300i1 Opsig 30O-Ll Opsig 

5.60.3 gpm 

*O. 3 gpm 9.5k0.4 gpm 

P Turbine Speed 2750k5 rpm 2750*5 rpm 

greater than 1 / 2  full greater than 1 / 2  full IC4 Level in Hotwell 

Con denser Pressure 95430 psig 6 S 1 0  psig 



1- 16 

These parameters resulted in: 

Turbine Inlet temp 2 32&3'F 222rt3OF 

Turbine Inlet Pressure 300&10psig 300=!=20 psig 

Turbine Exhaust Pressure 9 S 1 0  psig 65ztlO psig 

4.4 BRINE CARRYOVER EXPERIMENTS 

5 . 0  

5 . 1  

5 . 1 . 1  

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 "old'! 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. 

TEST RESULTS 

TURBINE CAUBRATION - CONVENTIONAL HEAT EXCHANGER 

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. 
exchanger. 

The calibration tests were performed with the hairpin heat 

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. 
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 

As 

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 A F r i l ,  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 o r  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 properties of the brine did affect the per€ormance of the 
turbine. Figure 13 illustrates the ef€ect 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. A t  the conclusion 
of the 200 hour endurance m, 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%. A t  the end of the 40 hour en 
was a thin layer of scale (approximately 0.002 inch) on the dii 

m 

L B 

the nozzle. 

5.3 TEARDOWN INSPECTION 

lurance run there 
ergent section of 

were conducted 
tnd 16 show the 
ilet and 

Teardown inspections of the turbine nozzle and rotor 
at various points during the endurance runs. ~ Figures 14, 15 
areas of scale buildup on the nozzle divergent section, rotor : 
exhaust housing at the end of the 200 hour endurance run. 

5.4 BRINE.CARRYOV PERIMEDTS 

A s  a result of brine carryover experiments, no definite correlation 
between DCHX operating level and the amount o r  salinity of tkie water content 
of the isobutan por stream ar parent. The only significant result is 

the test runs  were accompanied by the highest measured salinity. 
'that the high out drum wate wdown ratio measured during Some of 

" nozzle was removed and 
examined for scal 
service for a tota 
be free of any significant scale 

was ihtknittently in 
nozzle were found to 
powdery coating which 

0 

empts 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 
disks, leaking relief valves, etc., any estimate o€ is 
entrainment in the brine is purely speculative. 

3 

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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F igure  14. S u b c r i t i c a l  t u r b i n e  nozz le  e x i t .  

F ig .  15. Rotor i n l e t  blade 
l e a d i n g  edge. 

F ig .  16.  Turbine exhaust 
housing . 
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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. 
vapor flow on turbine per€urmance during direct ctmtact heat exchanger 
testing was shown to be reasonably predictable. 

The influence of entrained water in the working fluid 

Ir 3) Supercritical test results showed that turbine performance could 

r( * 
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) Nozzle 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 signi€icant scaling was observed in the DCHX or i n  the 
connecting pipes . 

6) When the DCHX brine inlet was lowered to the internal liquid 
interf ace, the scaling problem appeared to be significantly reduced. 

7.0 R.EFER.ENCES 

. 1) W.B, Surratt, G.K.  Hart; OR.0 4893-1, "Study and Testing of Direct 
Contact Heat Exchangers for Geothermal Brines", DSS Engineers, Inc., 1977. 

2) E, F. Wahl, F. Boncher, 
Direct Contact Heat Exchanger", SAN / 1076-1, Occidental Research Corporation, 

I t  Theory and Practice of Near Critical Pressure 

3) H. R. Jacobs, R. F. Boehm, A. C. Hansen, "Application of Direct Contact 
Heat Exchanger to Geothermal Power Production Cycles", Project Review 
Dec., 1974 - May, 1977, Mechanical Ehgineering Department, University 
of Utah, Salt Lake City. 

4) K. E. Starling, Fluid Thermodynamic Properties for Light Petroleum 
Systems, Gulf Publishing Company, 1973. 

5) Urbanek, M, W. , "Development of Direct Contact Heat Exchangers for 
Geothermal Brines - Final Report", DSS Ehgineers, Inc., 1978. 

0 

P 5 







i 

i 

TABLE OF CONTENTS 
Section Page 
1.0 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . .  2-1 
2.0 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . .  2-1  

3.0 POWER EQUIPMENT MODULE . . . . . . . . . . . . . . . . .  2-4 

3.1 DESIGN PARAMETERS . . . . . . . . . . . . . . . . . . . .  2-5 

3.1.1 Turbine . . . . . . . . . . . . . . . . . . . . . .  2-5 

3.1.2 Gear box . . . . . . . . . . . . . . . . . . . . . .  2-6 

3.2 PREDICTED PERFORMANCE . . . . . . . . . . . . . . . . . .  2-8 

3.3 CONTROLS AND SAFETY . . . . . . . . . . . . . . . . . . .  2-8 

0 

c 

3.3.1 
3.3.2 
3.3.3 
3.3.4 

DSS Loop Controls . . . . . . . . . . . . . . . . .  2-8 

Barber-Nichols Turbo-Generator Controls . . . . . .  2-8 

Safety . DSS Loop . . . . . . . . . . . . . . . . .  2-12 

Safety . Barber-Nichols Turbo-Gearbox . . . . . . .  2-12 

3.4 LABORATORY TESTS . . . . . . . . . . . . . . . . . . . .  2-14 

3.4.1 Gearbox Losses . . . . . . . . . . . . . . . . . . .  2-14 

3.4.2 Air Tests . . . . . . . . . . . . . . . . . . . . .  2-17 

4.0 LOOP CONFIGURATION . . . . . . . . . . . . . . . . . . .  2-19 

4.1 DIRECT CONTACT HEAT EXCHANGER TEST LOOP . . . . . . . . .  2-19 

4.1.1 
4.1.2 
4.1.3 
4.1.4 

Test Loop Components . . . . . . . . . . . . . . . .  2-19 

Vessel Design . . . . . . . . . . . . . . . . . . .  2-19 

Direct Contact Heat Exchanger . . . . . . . . . . .  2-22 

Separator . . . . . . . . . . . . . . . . . . . . .  2-24 
4.1.5 Condenser . . . . . . . . . . . . . . . . . . . . .  2-24 
4.1.6 Hotwell . . . . . . . . . . . . . . . . . . . . . .  2-24 

4.1.7 Stripping Column . . . . . . . . . . . . . . . . . .  2-25 

4.1.8 Pumps . . . . . . . . . . . . . . . . . . . . . . .  2-25 

ment . . . . . . . . . . . . . . . . . . . . . . . .  2-25 

4.2 INSTRUMENTATION AND SAMPLING . . . . . . . . . . . . . .  2-26 

4.2.1 Instrumentation . DSS Loop . . . . . . . . . . . . .  2-26 

4.2.3 Sampling . . . . . . . . . . . . . . . . . . . . . .  2-27 

5.0 FIELD OPERATIONS . . . . . . . . . . . . . . . . . . . .  2-28 

5.1 LOOP OPERATION . . . . . . . . . . . . . . . . . . . . .  2-28 

5.2 CALIBRATION TESTS . . . . . . . . . . . . . . . . . . . .  2-28 

5.3 ENDURANCE RUN . . . . . . . . . . . . . . . . . . . . . . .  2-30 

4.1.9 Modification to the Test Unit for Turbine Experi- 
- 

4.2.2 Instrumentation . Barber-Nichols Turbo.Generator . . 2-27 



i i  

Sect ion 
5 .4  TEARDOWN INSPECTION . . . . . . . . . . . . . . . . . . .  
6.0 TESTRESULTS . . . . . . . . . . . . . . . . . . . . . . .  
6.1 TURBINE CALIBRATION . CONVENTIONAL HEAT EXCHANGER . . . .  
6.1.1 Subcritical Calibration . . . . . . . . . . . . . . .  
6.1.2 Supercritical Calibration . . . . . . . . . . . . . .  
6.2 TURBINE CALIBRATION - DCHX . . . . . . . . . . . . . . . .  
6.3 ENDURANCE TEST . . . . . . . . . . . . . . . . . . . . . .  
6.4 POST CALIBRATION . CONVENTIONAL HEAT EXCHANGER . . . . . .  
6.5 ISOBUTANE LOSS FRACTION . . . . . . . . . . . . . . . . .  
6.6 INSPECTION . . . . . . . . . . . . . . . . . . . . . . . .  
6.6.1 Direct Contact Loop . . . . . . . . . . . . . . . . .  
6.6.2 Turbine and Gearbox . . . . . . . . . . . . . . . . .  
6.6.3 Chemical Analysis . . . . . . . . . . . . . . . . . .  
7.0 CONCLUSIONS AND RECOMhlENDATIONS . . . . . . . . . . . . .  

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . .  
APPENDIX A . . . . . . . . . . . . . . . . . . . . . . . .  

Page 
2-34 

2-36 

2-36 

2-36 

2-41 

2-44 

2-47 
2-51 

2-51 

2-56 

2-56 

2-57 

2-59 

2-59 

2-62 

2-63 



F i g u r e  

1 
2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14  
15 
16 

.& 

v 

17 

18 

19 
20 
21 
22 

23-25 

APP 

T a b l e  
I 

I1 
I11 

I V  

iii 

LIST OF FIGURES AND TABLES 

Var ia t ion  of Turb ine  E f f i c i e n c y  w i t h  Speed . 
C o n t r o l  System Schematic  . . . . . . . . . . 
S t a b i l i t y  P l o t  - 60 KW Tvrb ine  Generator . . 
Lab T e s t  S e t u p  f o r  Gearbox Losses .  . . . . . 
LBL Gearbox Horsepower Losses .  . . . . . . . 
Turbine A i r  T e s t  Schematic  . . . . . . . . . 
P r o c e s s  Flow Diagram . . . . . . . . . . . . 
P & I D i a g r a m .  . . . . . . . . . . . . . . . 
Direct Contac t  Heat Exchanger. . . . . . . . 
Cumulative Run Time and IC4 Added. . . . . . 
V a r i a t i o n  of Turb ine  E f f i c i e n c y  w i t h  V e l o c i t y  Ratio. 
E f f e c t  o f  Wetness on Turbine  E f f i c i e n c y .  . . . . . . 
Nozzle Flow C o e f f i c i e n t  v s .  I n l e t  P r e s s u r e  . . . . . 
Maximum Turb ine  Output  vs .  Superhea t  . . . . . . . . 
T u r b i n e  Output  vs .  I n l e t  Entha lpy .  . . . . . . . . . 
Turb ine  E f f i c i e n c y  vs .  V e l o c i t y  Ratio 

S u p e r c r i t i c a l  - Convent iona l  HX . . . . . . . . 
Turb ine  E f f i c i e n c y  v s .  V e l o c i t y  Ratio 

S u b c r i t i c a l  - DCHX. . . . . . . . . . . . . . . 
T y p i c a l  P l o t  o f  Temperature  vs .  P e r c e n t  of Heat Added - -  

f o r  t h e  DCHX During t h e  Endurance Run . 
Turb ine  E f f i c i e n c y  vs, Time - Endurance Run. 
Turbine Horsepower vs. T i m e  - Endurance Run. 
Maximum Turb ine  Output  v s .  Superhea t  . . . . 
E f f e c t  of Wetness on  Turb ine  E f f i c i e n c y .  . . 
Photographs  of Turb ine  and Nozzles . . . . . 
P r e s s u r e  Vessels f o r  DCHX. . . . . . . . . . 

System O p e r a t i n g  Pa rame te r s .  . , . . . . , . 
Turb ine  Design Pa rame te r s  f o r  DCHX . . . . . 
Measurement of I sobu tane  C o n c e n t r a t i o n s  a t  t h e  

O u t l e t  of Direct Contact Heat Exchangers.  
B r i n e  . . .  

S p e c t r o g r a p h i c  A n a l y s i s  of S c a l e  Samples from Direct 
Contac't Power Loop. . . . . . . . . . . . . . . 

Page 

2-9 

2-11 

2-13 

2-15 

2-16 

2-18 

2-20 

2-21 

2-23 

2-35 

2-38 

2-39 

2-40 

2-42 

2-43 

2-45 

2-46 

2-48 
2-49 

2-50 
2-52 

2-53 

2-58 

2-65 
2-66 
2-67 

2-5 

2-7 

2-55 

2-60 



I 
2- 1 

INTRODUCTION 

E x t r a c t i o n  of thermal h a s  
r e c e n t l y  r e c e i v e d  s i g n i f i c a n t  
i n i t i a t e d  i n  December of 1976 t o  coup le  a . t u r  
t r o l s  t o  a direct  contact heat exchange s y  
u a t e  problem areas i n  u t i l i z i n g  such  a system 
g e n e r a t  i o n .  

mi s s ion  t u r b i n e ,  a gearbox,  
These components, a l o n g  w i t h  c o n t r o l s  and a f e t y  f e a t u r e s ,  w e r e  s k i d  

mounted p r i o r  t o  shipment t o  t h e  E a s t  Mesa Component T e s t  F a c i l i t y  
n e a r  H o l t v i l l e ,  C a l i f o r n i a .  

The t u r b i n e  was 
t u b e  h e a t  exchanger  on 
t u r b i n e  i n l e t  c y c l e  c o n d i t i o n s .  
t h e n  completed u s i n g  a 

r e s e n t  program was 
0 e n e r a t o r  and con- 

i f y  and e v a l -  
v electr ical  power 

The tu rbo-gene ra to r  c a n  a x i a l  f l  , p a r t i a l  ad- 
, 3600 r p m ,  

and is submi t t ed  t o  f u l f i l l  t h e  
No. 2590502. 

* 

c 

gearbox power 
d t h e  s u b c r i t i c a l  
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nozzles were calibrated on a i r .  The  s k i d  mounted assembly was t h e n  
shipped t o  t h e  E a s t  Mesa f a c i l i t y  and i n s t a l l e d  adjacent t o  t h e  DSS 
direct  c o n t a c t  h e a t  exchanger test  loop .  A conven t iona l  R .  W, 
Hol land  s h e l l  and t u b e  h e a t  exchanger w a s  a lso i n s t a l l e d  i n  p a r a l l e l  

e direct  contact heat exchanger t o  a l l o w  c a l i b r a t i o n  of t h e  

-generator on pu re  i sobu tane .  
Cal ibra t ion  tests were completed f o r  s u b c r i t i c a l  and super -  

c r i t i ca l  t u r b i n e  i n l e t  c y c l e  c o n d i t i o n s .  S u b c r i t i c a l  tests were 
completed a t  three f low rates and a t  deg rees  of supe rhea t  from about 
10°F t o  60°F. A number of t u r b i n e  speeds were run  a t  each test  con- 
d i t i o n  t o  i d e n t  y and measure t h e  peak o u t p u t  power. The nozz le  
f l o w  c o e f f i c i e n  c a l c u l a t e d  from t h e  s u b c r i t i c a l  data w a s  i n  a l l  
cases g r e a t e r  t h a n  u n i t y .  I n  g e n e r a l  t h e  nozz le  f l o w  coefficient 
decreased toward its laboratory measured v a l u e  of 0.962 as t h e  nozzle 

e and apparent  supe rhea t  i n c r e a s e d  t o  d r y  o u t  t h e  

he  maximum t u r b i n e  o u t p u t  power (17.0 hp) a l so  approached 
t h e  p r e d i c t e d  v a l u e  of 17 .6  hp a t  i n c r e a s e d  supe rhea t  a s ' t h e  nozzle 
f low coeff ic ient  approached its l a b o r a t o r y  measured v a l u e .  The 

measured t u r b i n e  e f f i c i e n c y  f o r  t h i s  data w a s  57% compared t o  a 
des ign  v a l u e  of 59% fo r  t h e  s u b c r i t i c a l  cycle c o n d i t i o n s .  

The t u r b i n e  con ta ined  t w o  d i f f e r e n t  nozzle c o n f i g u r a t i o n s  
designed f o r  s u b c r i t i c a l  and s u p e r c r i t i c a l  c y c l e  c o n d i t i o n s .  The 
subcritica1,configuration c o n s i s t e d  of t w o  n o z z l e s  w i t h  an  arc of 
admission of 45O, and t h e  s u p e r c r i t i c a l  c o n f i g u r a t i o n  w a s  a s i n g l e  
nozzle w i t h  an  arc of admission of 26.1°. 

An i n t e r e s t i n g  r e s u l t  obtained w i t h  t h e  s u p e r c r i t i c a l  calibra- 
t i o n  occur red  as  t h e  t u r b i n e  i n l e t  c o n d i t i o n s  were v a r i e d .  Consider- 
i n g  t h e  s a t u r a t e d  vapor dome on a P-H diagram, as  t h e  t u r b i n e  i n l e t  
cond i t ion  
expans i o n  
a v a i l a b l e  
One would 

moves t o  t h e  l e f t  above t h e  dome a n  i s e n t r o p i c  t u r b i n e  
r e s u l t s  i n  g r e a t e r  t u r b i n e  e x i t  wetness ,  and reduced 
energy compared t o  expansion i n t o  t h e  supe rhea t  region, 
expec t  a s i g n i f i c a n t  r e d u c t i o n  i n  o u t p u t  power under these 

c o n d i t i o n s .  The a c t u a l  t u r b i n e  o u t p u t  power ( 1 4 . 3  hp cor responding  
t o  a t u r b i n e  e f f i c i e n c y  of 52%) a g r e e d / w i t h  t h e  p r e d i c t e d  o u t p u t  a t  

ght-most e x t r e m i t y  of t h e  dome. Moving t o  t h e  l e f t  above t h e  
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dome t h e  t u r b i n e  o u t p u t  remained h i g h e r  t h a n  pred ic ted ,  The reason-  
i n g  behind  t h i s  behavior  is no t  c lear ,  a l though  c o m p r e s s i b i l i t y  
e f fec ts  and f l u i d  p r o p e r t i e s  j u s t  above t h e  dome are d i f f i c u l t  t o  
pred ic t .  Additional measurement of t o t a l  heat i n p u t  t o  t h e  cycle is 
needed t o  improve e v a l u a t i o n  of t h i s  e f f e c t .  

Turb ine  c a l i b r a t i o n  tests w i t h  t h e  direct  contact heat exchanger 
were performed a t  t h e  s t a r t  and t h e  end of  t h e  500-hour endurance run .  
As w i t h  t h e  p r e v i o u s  c a l i b r a t i o n  data  t h e  measured performance was 
below t h e  predicted performance and approached t h e  pred ic ted  a s  t h e  
amount of  s u p e r h e a t  i n c r e a s e d .  Measured nozz le  f l o w  c o e f f i c i e n t  
o p e r a t i n g  w i t h  t h e  DCHX was i n  t h e  r ange  of 1.11. 

g r a d u a l l y  changed from an a v e r a g e  v a l u e  of 49% a t  t h e  beg inn ing  of 
t h e  r u n  t o  39% a t  t h e  end of t h e  endurance run .  The t u r b i n e  horse- 
power changed from 10.75 hp t o  7 hp The loss  i n  e f f i c i e n c y  w a s  due 
t o  a scale b u i l d  up i n  he t u r b i n e  n o z z l e s ,  p a r t i c u l a r l y  i n  t h e  area 
o f  t h e  s u p e r s o n i c  expa i o n  cone.  Ana lys i s  of t h e  t u r b i n e  n o z z l e  
scale showed p r i m a r i l y  a s i l i ca t e  c o n s t i t u e n t ,  which would be 

expec ted  from t h e  b r i n e  from w e l l  Mesa 6-2. T h i s  is c o n s i d e r e d  
f u r t h e r  ev idence  o f  a l i q u i d  c a r r y o v e r  occu i n g  from t h e  DCHX. 

The pr imary  tes t '  components o f  t h e  d i r e c t  c o n t a c t  power loop 
performed q u i t e  w e l l  d u r i n g  t h e  500-hour endurance tes t .  The h e a t  
exchanger  l o o p  w a s  o r i g i n a l l y  c o n f i g u r e d  f o r  s h o r t  term t e s t i n g  and 
c o n t a i n e d  some components n o t  s u i t a b l e  for con t inuous  o p e r a t i o n .  
Problems were consequen t ly  encountered  w i t h  i s o b u t a n e  and b r i n e  pump 
pack ings  and c e r t a i n  f l u i d  loop  c o n t r o l s .  The t u r b i n e  s h a f t  seal  
began l e a k i n g  about  341 hour s  i n t  durance  run  and w a s  replaced. 
Otherwise,  t h e  tu rbo-gene ra to r  an  erformed e n t i r e l y  as  
expec ted  d u r i n g  t h e  endurance  t es  i t h  heat t r a n s f e r  
o r  s t a b i l i t y  a t t r i b u t e d  t o  t h e  d i  o n t a c t  heat exchanger  w a s  
observed  dur ' ing t h e  tes 

exchanger  were ana lyzed  by t h e  c h e m i s t r y  l a b o r a t o r y  a t  t h e  E a s t  
Mesa T e s t  F a c i l i t y .  Samples were e v a l u a t e d  t o  measure t h e  concen t r a -  
t i o n  of i s o b u t a n e  i n  t h e  b r i n e  and t o  estimate t h e  i s o b u t a n e  loss .  

Dur ing  t h e  500-hour test  t h e  measured t u r b i n e  e f f i c i e n c y  

B r i n e  samples t a k e n  a t  t h e  of t h e  direct  c o n t a c t  h e a t  

~~ ~~~~~ ~ ~~~ 
~~ ~~~~ ~~~~~~~~ ~~~~ 
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R e s u l t s  of these tests showed an  ave rage  of 87 ppm i s o b u t a n e  f r a c t i o n  
i n  t h e  l a t te r  s t a g e s  of t h e  endurance r u n .  T h i s  q u a n t i t y  amounts t o  
o n l y  25% of t h e  e q u i l i b r i u m  s o l u b i l i t y  (based  on i s o b u t a n e  s o l u b i l i t y )  
r e p o r t e d  i n  R e f .  1 expec ted  f o r  t h e  b r i n e  from w e l l  Mesa 6-2. The 

e q u i l i b r i u m  s o l u b i l i t y  w a s  t a k e n  for  a b r i n e  having  a s a l i n i t y  of 0% 
by weight  TDS. An a t t e m p t  w a s  made t o  v e r i f y  t h e  above f i g u r e  by 

measuring t h e  q u a n t i t i e s  of i s o b u t a n e  added t o  t h e  loop  d u r i n g  t h e  

endurance r u n .  S i g n i f i c a n t  l eakage  o c c u r r i n g  i n  t h e  pump packing  
and t u r b i n e  sea l ,  however, i n v a l i d a t e d  t h e  measure of i s o b u t a n e  
l o s s  f r a c t i o n  i n  t h i s  manner. 

Fol lowing t h e  endurance r u n  t h e  t u r b i n e ,  c o n n e c t i n g  p i p e s ,  
and a p o r t i o n  of t h e  direct  c o n t a c t  h e a t  exchanger  were disassembled 
and i n s p e c t e d  for  ev idence  of s c a l i n g  or e r o s i o n  i n  t h e  test hardware. 
The o n l y  scale d e p o s i t i o n  no ted  w a s  t h a t  mentioned p r e v i o u s l y  as 
b e i n g  i n  t h e  t u r b i n e  n o z z l e s .  The remainder  of t h e  loop w a s  i n  good 
c o n d i t i o n  and gave no ev idence  of distress which would p r e v e n t  con- 
t i n u e d  o p e r a t i o n  of the test  loop .  

3.0 POWER EQUIPMENT MODULE 
A p a r t i a l  list of equipment c o n t a i n e d  i n  t h e  power equipment 

module is as f o l l o w s :  
1. Turb ine ,  hous ings  and c o n n e c t i n g  p i p i n g  
2. Gearbox 
'3. Torque meter and r eadou t  
4 .  Genera to r  
5. Speed c o n t r o l  
6 .  P r e s s u r e ,  t empera tu re  and speed  i n s t r u m e n t a t i o n  
7. S a f e t y  c o n t r o l s  and i n t e r l o c k s  
8 .  A i r  cooled r e s i s t i v e  load bank 
I t e m s  3 t h rough  7 were l o c a t e d  i n  a p r e s s u r i z e d  e n c l o s u r e  t o  

circumvent  any p o s s i b i l i t y  of an e x p l o s i v e  i s o b u t a n e - a i r  mix tu re  i n  
t h e  v i c i n i t y  of t h e  g e n e r a t o r .  Item 8 was remote ly  located a safe 
d i s t a n c e  from i s o b u t a n e  s o u r c e s .  D i scuss ion  of t h e  s a f e t y  f e a t u r e s  
c o n t a i n e d  i n  t h e  power equipment module is c o n t a i n e d  i n  S e c t i o n  3.3 
of t h i s  r e p o r t .  T h i s  equipment w a s  sk id  mounted f o r  ease i n  t r a n s -  
p o r t a t i o n  and w a s  i n s t a l l e d  nex t  t o  t h e  direct  c o n t a c t  heat exchanger 
test loop  a t  t h e  E a s t  Mesa F a c i l i t y .  
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Each of these primary components are d i s c u s s e d  i n  t u r n  i n  t h e  

fo l lowing  sections. 

3.1 DESIGN PARAMETERS 

3.1.1 Turbine  
During t h e  des ign  phase i t  was a n t i c i p a t e d  t h a t  t h e  turbo-  

generator would be ope ra t ed$wi th  t w o  b a s i c ' d i r e c t  c o n t a c t  heat 
exchange sys t ems .  The f i rs t ,  and t h e  s u b j e c t  of t h i s  r e p o r t ,  w a s  a 
s u b c r i t i c a l  s y s t e m  fabricated and tested by DSS Engineers .  The 
second w a s  a s u p e r c r i t i c a l  sys t em f rom Occidental  Research Corpora t ion .  
Ref.  2 ,  3. 

Based on d i s c u s s i o n s  wi th  DSS and O c c i d e n t a l ,  t h e  s y s t e m  
o p e r a t i n g  parameters  were d e f i n e d  as  shown i n  t h e  fo l lowing  table.  . 

The an t ic ipa ted  water carry over  f r a c t i o n  shown i n  t h e  table  w a s  
c a l c u l a t e d  assuming s a t u r a t e d  water vapor and  real  gas properties of 

t h e  i sobu tane  a t  t h e  d i s c h a r g e  of  t h e  v a p o r i z e r .  Turbine a v a i l a b l e  
energy w a s  ca l cu la t . ed  based on an i s e n t r o p i c  expansion of t h e  vapor 
mix tu re .  Turb ine  des ign  c o n d i t i o n s  were t h e n  determined for t h e  
r e s p e c t i v e  cycles, * 

O c c i d e n t a l  DSS 
(Supercritical) (Subcritical) 

23.7 

f low through-put 

t i a l  admission 
t u r b i n e  des ign  would y i e l d  r easonab le  e f f i c i e n c y  and would a l low 
e x c e l l e n t  growth p o t e n t i a l  or a p p l i c a t i o n  t o  d i f f e r e n t  r e s o u r c e s .  
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The p a r t i a l  admission impulse d e s i g n  i n c o r p o r a t e d  a s i n g l e  ro tor  
and a n o z z l e  block w i t h  t w o  n o z z l e  geometries. One n o z z l e  conf igu r -  
a t i o n  w a s  des igned  fo r  t h e  s u b c r i t i c a l  c y c l e .  The desired n o z z l e  
c o n f i g u r a t i o n  is  selected by r o t a t i n g  t h e  n o z z l e  block so t h a t  t h e  

i n l e t  f l a n g e  of t h e  des i red  n o z z l e s  l i n e s  up w i t h  t h e  i n l e t  p i p i n g .  
The i n l e t  p i p i n g  c o n t a i n s  a shor t  l e n g t h  of f l e x i b l e  metal hose t o  
r educe  p i p i n g  l o a d s  on t h e  t u r b i n e  gearbox.  

A summary of detai led t u r b i n e  d e s i g n  pa rame te r s  is shown i n  
T a b l e  11. The n o z z l e  t h r o a t  and e x i t  areas w e r e  c a l c u l a t e d  u s i n g  
t h e  gas propert ies  for  i s o b u t a n e  p r e s e n t e d  i n  "F lu id  Thermodynamic 
P r o p e r t i e s  fo r  Light  Pe t ro leum Systems" by Kenneth E.  S t a r l i n g  
( R e f .  4 ) .  The a n a l y t i c a l  approach fo r  t h e  de ta i led  n o z z l e  d e s i g n  
invo lved  c a l c u l a t i n g  t h e  mass averaged d e n s i t y  and v e l o c i t y  of t h e  

i s o b u t a n e  (IC4) and water mix tu re  assuming an i s e n t r o p i c  expans ion  
from t h e  s p e c i f i e d  i n l e t  c o n d i t i o n s .  The n o z z l e  throat  p r e s s u r e  
w a s  de te rmined  t o  maximize t h e  p roduc t  of d e n s i t y  and v e l o c i t y  which ,  

fo r  a g iven  m a s s  f l o w  ra te ,  un ique ly  de t e rmines  a n o z z l e  th roa t  
area. The n o z z l e  th roa t  p r e s s u r e s  fo r  t h e  s u b c r i t i c a l  and supe r -  
c r i t i c a l  c y c l e s  are  estimated t o  be 212 p s i a  and 410 ps ia ,  
r e s p e c t i v e l y .  The above d e s i g n  approach has  been v e r i f i e d  i n  a 
number of s imilar  o r g a n i c  f l u i d  t u r b i n e  n o z z l e s  p r e v i o u s l y  des igned  
and tested by Barber-Nichols. 

3 .1 .2  Gearbox 
A standard double  r e d u c t i o n  Barber-Nichols  gearbox (GR=6.05) 

w a s  used i n  t h e  power equipment module. The gearbox used  r o l l i n g  
element  a n t i f r i c t i o n  b a l l  b e a r i n g s  t o  minimize t h e  p a r a s i t i c  power 
losses of t h e  gearbox and t o  a l l o w  improved e v a l u a t i o n  of  t h e  t u r b i n e  
o u t p u t  power. L u b r i c a t i o n  w a s  p rov ided  by an  i n t e r n a l  c 
l u b e  pump, and o i l  t empera tu re  w a s  c o n t r o l l e d  by a water c o o l e d  h e a t  
exchanger mounted on t h e  gearbox hous ing .  

\ 

A face seal on t h e  h i g h  speed s h a f t  w a s  u sed  t o  seal t h e  
i s o b u t a n e  c o n t a i n e d  i n  t h e  t u r b i n e  exhaus t  hous ing .  A nominal d e s i g n  
face l o a d i n g  of 9.7 lb s .  w a s  estimated a t  a t u r b i n e  exhaus t  p r e s s u r e  
of 83 p s i a .  The seal w a s  des igned  t o  i n c r e a s e  t h e  face l o a d i n g  t o  
about  11.9 l b s .  a t  110 p s i a .  



TABLE I1 

TURBINE DESIGN PARAMETERS FOR 

DIRECT CONTACT POWER LOOP TURBINE 

2. Blade chord, C 
3. Blade height, h 
4. No. of blades, Z 

6. Blade exit angle, 6 2 
7. No. of nozzles, N *NOZZLE DESIGN PARAMETERS 
8. Trailing rotor edge width, te 
9. Throat  diameter, D - Sub. Super. 

11. Nozzle area ratio, Ar 9; Throat dia. ,229 in . 199 i n  
10. Exit dia. .286 in .337 in 

10. Exit diameter, D2 7. No,-nozzles 2 1 

3. Edge thickness betwe 11. Area ratio 
' 12. Angle 

13, Edge thk. .OlOmax N / A  
14. Admission 45O 26. lo 
18. Exhaust 5 5 0  5 50  
19. Pres. ratio 3.79 7.21 
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3.2 PREDICTED PERFORMANCE 

The p r e d i c t e d  v a r i a t i o n  of t u r b i n e  e f f i c i e n c y  w i t h  speed  is 
shown i n  F i g u r e  1. ‘Ef f i c i ency  c u r v e s  are p r e s e n t e d  f o r  pu re  i sobu tane  
and IC4/water mixture  a t  s u p e r c r i t i c a l  and s u b c r i t i c a l  c o n d i t i o n s .  
Because of t h e  a l lowab le  test  speed range  of t h e  a l te rna tor  ( s e e  
S e c t i o n  3 . 3 )  t h e  t u r b i n e  can be t e s t e d  above and below t h e  a n t i c i -  
pa t ed  peak e f f i c i e n c y  p o i n t  f o r  each of t h e  s p e c i f i e d  c y c l e  c o n d i t i o n s .  
The s e l e c t e d  t u r b i n e  c o n f i g u r a t i o n  is w e l l  w i t h i n  t h e  expe r i ence  
envelope of p rev ious  Barber-Nichols t u r b i n e  des igns .  

3.3 CONTROLS AND SAFETY 

3.3.1 DSS Loop C o n t r o l s  

p r e s s u r e  c o n t r o l l e r  t o  ma in ta in  t h e  DCHX o p e r a t i n g  p r e s s u r e  a t  a 
p re - se t  v a l u e  (normally 340 p s i ) .  I sobutane  and b r i n e  f low cont ro l  
w a s  o b t a i n e d  by manually a d j u s t i n g  bypass  f low i n  bo th  t h e  i sobu tane  
and b r i n e  c i r c u i t s .  B r i n e  l e v e l  i n  t h e  column w a s  a u t o m a t i c a l l y  

* The c o n t r o l s  on  t h e  DSS loop  c o n s i s t e d  of a F i s h e r  Wizard I1 

main ta ined  by a F i s h e r  t y p e  2500-2493 l e v e l  c o n t r o l l e r .  

3 .3 .2  Barber-Nichols Turbo-Generator C o n t r o l s  

l o a d  speed cont ro1 ,overspeed  s w i t c h ,  a gearbox l u b e  o i l  h igh  tempera- 
t u r e  s w i t c h ,  a l u b e  o i l  low p r e s s u r e  s w i t c h ,  a shed h igh  and l o w  
p r e s s u r e  s w i t c h ,  a gearbox h igh  p r e s s u r e  s w i t c h ,  a t u r b i n e  i n l e t  
s h u t o f f  v a l v e ,  v i s u a l  and a u d i b l e  a l a rms ,  and a n c i l l a r y  s w i t c h e s ,  
relays and i n d i c a t o r  l i g h t s .  

were mounted on t h e  turbo-gearbox and were, t h e r e f o r e ,  exp los ion  
p roof .  The warn ing  alarm l i g h t  w a s  a lso exp los ion  p roof .  

The cont ro ls  f o r  t h e  tu rbo-gene ra to r  c o n s i s t e d  of a v a r i a b l e  

The l u b e  o i l  tempera ture  swi t ch  and t h e  overspeed s w i t c h  

S ince  t h e  g e n e r a t o r  and its speed c o n t r o l  were not  exp los ion  
proof t h e y  were mounted i n s i d e  a p r e s s u r i z e d  e n c l o s u r e  t o  meet s a f e t y  
requi rements .  To reduce  component cos t ,  a l l  o t h e r  e lec t r ica l  
components were a l so  mounted i n s i d e  t h e  shed.  

The c o n t r o l  s y s t e m  f e a t u r e d  warning alarms and an au tomat i c  
shutdown mode. A h igh  i sobu tane  l e v e l  o u t s i d e  t h e  shed ( g r e a t e r  . 
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t h a n  50% LEL),  h igh  l u b e  o i l  tempera ture  (above 200°F), o r  h igh  
gearbox p r e s s u r e  (above 5 p s i g )  caused t h e  a u d i b l e  and v i s u a l  alarms 
t o  a c t i v a t e  bu t  d i d  not  shutdown t h e  tu rbo-gene ra to r .  An i n d i c a t o r  
l i g h t  on t h e  c o n t r o l  pane l  a lso i l l u m i n a t e d  t o  i n d i c a t e  which alarm 
c i r c u i t  had been a c t i v a t e d .  Low l u b e  o i l  p r e s s u r e  o r  t u r b i n e  
overspeed bo th  a c t i v a t e d  t h e  alarm and shutdown t h e  tu rbo-gene ra to r .  
If t u r b i n e  o u t p u t  s h a f t  speed increased above 4000 rpm or gearbox 
l u b e  o i l  p r e s s u r e  dropped below 15 p s i g ,  t h e  tu rbo-gene ra to r  would 
a u t o m a t i c a l l y  shutdown and an  alarm would a c t i v a t e ,  
d e t e c t o r  was a l so  capab le  of s h u t t i n g  down t h e  tu rbo-gene ra to r .  

and t h e  heat exchanger loop .  E i t h e r  a manual o r  au tomat ic  o p e r a t i n g  
mode could  be selected. If t h e  DSS loop was o p e r a t i n g  i n  t h e  au to-  
m a t i c  mode, which was a l w a y s  t h e  case d u r i n g  c a l i b r a t i o n  and endur- 
a n c e  r u n s ,  shutdown of t h e  tu rbo-gene ra to r  would a lso shutdown t h e  

DSS loop .  

door closed t o  keep t h e  shed p r e s s u r i z e d .  However, i t  w a s  necessa ry  
t o  open t h e  door p e r i o d i c a l l y  t o  add water t o  t h e  shed c o o l e r .  To 
p reven t  t h e  a u d i b l e  alarm from sounding when t h e  shed o v e r p r e s s u r e  
dropped, a key o p e r a t e d  s w i t c h  w a s  a v a i l a b l e  t o  t u r n  o f f  t h e  alarm 
buzze r .  If any  o ther  f a u l t  occu r red  w h i l e  t h e  shed door w a s  open, 
a r e l a y  c o n t a c t  across t h e  key s w i t c h  would close t o  r e a c t i v a t e  t h e  

buzzer .  The buzzer  could  t h e n  be s h u t  o f f  a g a i n  by  d e p r e s s i n g  a 
push b u t t o n .  The alarm l i g h t  would s t a y  on i n  bo th  c a s e s  u n t i l  t h e  

f a u l t  w a s  corrected and t h e  reset b u t t o n  w a s  depress 
shows t h e  c o n t r o l  s y s t e m  schematic and Appendix A c o n t a i n s  a more 
detailed d e s c r i p t i o n  of t h e  control  logic .  

I n  add i t ion  t o  t h e  turbo-genera tor  c o n t r o l s  d i s c u s s e d  above, 
t h e  g e n e r a t o r  power package used a speed c o n t r o l  c o n s i s t i n g  of a 
Woodward model 2301-8271-347 governor ,  a Vec t ro l  VPAC 5106-480-353- 
LSER power c o n t r o l l e r  and a load  bank c o n s i s t i n g  of two S inge r  347021' 
electric space  h e a t e r s .  The governor was a n  electronic u n i t  w i th  
i sochronous  c a p a b i l i t y  t h a t  measured s h a f t  speed and provided  a 
v o l t a g e  o u t p u t  t h a t  i n c r e a s e d  o r  decreased as t h e  speed a t t empted  
t o  move from t h e  set p o i n t .  The o u t p u t  v o l t a g e  w a s  used t o  modulate 

The hydrocarbon 

A s a f e t y  i n t e r l o c k  w a s  provided between t h e  tu rbo-gene ra to r  

N o r m a l  operat ion of t h e  tu rbo-gene ra to r  w a s  w i t h  t h e  shed 
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a power c o n t r o l l e r  which a d j u s t e d  t h e  load on t h e  generator by con- 
t r o l l i n g  power fed  t o  t h e  paras i t ic  load bank. Speed c o n t r o l  w a s  
ach ieved  by i n c r e a s i n g  o r  d e c r e a s i n g  t h e  l o a d  on t h e  g e n e r a t o r  as  
d i c t a t e d  by t h e  governor .  T h i s  approach f o r  c o n t r o l l i n g  speed  of 
t h e  Rankine c y c l e  powered g e n e r a t o r  w a s  selected f o r  two reasons. 
T h i s  l o a d i n g  approach is c o n s i s t e n t  w i t h  t h e  concept  t h a t  geothermal 
shou ld  p r o v i d e  base load and t h a t  a l l  of t h e  power g e n e r a t e d  can be 

absorbed by t h e  g r i d .  

for  good dynamic r e g u l a t i o n ,  a l l  of t h e  components r e q u i r e d  fo r  
c o n t r o l  were a v a i l a b l e  as o f f - the - she l f  hardware i t e m s  and  r e q u i r e d  
a minimum of e n g i n e e r i n g  or  f a b r i c a t i o n  t o  implement. 

The e v a l u a t i o n  of t h e  c o n t r o l  approach showed t h a t  t h i s  sys -  
t e m  would have good c o n t r o l  characterist ics,  both from t h e  s t a n d -  
p o i n t  of accu racy  i n  h o l d i n g  t h e  d e s i r e d  speed  and second ly  t h a t  it 
w a s  s tab le  regardless of t h e  s e t t i n g s  o r  g a i n  i n  t h e  c o n t r o l  l oop .  
A Root Locus Diagram showing t h e  open loop  sys tem dynamics is 
p r e s e n t e d  i n  F i g u r e  3. A s  can  be s e e n  from t h e  diagram, t h e  l o c u s  
is s table  regardless of t h e  governor  s e t t i n g s .  

I n  a d d i t i o n  t o  b e i n g  a cost e f f e c t i v e  approach 

3.3.3 S a f e t y  - DSS Loop 
S a f e t y  equipment on t h e  DSS Loop c o n s i s t e d  of b u r s t  discs 

on t h e  DCHX and t h e  condenser  t o  p r o t e c t  t h e  h e a t  exchangers  i n  t h e  
even t  of  o v e r p r e s s u r e ,  p r e s s u r e  s w i t c h e s  on t h e  b r i n e  and b u t a n e  
pumps t o  shutdown t h e  loop i n  case of e x c e s s i v e  pump discharge 
p r e s s u r e ,  a p r e s s u r e  s w i t c h  on t h e  condenser  t o  shutdown t h e  loop  
i n  case of e x c e s s i v e  condenser  p r e s s u r e ,  and s a f e t y  s h i e l d s  on a l l  
s i g h t  glasses. The platform around t h e  t o p  of  t h e  DCHX w a s  a l s o  
equipped w i t h  s a f e t y  c h a i n  r a i l i n g s  for  p e r s o n n e l  s a f e t y .  

3.3.4 S a f e t y  - Barber-Nichols Turbo-Gearbox 

i n s t r u m e n t s ,  and m o s t  of t h e  c o n t r o l  logic  were n o t  e x p l o s i o n  p r o o f ,  
t h e y  were e n c l o s e d  i n  a p r e s s u r i z e d  shed t o  isolate  them from any 
i s o b u t a n e  vapor .  The t u r b i n e  and gearbox were located o u t s i d e  t h e  
shed  and t h e  l o w  speed  s h a f t  pas sed  through t h e  w a l l  of t h e  enc lo -  
s u r e  w i t h  a r easonab ly  close c l e a r a n c e .  A p o s i t i v e  p r e s s u r e  w a s  

S i n c e  t h e  g e n e r a t o r  and its c o n t r o l  box, t h e  e lec t r ica l  

f 
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main ta ined  i n s i d e  t h e  e n c l o s u r e  t o  keep i sobu tane  vapor from e n t e r -  
i n g .  S ince  t h e  turbo-gearbox w a s  o u t s i d e  t h e  p r e s s u r i z e d  shed and 
there w a s  t h e  p o s s i b i l i t y  of i sobu tane  vapor l e a k i n g  through t h e  
t u r b i n e  s h a f t  f a c e  seal  i n t o  t h e  gearbox,  t h e  gearbox was cont inu-  
o u s l y  purged w i t h  commercial d r y  n i t r o g e n  a t  t h e  ra te  of 2 s t a n d a r d  
c u b i c  feet p e r  hour .  T h i s  f l o w  ra te  w a s  selected t o  keep t h e  
gearbox i n t e r n a l  p r e s s u r e  below 5 ps ig .  

The gearbox vent  l i n e  w a s  equipped w i t h  a rotometer t o  
measure t h e  n i t r o g e n  f l o w  ra te  and a wa te r - f i l l ed  U-tube manometer 
which se rved  as a re l ief  v a l v e  i n  t h e  event  of a c a t a s t r o p h i c  seal  . 

f a i l u r e .  The gearbox vent  l i n e  w a s  connected t o  t h e  DSS loop vent  
stack t o  r o u t e  any i sobu tane  vapor from t h e  gearbox away from t h e  
p r e s s u r i z e d  shed .  

A hydrocarbon detector w i t h  t w o  sensors was i n s t a l l e d  i n  
t h e  s y s t e m  t o  detect high l e v e l s  of i sobu tane .  One sensor was 
located i n s i d e  t h e  p r e s s u r i z e d  shed and,  i f  it detected a n  i sobu tane  
l e v e l  above 20% LEL, t h e  d e t e c t o r  would s h u t  down a l l  e lectr ical  
components i n  and around t h e  shed before a n  e x p l o s i v e  mix tu re  was 
a t t a i n e d .  The second sensor was located o u t s i d e  t h e  shed nex t  t o  
t h e  door  t o  detect h igh  i sobu tane  l e v e l s  o u t s i d e  t h e  shed and warn 
pe r sonne l  no t  t o  open t h e  shed door i f  t h e  i sobu tane  c o n c e n t r a t i o n  
was h igh  enough (above 50% LEL) t o  p r e s e n t  a hazard .  The hydrocarbon 
detector w a s  equipped w i t h  a meter which read t h e  h i g h e s t  i sobu tane  
l e v e l  which w a s  be ing  sensed and w i t h  v i s u a l  and a u d i b l e  alarms 
independent of t h e  c o n t r o l  s y s t e m  alarms t o  warn of a h igh  i sobu tane  
l e v e l .  The detector was a lso  equipped w i t h  a f a i l u r e  r e l a y  t o  
shutdown a l l  e l e c t r i c a l  equipment i f  t h e  d e t e c t o r  e i t h e r  l o s t  power 
or malfunct ioned and w i t h  a s teady a u d i b l e  alarm t o  warn of a m a l -  
f u n c t i o n .  The h i g h  i sobu tane  warning alarm was a p u l s a t i n g  alarm 
t o  d i s t i n g u i s h  it from t h e  f a i l u r e  alarm. 

3 . 4  LABORATORY TESTS 

3 . 4 . 1  Gearbox Losses 
For t h e  gearbox lo s s  tes t ,  t h e  gearbox w a s  d r i v e n  by a hydrau- 

l i c  motor connected t o  its ou tpu t  s h a f t  th rough a Morse gearbox and 
a Lebow t o r q u e  meter (see F igure  4 ) .  
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Figure 5. LBL gearbox horsepower losses. 
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The gearbox was d r i v e n  over  a range of ou tpu t  speeds and t h e  
l u b e  o i l  t empera tu re  and t u r b i n e  exhaust  p r e s s u r e  w e r e  v a r i e d .  The 

exhaus t  p r e s s u r e  w a s  v a r i e d  from 0 t o  70 p s i g  by p r e s s u r i z i n g  t h e  

t u r b i n e  housing w i t h  d r y  a i r .  The o i l  tempera ture  w a s  v a r i e d  from 
160°F t o  100°F by c o o l i n g  t h e  o i l  i n  an  o i l - to -wa te r  hea t  exchanger.  
The h y d r a u l i c  motor speed w a s  v a r i e d  t o  change t h e  gearbox ou tpu t  
s h a f t  speed from 2000 t o  3600 rpm. T h i s  corresponded t o  a t u r b i n e  
i n p u t  s h a f t  speed v a r i a t i o n  of 12 ,000  t o  21,800 rpm. Gearbox loss 
tests were conducted both w i t h  and wi thout  t h e  t u r b i n e  r o t o r  i n s t a l l e d .  

I n  add i t ion  t o  t h e  above mentioned parameters ,  b e a r i n g  tempera- 
t u r e ,  l u b e  o i l  p r e s s u r e ,  exhaus t  t empera tu re  and ou tpu t  sha f t  t o r q u e  
were also measured. These parameters  were used t o  c a l c u l a t e  gear-  
box horsepower l o s s  as  a f u n c t i o n  of o i l  t empera tu re ,  exhaus t  p r e s s u r e  
and t u r b i n e  s h a f t  r p m .  T h e s e  data are p r e s e n t e d  g r a p h i c a l l y  i n  
F i g u r e  5. 

3.4.2 A i r  T e s t s  
To v e r i f y  proper  o p e r a t i o n  of t h e  complete system and t o  

cal ibrate  t h e  t u r b i n e  nozz le  f low coe f f i  n t ,  t h e  s y s t e m  w a s  tested 
a t  Barber-Nichols. A i r  was used as t h e  f l u i d  t o  minimize 
problems d u r i n g  t h i s  i n i t i a l  o p e r a t i o n  o u r b i n e .  F i g u r e  6 is 
a s i m p l i f i e d  plumbing schematic of t h e  a i r  tes t  r i g .  A i r  w a s  s u p p l i e d  

. from a screw t y p e  a i r  com e s s o r .  The a i r  was compressed, coo led ,  
and  t h e  oil remove before t h e  f l o w  w a s  measured u s i n g  a sha rp  edge 

or i f ice .  The comp essed a i r  t h e n  flowed through t h e  t u r b i n e  run  
v a l v e  and i n t o  t h e  n o z z l e s  des igned  for t h e  s u b c r i t i c a l  c y c l e  con- 
d i t i o n s .  The t u r b i n e  p r e s s u r e  r a t i o  was v a r i e d  by a d j u  
v a l v e  i n  t h e  t u r b i n e  exhaus t  d u c t .  

The a i r  f l o w  data w a s  reduced u s i n g  h e  re la t ions  i n  t h e  ASME 
Power T e s t  Code, Chapter  4 ,  Flow Measureme (1959 e d i t i o n ) .  The 
theoretical  a i r  f l o w  through t h e  nozzles w a s  c a l c u l a t i d  u s i n g  t h e  

ideal  gas  r e l a t i o n s  for  f low through o z z l e .  That c a l c u l a -  
t i o n  used t h e  measured nozz le  t h r o a t  a r  ncluded t h e  e f f e c t  of 
water vapor ,  bu t  neg lec t ed  t h e  effect  of any e n t r a i n e d  o i l  vapor or 
m i s t .  The nozz le  f low c o e f f i c i e n t  (or d i s c h a r g e  c o e f f i c i e n t )  w a s  
t h e n  c a l c u l a t e d  by d i v i d i n g  t h e  measured a i r  f low by t h e ' a i r  f low 
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p r e d i c t e d  from t h e  idea l  gas re la t ions .  I t  should  be p o i n t e d  o u t  
t h a t  over  t h e  r ange  of a i r  p r e s s u r e s  (120 p s i g  maximum) and tempera- 
t u r e s  (83OF t o  142OF) observed d u r i n g  t h e  t e s t s ,  a i r  behaves l i k e  

an ideal  gas. However, d u r i n g  t h e  i sobu tane  tes ts ,  t h e  t u r b i n e  
i n l e t  condi t ions .were  near t h e  vapor dome and real  gas p r o p e r t i e s  

c o e f f i c i e n t  was 0.962 which, based on ou r  expe r i ence  s imilar  
nozzle d e s i g n s ,  is very  re onab le .  Proper  o p e r a t i o n  of t h e  t u r b i n e  
c o n t r o l s  and  s a f e t y  equipm 

m would perform better i f  t h e  g e n e r a t o r  e x i t a t i o n  w a s  changed 

o m  g e n e r a t o r  produced PO 

c 

had t o  be used .  The average  measured subcr i t ica l  no ' f l o w  - * 

t w a s  a l so  v e r i f i e d  d u r i n g  t h e  a i r  tests. 
During t h e  a i r  tests it w a s  determined t h a t  t h e  c o n t r o l  sys- 

-_ 

4.0 LOOP CONFIGURATION 

4.1 DIRECT CONTACT HEAT EXCHANGER TEST LOOP 

4 . 1 , 1  T e s t  Loop Components 
The test loop  c o n s i s t e d  of t h e  fo l lowing  major components: 

h e a t  exchang a combination p r e h e a t e r  and bo i l e r ,  
e p a r a t o r ,  a str i n g  column, a condenser ,  a h o t w e l l ,  
a t i on  pumps f o r  i sobu tane  and b r i n e  c i r c u l a t i o n .  

i o n s h i p  of t ese components is  i l l u s t r a t e d  i n  t h e  
'I s h e e t  and t h e  P 

f carbon s teel  t o  S e c t i o n  
s s u r e  Vessel Code. 
eld f i t t i n g s  were used . 

el,ls. Noz l e  80 p ipe  w i t h  300# , '  

OOO# screwed coup gs .  Cons t ruc t ion  t a i l s  are shown 
ngs i n  Appendix A Overpressure  p r o t e c t i o n  was provided  

alled behind s t a i n 1  steel  r u p t u r e  
tandard of f - the-she  

box. P i p i n g  w a s  predominant ly  
f a c i l i t a t e  bending and m i n i m i z e  

, r  
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t h e  number of j o i n t s .  
t o  allow f r e q u e n t  disassembly and m o d i f i c a t i o n  of t h e  p i p i n g  s y s t e m .  

"Swagelok" t y p e  f i t t i n g s  were used e x t e n s i v e l y  

4 .1 .3  Direct Contact  Heat Exchanger 

column having an o v e r a l l  h e i g h t  of about 13 feet .  The d i s t ance  
between t h e  i sobu tane  d i s t r i b u t o r  a t  t h e  bottom and t h e  b r i n e  d i s -  
t r i b u t o r  a t  t h e  top was 10 '  4". The s t r . a i g h t  sec t ion  of t h e  column 
w a s  9 '  i n  l e n g t h  w i t h  an  i n s i d e  diameter of 6". A t  both ends  a 
c o n i c a l  sec t ion  w i t h  an  inc luded  a n g l e  of 20° f la red  t o  a 10 inch  
d i ame te r .  The t r a n s i t i o n  a t  t h e  bottom r e s u l t e d  i n  a . g r a d u a l l y  
d e c r e a s i n g  downward v e l o c i t y  of t h e  b r i n e  and t h e  en la rged  diameter 
a t  t h e  bottom allowed s u f f i c i e n t  area i n  t h e  annulus  between t h e  

i sobu tane  d i s t r i b u t o r  and t h e  w a l l  t o  r educe  t h e  b r i n e  v e l o c i t y  i n  
t h e  s t r a i g h t  sec t ion .  A t  t h e  top of t h e  column t h e  10 i n c h  diameter 
provided  a large area f o r  m i s t  e l i m i n a t o r s .  The column is shown 
s c h e m a t i c a l l y  i n  F igu re  9 and i n  d e t a i l  by drawing no. 051-2202 i n  
t h e  Appendix. 

I sobutane  w a s  i n t roduced  nea r  t h e  bottom of t h e  column by a 
p l a t e  c o n t a i n i n g  390 d r i l l e d  holes 0.060 i n c h  i n  diameter. Type 

316 s ta in less  s teel ,  1/8 i n c h  t h i c k  w a s  used fo r  t h e  p l a t e .  On 
t h e  bottom face of t h e  p l a t e  t h e  edges  of t h e  ho les  were beveled  
wh i l e  t h e  upper face of t h e  p l a t e  w a s  ground t o  e n s u r e  sha rp  edges. 
A f t e r  machin ing ,  t h e  s u r f a c e  of t h e  plate  w a s  s l i g h t l y  ox id i zed  t o  
make it more o leophobic  (less wettable by i s o b u t a n e )  by p i c k l i n g  i n  
c o n c e n t r a t e d  n i t r i c  acid. 

The p r e h e a t e r  and boi le r  were combined i n t o  one s i n g l e  

B r i n e  w a s  i n t roduced  through a p e r f o r a t e d  d i s t r i b u t i o n  r i n g  
near t h e  t o p  of t h e  column. The i sobu tane  vapor l e a v i n g  t h e  top of 
t h e  column passed  through a k n i t  s t a in l e s s  steel w i r e  mesh demister 
pad 6 i n c h e s  deep which minimized ca r ryove r  of ei ther l i q u i d  iso- 
butane  or  b r ine .  

The c o n s t r u c t i o n  of t h e  column i n c o r p o r a t e d  5 p a i r s  of f l a n g e s  
t o  f ac i l i t a t e  i n s p e c t i o n  and 
connec t  i o n s  were provided '  on  
d r a i n s  and i n s t r u m e n t a t i o n .  

exper imenta l  modif icat ions.  Numerous 
t h e  s h e l l  of t h e  column f o r  v e n t s ,  
They inc luded  3 thermowel l s ,  1 p r e s s u r e  
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gage connec t ion ,  2 manometer t a p s ,  4 h i g h  p r e s s u r e  windows (or 
l l bu l l s - eyes l l )  f o r  viewing t h e  d i s p e r s i o n ,  and 3 pai rs  of gage glass 
connec t ions .  

4 .1 .4  Separator 
B r i n e  l e a v i n g  t h e  direct  c o n t a c t  heat exchanger  e n t e r e d  t h e  

s e p a r a t o r  which w a s  a h o r i z o n t a l  settler w i t h  a coalescer a t  t h e  

i n l e t  end. The vessel w a s  7 feet l o n g  and 8 i n c h e s  i n  d i a m e t e r ,  
and was i n s t a l l e d  w i t h  i ts l o n g i t u d i n a l  a x i s  t i l t e d  up lo from t h e  

h o r i z o n t a l  toward t h e  o u t l e t  end. 
The separator was n o t  used  d u r i n g  t h e  endurance run .  En te r -  

i n g  b r i n e  passed  th rough  it t o  t h e  f l a s h  t a n k  t a k i n g  any e n t r a i n e d  
i s o b u t a n e  w i t h  i t .  

4 . 1 . 5  Condenser 
I sobu tane  v a p o r ,  a f t e r  t h r o t t l i n g  th rough  a v a l v e  o r  expand- 

i n g  through t h e  t u r b i n e ,  w a s  condensed on t h e  s h e l l  s ide of a con- 
v e n t i o n a l  she l l -and- tube  h e a t  exchanger by  c o o l i n g  water f lowing  
th rough  a s i n g l e  pass of t u b e s .  The u n i t  w a s  i n s t a l l e d  w i t h  i ts  
l o n g i t u d i n a l  a x i s  t i l t e d  up 20' from t h e  h o r i z o n t a l .  
vapor  i n l e t  w a s  a t  t h e  upper  end of t h i s  u n i t  and t h e  condensa te  
o u t l e t  w a s  a t  t h e  lower end. The c o o l i n g  water flowed c o u n t e r  
c u r r e n t  w i t h  r e s p e c t  t o  t h e  i s o b u t a n e  f l o w .  The condensa te  o u t l e t  
and a v e n t  l i n e  were connected  t o  t h e  h o t w e l l  i n  such  a way t h a t  a 
l i q u i d  l e v e l  w a s  ma in ta ined  i n  t h e  bottom of t h e  condenser  t o  

The i s o b u t a n e  

subcool  i s o b u t a n e  l i q u i d .  The t o t a l  heat t r a n s f e r  area f o r  t h i s  

condenser  w a s  120 sq. f t .  

4 .1 .6  H o t w e l l  
The h o t w e l l  s e r v e d  as a r e c e i v e r  from which t h e  condensed 

i s o b u t a n e  w a s  pumped. As test  u n i t  o p e r a t i n g  c o n d i t i o n s  changed, 
t h e  amounts of  i s o b u t a n e  i n  t h e  direct c o n t a c t  heat exchanger  v a r i e d  
The h o t w e l l  p rov ided  t h e  i n v e n t o r y  t o  cope w i t h  these o p e r a t i n g  
changes as w e l l  as losses through leakage. I n s t r u m e n t a t i o n  on t h e  

ho twe l l  i nc luded  t e m p e r a t u r e  and p r e s s u r e  i n d i c a t i o n  and 1 gage 
glass .  The v e s s e l  w a s  6 feet  long  and 10-5/8 i n c h e s  i n  diameter. 
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I t  was i n s t a l l e d  w i t h  its l o n g i t u d i n a l  a x i s  t i l t e d  up one i n c h  from 
t h e  hor izonta l  toward t h e  pump s u c t i o n  l i n e .  Therefore, t h e  water 
condensa te  i n  t h e  hotwel l  could  be dra ined  off  a t  t h e  lower end of 
t h e  v e s s e l ,  The hotwel l  is shown i n  d e t a i l  i n  drawing 051-2208, 

c Appendix A .  

4.1.7 S t r i p p i n g  Column 

any a d d i t i o n a l  i s o b u t a n e  from t h e  b r ine  l e a v i n g  t h e  separator. The 
s t r i p p e r  w a s  i s o l a  t h e  remainder of t h e  DSS loop d u r i n g  t h e  

endurance run  and,  therefore,  w a s  not  used.  

4 .1 .8  Pumps 

F 

The DSS loop was equipped w i t h  a s t r i p p i n g  column t o  remove 

a n e  w a s  c i r c u l  
mp (Model T-0410C) r a t e d  a t  10 gpm capaci ty .  The 

ed by a 4 c y l i n d e r  John Bean o u t s i d e  

b r i n e  pump w a s  an  o u t s i d e  packed t r i p l e x  pump (John Bean Model M-0910) 
w i t h  a rated c a p a c i t y  of 7 gpm. Both  pumps were equipped w i t h  a 
n i t r o g e n  f i l l e d  accumulator on t h e  discharge s ide t o  reduce p r e s s u r e  
p u l s a t i o n .  Flow rate  was n t r o l l e d  by a v a l v e  on  a bypass l i n e  
from t h e  discharge t o  s u c t i o n  side t h e  pump. A re l ie f  v a l v e  
w a s  p rovided  on t h e  discharge l i n e  p reven t  o v e r p r e s s u r e  damage 

t o  t h e  pump or  tes t  u n i t .  
Pumping r equ i r emen t s  f o r  t h e  i s o b u t a n e  were espec ia l ly  demand- 

head and h i g h  d i s c h a r g  
s i t y ,  p l a c i n g  f u r t h e r  

4 

se changes were made so 
.m 

f t h e  t u r b i n e .  
P i p i n g  from t h e  i sobu tane  pump t o  t h e  direct  contact heat 

exchanger w a s  p rovided  w i t h  tees and block v a l v e s  t o  direct  i sobu tane  
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t o  e i t h e r  t h e  s u r f a c e  heat exchanger  or t o  t h e  direct  c o n t a c t  heat 
exchanger .  S i n c e  c a l i b r a t i o n  w i t h  t h e  s u r f a c e  h e a t  exchanger  w a s  
a t  both s u b c r i t i c a l  and s u p e r c r i t i c a l  c o n d i t i o n s ,  two sa fe ty  relief 
v a l v e s  were provided  o n ' t h e  pump d i s c h a r g e .  
cou ld  be selected: 
c r i t i ca l .  

E i t h e r  s a f e t y  v a l v e  
650 p s i  f o r  s u p e r c r i t i c a l  or 350 p s i  f o r  sub- 

I sobu tane  vapor  p i p i n g  w a s  p rov ided  f o r  t h e  s u r f a c e  heat 
exchanger t o  t h e  t u r b i n e  i n l e t .  The vapor  l i n e  from t h e  DCHX w a s  
a l s o  connected t o  t h e  t u r b i n e  i n l e t  by means of a p p r o p r i a t e  iso- 
l a t i n g  v a l v e s  and tees. 
o p e r a t i o n  cou ld  be changed from c a l i b r a t i o n  w i t h  t h e  s u r f a  
exchanger  t o  o p e r a t i o n  w i t h  t h e  DCHX wi thou t  any p i p i n g  changes 

. A vapor  l i n e  w a s  p rov ided  between t h e  t u r b i n e  exhaus t  an  
t h e  condenser .  T h i s  l i n e  w a s  t i e d  i n t o  t h e  o r i g i n a l  vapor  l i n e  
from t h e  DCHX t o  t h e  condenser .  The o r i g i n a l  p r e s s u r e  c o n t r o l  v a l v e  
' (PCV 100) between t h e  DCHX and condenser  remained o p e r a b l e  t o . a l l o w  
t h e  t u r b i n e  t o  s h u t  down w h i l e  t h e  DCHX w a s  s t i l l  running .  
provided  a "short  c i r c u i t "  around t h e  t u r b i n e  d i r e c t l y  t o  t h e  
condenser .  

A s  a r e s u l t  of these changes ,  t h e  mode of 

r -  

T h i s  

S e p a r a t e  b r i n e  supp ly  and r e t u r n  p i p e s  were i n s t a l l e d  t o  
p r o v i d e  t h e  s u r f a c e  heat exchanger  w i t h  b r i n e .  The f low of b r i n e  
t o  t h e  heat exchanger w a s  manually c o n t r o l l e d .  

Hot pipes  w e r e  i n s u l a t e d  w i t h  a s b e s t o s  l a g g i n g .  
A l l  p i p i n g  w a s  hydrotested t o  900 p s i  before t e s t i n g  began. 

An e lectr ical  r e l a y  w a s  i n s t a l l e d  l i n k i n g  t h e  t u r b i n e  s top 
v a l v e  t o  t h e  DCHX s y s t e m .  
a lso s h u t  o f f  t h e  power t o  t h e  DCHX pumps and opened t h e  p r e s s u r e  
c o n t r o l  v a l v e  (PCV 100) between t h e  b o i l e r  and condenser .  T h i s  
a l lowed t h e  i s o b u t a n e  vapor  i n  t h e  DCHX t o  be ven ted  t o  t h e  condenser  5 

when t h e  t u r b i n e  i n l e t  v a l v e  closed f o r  any r e a s o n .  

A s i g n a l  c l o s i n g  t h e  t u r b i n e  s t o p  v a l v e .  

1 

4 .2  INSTRUMENTATION AND SAMPLING 

4 . 2 . 1  I n s t r u m e n t a t i o n  - DSS Loop 

(DCHX) loop c o n s i s t e d  of a mul t i -channel  Leeds and Northrup s t r i p  
The i n s t r u m e n t a t i o n  on t h e  DSS direct  c o n t a c t  heat exchanger  
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chart recorder to record brine temperature into and out of the DCHX 
rature into and t of the DCHX. Other instru- 
of pressur and thermometers located in 

d butane temperatures and 
, and-two Brooks Instruments Division 

0 

Q 

ture, turbine exhaust temperature and generator shed temperature; 
a Newport Model 6110 electronic tachometer for displaying turbine 

; a Lebow Model 7525 digital indicator f o r  
output; and turbine inlet pressure, 

exhaust pqessure and oil pressure ages. Other instrumentation 
included a Dwyer Model 3000-00 sh pressure switch with a gage to 

ples of isobutane 

s 

i The brine bomb was 
of the DCHX. The bomb was mounted vertically a 
were purged for 5 minutes to equalize the tempe 
excess gas before the sample was collected. The vapor bomb was 

n parallel with the turbine,between the inlet and outlet 
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p i p e  and w a s  mounted h o r i z o n t a l l y .  To collect  a sample t h e  bo 

i n l e t  v a l v e s  were opened f u l l y .  The o u t l e t  v a l v e s  were t h e n  o 
u n t i l  t h e  bomb p r e s s u r e  dropped approximate ly  50 p s i .  
w a s  t h e n  purged f o r  5 minutes  t o  e q u a l i z e  t empera tu re  and minimize 

The bomb 

condensa t ion .  The 'sample w a s  t h e n  c o l l e c t e d .  '1 

The samples  were 
de te rmine  t h e  amount of 
t h e  amount of i s o b u t a n e  

5.0 FIELD OPERATIONS 

5.1 LOOP OPERATION 

analyzed  by t h e  East Mesa chemis t ry  l ab  t o  
b r i n e  c a r r y o v e r  t o  t h e  t u r b i n e  i n l e t  and . 
l o s s  t o  t h e  b r i n e  r e i n j e c t i o n  pond. 

The t e s t  u n i t  p rovided  f o r  t h e  con t inuous  c i r c u l a t i o n ,  con- 
t ac t ,  and s e p a r a t i o n  of b r i n e  and i s o b u t a n e .  H e a t  f rom geothermal 
b r i n e  w a s  t r a n s f e r r e d  t o  t h e  i s o b u t a n e  i n  a s i n g l e  direct  c o n t a c t  
heat exchanger .  

I sobu tane  l i q u i d  w a s  pumped from t h e  h o t w e l l  t o  t h e  d i r e c t  
c o n t a c t  heat exchanger where it w a s  heated and vapor i zed  by c o u n t e r  
c u r r e n t  c o n t a c t  w i t h  b r i n e .  The i s o b u t a n e  vapor  and a small  amount 
o f  water vapor  w a s  t h e n  t h r o t t l e d  t o  t h e  condens ing  p r e s s u r e  th rough  
t h e  Barber-Nichols  t u r b i n e .  The vapor  w a s  condensed and t h e  isobu-  
t a n e  l i q u i d  r e t u r n e d  t o  t h e  h o t w e l l  t o  repeat t h e  cycle. Water 
condensa te  i n  t h e  hotwel l  w a s  c o n t i n u o u s l y  d r a i n e d  o f f .  

supp ly  mani fo ld  t o  t h e  direct  c o n t a c t  heat exchanger  where h 

extracted from it t o  heat and v a p o r i z e  t h e  i sobu tane .  The h 
p r e s s u r e  b r i n e  w a s  t h e n  reduced  t o  a tmospher ic  p r e s s u r e  and dumped 
i n t o  an open t a n k  where d i s s o l v e d  i s o b u t a n e  i n  t h e  b r i n e  w a s  f l ashed  
o u t .  N o  a t tempt  w a s  made t o  r e c o v e r  t h e  i s o b u t a n e  a t  t h i s  p o i n t .  
F i n a l l y ,  t h e  b r i n e  w a s  s e n t  t o  t h e  r e i n j e c t i o n  sys t em.  

H o t  b r i n e  from w e l l  Mesa 6-2 w a s  pumped from t h e  geothermal 

a 

r_ 

5 . 2  CALIBRATION TESTS 

The pr imary  g o a l  of t h e  c a l i b r a t i o n  tests was t o  o b t a i n  
t u r b i n e  and c y c l e  performance data w i t h  p u r e  i s o b u t a n e  f o r  u s e  i n  
e v a l u a t i n g  r e s u l t s  of t h e  direct c o n t a c t  heat exchanger  tests.  
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A ca l ib ra t i  w a s  assembled and ins t rumented  t o  o b t a i n  
turbo-gearbox and cy  e f f i c i e n c y  over  a range of cycle o p e r a t i n g  
pa rame te r s .  These  i n g  parameters  i nc luded  turbo-gearbox 
o u t p u t  s h a f t  speed ,  amount eat ,  t u r b i n e  p r e s s u r e  r a t i o ,  

DCHX loop  w i t h  t h e  DCHX r e p l a c e d  by a conven t iona l  b r ine - to - i sobu tane  
h e a t  exchanger.  

sobutane  f l o w  ra te .  T a t i o n  loop  c o n s i s t e d  of t h e  DSS 1 

F 

The turbo-gearbox ca l ib ra t ion  tes t s  were conducted a t  both 

t empera tu res  of 220°F and 
t i c a l  and s u p e r c r i t i c a l  c y c l e  c o n d i t i o n s .  Turb ine  i n l e t  

ere r u n .  The upper i ts  p r e s s u r e  and t empera tu re  
00 and 600 p s i  

o t h e  s u p e r c r i t i c a l  c o n d i t i o n s .  
u b c r i t i c a l  cal ibrat ion tests were performed a t  i sobu tane  

f l o w  ra tes  of  8, 10 and 11.5 gpm, a t  t u r b i n e  i n l e t  t empera tu res  of 
220°F through 290°F, t u r b i n e  i n l e t  p r e s s u r e s  of 220 p s i g  through 
350 p s i g ,  and a t  t u r b i n e  o u t p u t  s h a f t  speeds of 2400, 2600, 2800, 
3000, and 3200 rpm. For each t e s t ,  t h e  i sobu tane  f l o w  ra te  w a s  
first set a t  a d e s i r e d  v a l u e  by a d j u s t i n g  t h e  i s o b u t a n e  pump bypass 

c o n t r o l .  The t u r b i n e  i n l e t  t empera tu re  w a s  t h e n  set  by va ry ing  
t h e  b r i n e  f l o w  through t h e  h a i r p i n  h e a t  exchanger.  The t u r b i n e  
o u t p u t  s h a f t  speed  w a s  t h e n  v a r i e d  by  a d j u s t i n g  t h e  g e n e r a t o r  speed 
c o n t r o l .  Gearbox o u t p u t  horsepower w a s  c a l c u l a t e d  a t  each speed 
s e t t i n g  t o  a s s u r e  t h a t  pe r fo rmance -da ta  w a s  ob ta ined  a t  n e a r  peak 

w h i l e  ho ld ing  the t u r b i n e  i n l e t  t empera tu re  and  i sobu tane  f l o w  ra te  
c o n s t a n t .  Turb ine  i n l e t  t empera tu re  w a s  t h e n  a d j u s t e d  t o  a new 
v a l u e  and  t h e  r e p e a t e d .  When s u f f i c i e n t  data had been 
collected a t  a number of d i f f e r e n t  t u r b i n e  i n l e t  t e m p e r a t u r e s ,  t h e  

D a t a  w e r e  recorded a t  t h e  f i v e  speeds mentioned above 

a i s o b u t a n e  f low rate was changed and t h e  test sequence w a s  repeated. 
The s u p e r c r i t i c a l  ca l ib ra t ion  tests were performed a t  iso- 

bu tane  flow rates of 8 ,  8.5, and 9 gpm, t u r b i n e  i n l e t  t empera tu res  
of 270°F through-300°F,A t u r b i n e  i n l e t  p r e s s u r e s  of 510 p s i g  through 
575 p s i g ,  and a t  t u r b i n e  o u t p u t  s h a f t  
3000 rpm. 
The t e s t  sequence for  t h e  s u p e r c r i t i c a l  tests w a s  t h e  same as  t h a t  

used f o r  t h e  s u b c r i t i c a l  tests. 

1 

of 2400 rpm through 
The s i n g l e  nozz le  c o n f i g u r a t i o n  was u s e d * i n  t h i s  t e s t .  
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Upon completion of t h e  s u b c r i t i c a l  and s u p e r c r i t i c a l  iso- 
butane  cal ibrat ion tests, t h e  h a i r p i n  hea t  exchanger w a s  i solated 
and c a l i b r a t i o n  tests were performed w i t h  t h e  direct  c o n t a c t  heat 
exchanger.  Only s u b c r i t i c a l  i sobu tane /wa te r  tests were performed 

rate of 1 0  gpm, a t u r b i n e  i n l e t  t empera ture  of 225OF, a t u r b i n e  
i n l e t  p r e s s u r e  of 282 p s i g ,  and a t  t u r b i n e  ou tpu t  s h a f t  speeds  of . 
2400, 2600, 2700, 2800, 3000, and 3600 rpm. 

run  w a s  s tarted.  
were selected from r e s u l t s  of t h e  s u b c r i t i c a l  i s o b u t a t e  c a l i b r a t i o n  
wi th  t h e  h a i r p i n  heat exchanger and t h e  DCHX s u b c r i t i c a l  i sobu tane  
and water tests. 

w i t h  t h e  DCHX loop. These  tests were performed a t  an i sobu tane  f l o w  

When t h e  DCHX c a l i b r a t i o n  tests were completed, t h e  endurance 
The o p e r a t i n g  parameters  f o r  t h e  endurance run 

5 . 3  ENDURANCE RUN 

The goals of t h e  endurance run  w e r e :  1) t o  o b t a i n  opera t ing  
expe r i ence  on a power producing loop  u t i l i z i n g  an o r g a n i c  working 
f l u i d  ( i s o b u t a n e )  w i t h  some e n t r a i n e d  geothermal b r i n e  vapor ,  2) t o  
e v a l u a t e  cycle e f f i c i e n c y ,  3) t o  accumulate s u f f i c i e n t  run  t i m e  t o  
i d e n t i f y  and/or e v a l u a t e  p o t e n t i a l  problems, and ( 4 )  t o  i d e n t i f y  
loop  o r  f l u i d  degradation. 

ma l func t ions  encountered ,  one p o i n t  must be c lar i f ied.  The i n t e n t  
of t h e  endurance run  w a s  t o  demonstrate t h e  perTormance of a direct  
c o n t a c t  heat exchanger i n  an  e lectr ic  power producing loop. The . 

endurance run  was not  performed t o  test  conven t iona l  h e a t  exchangers ,  
pumps, p r e s s u r e  swi t ches ,  seals ,  or  any  o t h e r  equipment o r  components. 

assembled w i t h  t h e  500 hour endurance run  i n  mind,  t h e  DSS direct  
contact h e a t  exchanger loop w a s  n o t .  I t  w a s  assembled on a "crash" 
basis n e a r l y  2 years ago for  a series of sho r t  heat t ransfer  t es t s  
not  l a s t i n g  more than  a f e w  hour s . each .  

completed a t . 1 6 3 0  hours  on  August 24, 1977. During t h i s  t i m e  p e r i o d  

In  d i s c u s s i n g  t h e  endurance run  and any  equipment problems or  

Although t h e  Barber-Nichols turbo-genera tor  was des igned  and 0 

2 

The endurance run  began a t  0940 on J u l y  26, 1977, and was 

t h e  DCHX loop  and t h e  turbo-genera tor  accumulated a t o t a l  of 500 
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g t i m e .  Four per sonne l ,  t w o  from Barber-Nichols 
C o .  and t w o  f r o m  D S S  Enginee r s ,  manned t h e  tes t  loop on 

a 24 hour a day,  7 day a ek  basis .  For t h e  endurance r u n ,  t h e  

R. W. Ho l l and  heat exchanger (used f o r  t h e  ca l ibra t ion  tes t )  w a s  
i solated by c l o s i n g  a p p r o p r i a t e  v a l v e s  and t h e  DCHX w a s  used .  

0 

Opera t ing  parameters for  t h e  endurance run  were as fo l lows :  

Br ine  i n l e t  t empera tu re  t o  t h e  DCHX 330 - + 5OF 
Butane o u t l e t  t empera ture  from t h e  D C H X 2 4 5  - + 5OF 

300 + 10 ps ig  
Br ine  f low r a t e  5 . 4  5 0 . 2  gpm 

9 . 5  + 0 . 3  gpm 
Turbine  speed 2750 - + rpm 
Butane l e v e l  i n  h o t w e l l  greater t h a n  1 / 2  f u l l  

c 

DCHX o p e r a t i n g  p r e s s u r e  - 

Butane f low r a t e  - 

95 + 10 p s i g  Condenser p r e s s u r e  - 

These parameters  r e s u l t e d  i n :  

Turb ine  i n l e t  t empera tu re  232 - + 3'F 

95 + 1 0  p s i g  
Turb ine  i n l e t  p r e s s u r e  300 - + 10 p s i g  

Turb ine  exhaus t  p r e s s u r e  - 

The t u r b i n e  i n l e t  t empera ture  and p r e s s u r e  were very  close t o  
des ign  c o n d i t i o n s ;  however, t h e  t u r b i n e  exhaus t  p r e s s u r e  was approx- 
i m a t e l y  25 p s i  h igher  t h a n  d e s i  is occur red  for a number of 
r easons :  1) some tubes  i n  t h e  condenser were 

e h igh  humidi ty  a t  t h  est s i t e ,  t h e  

g t h e  condenser a t  83OF t o  86OF 
ibles  such  a 

a t a  were recorded 
il tempera tu re ,  ge 

i t empera tu re ,  t empera tu re ,  
u r e ;  t u r b i n e  

butane  f l o w  ra te ,  and DCHX br ine  i n l e t  and o u t l e t  t empera ture .  

il 
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Since  t h e  gearbox w a s  be ing  purged w i t h  n i t r o g e n  t o  p reven t  
i sobu tane  bu i ldup ,  i t s  o i l  l e v e l  and t h e  n i t r o g e n  f l o w  ra te  were 
ch,ecked once each hour .  

During t h e  endurance r u n ,  t h e  DCHX loop  and t h e  turbo-  
g e n e r a t o r  were s h u t  down a t o t a l  of 26 t i m e s  f o r  v a r i o u s  r easons .  * 

These  reasons are summarized as f o l l o w s :  
. 

Number of Times 
Shut down Cause 

5 Isobutane  f low problems 

4 Brine  pump p r e s s u r e  s w i t c h  
3 Repack b r i n e  pump 
2 Cool ing  tower 
2 Gearbox o i l  change 
2 Low i sobu tane  l e v e l  
1 S i t e  power f a i l u r e  
1 High gearbox p r e s s u r e  
1 Blown DCHX b u r s t  d i sc  
1 Ruptured b r i n e  pump d i s c h a r g e  l i n e  
1 S w i t c h  t o  h a i r p i n  heat exchanger 
1 Repack butane  pump 
1 . Plugged r e i n j e c t i o n  l i n e  
1 Endurance run  complete 

The largest s i n g l e  shutdown problem w a s  i sobu tane  f l o w .  T h i s  

w a s  normally caused by water or a i r  i n  t h e  butane  pump o r  butane  
pump packing f a i l u r e .  The second largest shutdown f a i l u r e  occur red  
early i n  t h e  endurance run  and was traced t o  a f a u l t y  p r e s s u r e  swi t ch .  
T h i s  was corrected by replacement of t h e  p r e s s u r e  swi t ch  and a d d i t i o n  

p r e s s u r e  s w i t c h  diaphragm wi th  h o t  b r i n e .  B r i n e  pump packings  were 

pump w a s  des igned  fo r  a maximum o p e r a t i n g  tempera ture  of 160°F. 
However, t h e  b r i n e  w a s  a t  330°F and 300 p s i g .  
on water  seepage f o r  l u b r i c a t i o n ,  and,  since t h e  b r i n e  f l a s h e d  through 
t h e  packings ,  t h e y  r ece ived  no l u b r i c a t i o n  and f a i l e d  eve ry  50 t o  100 

hours .  

of a c o o l i n g  c o i l  t o  t h e  b r i n e  l i n e  t o  prevent  o v e r h e a t i n g  of t h e  

t h e  t h i r d  m o s t  common cause  f o r  s h u t t i n g  down t h e  loop.  The b L 

. 
The packings  depended 



2-33 

4 

Because t h e  condenser was water coo led ,  t h e  loop had t o  be 

shutdown t w i c e  t o  p reven t  condenser o v e r p r e s s u r e  due $ t o  cool ing 
tower problems. 

The loop  w a s  shutdown twice t o  change gearbox o i l ,  once 
because of water contaminat ion  caused by a l e a k i n g  o i l  c o o l e r  a t  
311 hours  and once due t o  i sobu tane  contaminat ion  caused b y . a  

l eak ing  gearbox t u r b i n e  s h a f t  f a c e  seal .  

r e p l a c e  t h e  i sobu tane  pump pack ings ,  these packings were replaced a 
number of t i m e s  when t h e  loop  w a s  s h u t  down f o r  o t h e r  reasons. The 

butane  pump packings  f a i l e d  as o f t e n  as t h e  b r i n e  pump packings  and 
f o r  t h e  same reason; no l u b r i c a t i o n .  Ne i the r  pump was des igned , fo r  
t h i s  a p p l i c a t i o n .  

b r i n e  f l o w  ra te ,  i sobu tane  f l o w  r a t e  and water l e v e l  i n  t h e  hotwel l  
had t o  be watched almost c o n s t a n t l y .  Normal ly  i f  t h e  water l e v e l  
i n  t h e  h o t w e l l  was kept  t o  a minimum and t h e  i sobu tane  l e v e l  i n  t h e  

ho twe l l  w a s  kep t  above t h e  ha l f  f u l l  mark, t h e  i sobu tane  f l o w  ra te  
remained c o n s t a n t .  

Although t h e  loop w a s  on ly  shutdown once s p e c i f i c a l l y  t o  

S i n c e  there were no au tomat ic  c o n t r o l s  on t h e  DSS l o o p ,  t h e  

The b r i n e  flow rarely changed, bu t  it had t o  be r e a d j u s t e d  

If t h e  t empera tu re  of t h e  i sobu tane  l e a v i n g  t h e  DCHX w a s  kept 

p e r i o d i c a l l y  t o  compensate f o r  changes i n  brine tempera tures .  

between 240°F and 250°F, t h e  water ca r ryove r  t o  t h e  condenser  
remained f a i r l y  c o n s t a n t  and  t h e  a i n  petcock on t h e  ho twe l l  s i g h t  

g l a s s  could be set  a t  one p o s i t i o n  and left, a l o n e  for up t o  5 hours. 
Normally i f  t h e  l o t s  of i s o b u t a n e  i n l e t  and e x i t  t emepra tu re  

and  b r i n e  i n l e t  and e x  t empera tu re  remained c o n s t a n t  on t h e  s t r i p  
chart recorder, t h e  c o n t r o l s  on t 
T h i s  c o n d i t i o n  rarely p e r s i s t e d  f o r  t h a n  2 hours .  

t u rbo -gene ra to r  r a n  t r o u b l e  free.  A t  341 hours  t h e  t u r b i n e  face 
seals s ta r ted  t o  leak  sobutane  i n t o  t h e  gearbox. The h igh  gearbox 
p r e s s u r e  alarm a c t i v a t e d  a n d ' t h e  o p e r a t o r  shutdown the t e s t  loop .  
The seal w a s  r e p l a c e d  b u t  never  d i d  completely s t o p  l e a k i n g .  
n e c e s s i t a t e d  a n  o i l  change a t  415 hours .  

t h e  first 341 hours  of rance run  t h e  Barber-Nichols 

T h i s  
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A t o t a l  of 1315 pounds of i sobu tane  were added t o  t h e  DSS loop 
d u r i n g  t h e  500 hour endurance run .  F igu re  10 shows t h e  cumula t ive  
i sobu tane  added t o  t h e  loop  as a f u n c t i o n  of calendar days.  As can  
be s e e n ,  t h e  rate i n c r e a s e d  s h a r p l y  a t  t h e  340 hour p o i n t  and 
remained h igh  u n t i l  t h e  450 hour p o i n t .  I t  t h e n  dropped back t o  t h e  

r a t e  j u s t  p r i o r  t o  t h e  seal  f a i l u r e .  For t h e  f irst  90 hours  of 
o p e r a t i o n  t h e  loop used 1 l b .  of i sobu tane  p e r  hour .  For t h e  next  
250 hours  of o p e r a t i o n  it used 2.2 l b s .  p e r  hour .  For t h e  next  
100 hours  of o p e r a t i o n  it used 5 . 5  lbs .  p e r  hour and f o r  t h e  f i n a l  

1 

- 

60 hours  it used 2 . 1  l b s .  p e r  hour.  
N o t  a l l  t h e  i sobu tane  losses are a t t r i b u t a b l e  t o  o p e r a t i o n  

w i t h  t h e  direct contact heat exchanger.  A s  d i s c u s s e d  above, a 
s u b s t a n t i a l  amount of i sobu tane  w a s  l o s t  i n  numerous leaks i n  t h e  

tes t  loop.  F u r t h e r  d i s c u s s i o n  on t h i s  p o i n t  is con ta ined  i n  
Sec t ion  6.5. 

5 .4  TEARDOWN INSPECTION 

After complet ion of t h e  500 hour endurance run  a teardown 
i n s p e c t i o n  w a s  conducted. T h i s  i n s p e c t i o n  inc luded  examinat ion of 
t h e  t u r b i n e ,  t h e  DCHX, t h e  condenser and t h e  p i p i n g  f o r  c o r r o s i o n  
o r  s c a l i n g .  

The Barber-Nichols t u r b i n e  nozzle block and t u r b i n e  wheel 
were removed. They were photographed t o  show t h e  areas of scale 
bu i ldup .  Samples of scale material were scraped f rom t h e  nozz le  
block, t h e  bu rb ine  w h e e l ,  and t h e  exhaus t  housing.  These  samples 
were s e n t  t o  LBL for  a n a l y s i s .  

were examined fo r  c o r r o s i o n ,  scale bu i ldup  and p lugging  caused by 

f o r e i g n  debris.  The heads and t h e  t u b e s  were a l so  pho tographed . to  
i l l u s t r a t e  t h e i r  c o n d i t i o n .  

The upper d i s t r i b u t o r  t u b e  and p i p i n g  were removed from t h e  

The DSS loop condenser heads were removed and t h e  t u b e s  
c 

c 

DCHX and examined f o r  corrosion and scale bu i ldup .  
were photographed and samples of scale were s e n t  t o  

These items 
LBL f o r  a n a l y s i s .  
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6.0 TEST RESULTS 

6 .1  TURBINE CALIBRATION - CONVENTIONAL HEAT EXCHANGER 

6.1.1 S u b c r i t i c a l  C a l i b r a t i o n  
The s u b c r i t i c a l  c a l i b r a t i o n  tests were performed t o  p r o v i d e  

t u r b i n e  performance da t a  and n o z z l e  c a l i b r a t i o n  data on p u r e  i so -  
bu tane  for  l a te r  c o r r e l a t i o n  w i t h  f low rates  and performance of t h e  
direct  c o n t a c t  h e a t  exchanger .  
w i t h  t h e  h a i r p i n  heat exchanger and a t  t h e  c o n d i t i o n s  o u t l i n e d  i n  
S e c t i o n  5.1. 

t h e  predicted performance,  t h e  t u r b i n e  w a s  o p e r a t e d  a t  o f f -des ign  
speeds  b o t h  above and below t h e  d e s i g n  speed .  
operated a t  a number of d i f f e r e n t  o f f - d e s i g n  i s o b u t a n e  f l o w  rates 
t o  de te rmine  effect  of i s o b u t a n e  f l o w  rate on t u r b i n e  performance.  
A number of o p e r a t i n g  pa rame te r s  such  as  t u r b i n e  e f f i c i e n c y ,  t u r b i n e  
horsepower,  v e l o c i t y  r a t i o ,  s u p e r h e a t ,  n o z z l e  f l o w  c o e f f i c i e n t ,  
and p r e s s u r e  ra t io  were c a l c u l a t e d  from t h e  c o l l e c t e d  data .  

and r educe  data t a k e n  d u r i n g  t h e  c a l i b r a t i o n  t es t .  
power w a s  c a l c u l a t e d  by adding  t h e  measured gearbox losses ( S e c t i o n  
3 . 4 )  t o  t h e  g e n e r a t o r  i n p u t  t o r q u e .  I sobu tane  f l o w  ra te  w a s  de te rmined  
u s i n g  t h e  calibrated i s o b u t a n e  rotameter on t h e  DSS loop .  
thermodynamic pa rame te r s  were c a l c u l a t e d  u s i n g  S t a r l i n g ' s  e q u a t i o n s  
( R e f .  1). Measured t u r b i n e  i n l e t  p r e s s u r e  and t e m p e r a t u r e  were 

The c a l i b r a t i o n  tests w e r e  performed 

To e v a l u a t e  t h e  a c t u a l  t u r b i n e  performance and compare it t o  

The t u r b i n e  w a s  a lso 

A'program w r i t t e n  f o r  HP-9825A computer w a s  used  t o  a n a l y z e  
-Turbine o u t p u t  

I sobu tane  

used  t o  c a l c u l a t e  i n l e t  e n t h a l p y  and e n t r o p y .  
e n t h a l p y  and d e n s i t y  w a s  c a l c u l a t e d  f o r  an i s e n t r o p i c  expans ion .  A 
maxima of t h e  p roduc t  of d e n s i t y  and vapor  v e l o c i t y  ( d-) 
determined  t h e  n o z z l e  throat  p r e s s u r e  and consequen t ly  t h e  n o z z l e  
ideal f low rate. 

A t  reduced p r e s s u r e s ,  

The n o z z l e  f l o w  c o e f f i c i e n t  (C,) is d e f i n e d :  
- - measured i s o b u t a n e  f l o w  

'd n o z z l e  ideal  f l o w  
The above approach w a s  necessa ry  s i n c e  t h e  i s o b u t a n e  expans ion  
occur red  close t o  t h e  s a t u r a t e d  vapor  dome, and s i g n i f i c a n t  compressi-  
b i l i t y  e f f e c t s  were expec ted  fo r  t h e  vapor  expans ion .  Turb ine  
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a v a i l a b l e  energy  w a s  c a l c u l a t e d  by c o n t i n u i n g  t h e  i s e n t r o p i c  expan- 
s i o n  t o  t h e  measured t u r b i n e  exhaus t  p r e s s u r e .  

Turb ine  e f f i c i e n c y  w a s  d e f i n e d :  

550 
778 

HPo + HP 

& AH' 
- P at= [ 

.s where: HPo = generator i n p u t  s h a f t  power 

. "  " _ , .  

y were p l o t t e d  

v s .  v e l o c i t y  r a t i o  a t  v a r i o u s  p r e s s u r e  r a t i o  nd are shown i n . F i g u r e  
11. I n  each case, the-  a c t u a l  e f f i c i e n c y  is a r e d  t o  t h e  p r e d i c t e d  
e f f i c i e n c y  a 
be n o t e d ,  t h  e f f i c i e n c y  o c c u r s  a t  a v e l o c i t y  r a t io  
close t o  t h e  T h i s  r e s u l t  i n d i c a t e s  t h a t  indeed  
t h e  a v a i l a b l e  e n e r  .from t h e  thermodynamic a n a l y s i s  for 

i s o b u t a n e  is v a l u e  a c t u a l l y  p r e s e n t  i n  t h e  expanding 
vapor .  
p r i m a r i l y  t o  a h i g h e r  

cases was greater t h a n  I ln i ty .  
t h e  i s o b u t a n e .  F i g u r e  1 2  i l l u s t r a t e s  t h e  effect o f  t h i s  we tness  on  
t h e  maximum t u r b i n e  e f f i c '  of p r e s s u r e  r a t i o  and 

i s o b u t a n e  f l o w  ra te .  

heat on t h e  n o z z l e  f l o w  c o e f f i c i e n t  In g e n e r a l ,  he  n o z z l e  f l o w  
c o e f f i c i e n t  decreased toward its l a b o r a t o r y  measured v a l u e  of  0.962 
as t h e  n o z z l e  i n l e t  p r e s s u r e  and s u p e r h e a t  i n c r e a s e d  t o  "dry ou t "  

u r e  ra t ios  of 3 . 4 ,  3 .12 ,  and 2 .8 .  As may 

The v a r i a t i o n  i n  a c t u a l  afid p r e d i c t e d - - e f f i c i e n c y  
han a n t i c i p a t e d  n o z z l e  f l o w  coeff 

The n o z z l e  f l o  c o e f f i c i e n t  c a l c u l a t e d  from t h e  data i n  a l l  
T h i s  was a t t r i b u t e d  t o  wetness  i n  

d 

- 
e 

F i g u r e  13 shows t h e  effect of n o z z l e  i n l e t  p r e s s u r e  and supe r -  



2-38 

.6 

S 

.4 

.3 

2 

J 

0 
0 

Figure 

+ 

I 

11. Variation of turbine efficiency with 
velocity ratio. 



2- 39 

5 U 8 t R I T I C A L  \SOBUTANE C A L I B R A T I O N  
CONVENTIONAL H E A T  EXCHANGER 

A t 4  BRATION 

F 

_i ' . . ' 



2-40 

W 
J 

200 2 40 280 320 360 

NOZZLE INLET R'E$SUFC, (?SIC\ 

Figure 13. Nozzle flow coefficient vs. i n l e t  pressure. 
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t h e  i sobu tane .  T h i s  f i g u r e  can be used t o  e x p l a i n  t h e  r e s u l t s  shown 
i n  F igu re  14. 

compared i n  t h i s  f i g u r e  v s .  supe rhea t  a t  three d i f f e r e n t  v a l u e s  of 
i sobu tane  f l o w  ra te  and p r e s s u r e  r a t i o .  A t  h ighe r  v a l u e s  of super-  
heat,  t h e  - a c t u a l  ou tpu t  a u t p u t  s i n c e  t h e  

Both p r e d i c t e d  and a c t u a l  maximum t u r b i n e  ou tpu t  power are 

s 

d r y i n g  o u t  a e n t  is approaching 
.c 

ormance w a s  not  measured a t  v a l u e s  of supe rhea t  
above 65'F because of l i m i t a t i o n s  imposed by t h e  equipment. 

6 .1 .2  S u p e r c r i t i c a l  C a l i b r a t i o n  

p re l imina ry  data p r e p a r a t i o n  for  t h e  Occidenta l  tests:  t h e  super -  
c r i t i ca l  nozzle w a s  calibrated on p u r e  i s o b u t a n e  us ing  t h e  h a i r p i n  
heat exchanger and a t  t h e  c o n d i t i o n s  o u t l i n e d  i n  S e c t  

The s u p e r c r i t i c a l  c a l i b r a t i o n  tes ts  were performed t o  o b t a i n  

The t u r b i n e  w a s  ope r  d a t  a number 
ed t o  determi above and below t h e  des ign  

and o u t p u t  horsepower. S i n c e  t h e  i sobu tane  pump f low 
l i m i t e d  a t  t h e  higher  p r e s s u r e s ,  h e r e  w a s  o n l y  a ' l  g 

i n  f l o w  ra te  (8 t o  9 gpm) f o r  t h e  s u p e r c r i t i c a l  c a l i b r a t i o n .  
F i g u r e  15 shows t h e  comparison between predic ted  and a c t u a l  

t u r b i n e  o u t p u t  h sepower. Such l i n e s  of c o n s t a n t  t empera tu re  and 
l i n e s  of c o n s t a n  pressure are almost pa ra l l e l  over t h e  s a t u r a t i o n  
dome, and  degrees of supe rhea t  does n o t  a c c u r a t e l y  depict  t h e  rela- 
t i o n s h i p  betwee t h e  _ _  s a t u r a t i o n  dome, t h e  t u r b i n e  
o u t p u t  was p i n l e t  en tha lpy .  The p o s i t i o n  of each 
data p o i n t  i n  r e l a t ion  t o  t h e  dome' is  shown a t  t o p  of F i g u r e  15. 

t h e  P-H diagram, 

e predic ted  and 
is g r e a t e r  t h a n  t h  
most e x t r e m i t y  of d ou tpu t  are i n  
agreement,  and as one  moves t o  t h e  r i g h t  of t h i s  p o i n t , t h e  a c t u a l  
t u r b i n e  p e  ormance drops h i l e  t h e  p r e d i c t e d  performance 
c o n t i n u e s  t o  increase. 

i n t  j u s t  above t h e  r i g h t  
i 
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Figure  1 4 .  Maximum t u r b i n e  o u t p u t  vs .  s u p e r h e a t .  
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The r e a s o n i n g  behind t h i s  behavior  is not  clear. I t  is 
assumed t h a t  it r e s u l t s  because of c o m p r e s s i b i l i t y  effects  and t h e  

f l u i d  p r o p e r t i e s  j u s t  above t h e  dome c a n n o t  be a c c u r a t e l y  p r e d i c t e d .  
Smal l  changes i n  t empera tu re  or p r e s s u r e  c e r t a i n l y  have a pronounced 
i n f l u e n c e  on t h e  p r e d i c t e d  performance. 

t u r b i n e  e f f i c i e n c y  
vs .  v e l o c i t y  r a t i o  as  a f u n c t i o n  of p r e s s u r e  r a t io  and nozz le  f low 
c o e f f i c i e n t .  A t  t h e  h ighe r  p r e s s u r e  r a t i o s  ( lower nozz le  f l o w  
coefficients) t h e  a c t u a l  e f f i c i e n c y  a g r e e s  w i t h  t h e  pred ic ted  e f f i -  

c i e n c y .  T h i s  ind ica tes  tha t  t h e  nozzle f low coeff ic ient  may be 

q u i t e  close t o  t h e  e s t i m a t e d  v a l u e  of 0.96 rather t h a n  t h e  c a l c u l a t e d  
v a l u e  of 1.08 t o  1.11, a lso  i n d i c a t i n g  t h a t  f l u i d  co i t i o n s  j u s t  
above t h e  dome are d i f f i c u l t  t o  pred ic t .  

I n  comparing t h e  s u b c r i t i c a l  and s u p e r c r i t i c a l  performance 
data, a number of similari t ies e x i s t .  
f low c o e f f i c i e n t  is g r e a t e r  t h a n  u n i t y .  A poss ib le  e x p l a n a t i o n  is 
t h a t  a c e r t a i n  amount of l i q u i d  i sobu tane  e x i s t s  w i t h - t h e  
even though t h e  vapor  is supe rhea ted .  A l l  data  p o i n t s  ar 
close t o  t h e  dome. A s  t h e  p r e s s u r e  r a t i o  is i n c r e a s e d ,  t 
performance approaches t h e  p r e d i c t e d  performance more c lose ly .  

ca l ibra t ion  is tha t  w i t h  t h e  s u b c r i t i c a l  c y c l e ,  t h e  t u r b i n e  p e r f o r -  
mance is below t h e  p r e d i c t e d  performance and approaches i t  as t h e  
data p o i n t s  move away from t h e  dome, w h i l e  w i t h  t h e  s u p e r c r i t i c a l  
data t h e  a c t u a l  t u r b i n e  performance is  above t h e  pred ic ted  as t h e  

d a t a  moves away from t h e  dome t o  t h e  l e f t  and b e l o w s t h e  p r e d i c t e d  
as  t h e  data moves away from t h e  dome t o  t h e  r i g h t .  

F igu re  16 shows t h e  a c t u a l  and p r e d i c t e  

I n  both cases t h e  nozz le  

The major d i f f e r e n c e  between t h e  s u b c r i t i c a l  and s u p e r c r i t i c a l  

6 .2  TURBINE CALIBRATION - DCHX 

Turbine  c a l i b r a t i o n  tests w i t h  t h e  direct  contact hea t  

exchanger were performed a t  t h e  s t a r t  and a t  t!ie end of t h e  endurance 
run .  The t u r b i n e  w a s  operated a t  v a r i o u s  speeds above and below t h e  

des ign  speed  t o  determine t h e  peak t u r b i n e  o u t p u t .  F igu re  17 shows 
t h e  r e s u l t s  of these tests as a f u n c t i o n  of supe rhea t  and p r e s s u r e  
r a t i o .  A s  i n  t h e  case of t h e  s u b c r i t i c a l  and s u p e r c r i t i c a l  data ,  
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Figure 17. Subcritical IC4/H20 calibration, 
direct contact heat exchanger. 
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t h e  a c t u a l  performance is below t h e  predicted performance and 
approaches t h e  predicted as t h e  amount of superheat  is i n c r e a s e d .  
T h i s  deg rada t ion  i n  performance may a l s o  be a t t r i b u t e d  t o  w e t n e s s  
( n o z z l e  f l o w  coefficient of 1.11). 

A l l  c a l ib ra t ion  tests were performed a t  c o n s t a n t  b r i n e  and 
i sobu tane  f l o w  rates and any change i n  t h e  amount of supe rhea t  w a s  
due t o  t h e  i n l e t  b r ine  t empera tu re  which could  no t  be e a s i l y  con- 
t r o l l e d .  The b r i n e  and i sobu tane  f l o w  r a t e s  were set  by t h e  l i m i t s  
of t h e  DSS direct  c o n t a c t  heat exchanger loop  capabi l i t i es  and t h e  

t empera tu re  of t h e  b r i n e  from t h e  w e l l .  

t 

i 

6.3 ENDURANCE TEST 

During t h e  endurance test  t h e  direct  c o n t a c t  heat exc  
main ta ined  t h e  same l e v e l  of heat t ransfer  performance t h r o u  
t h e  500 hour s .  The c a p a c i t y  t o  t ransfer  heat w a s  no t  effect  
c o r r o s i o n  or s c a l i n g  p r o p e r t i e s  of t h e  geothermal b r i n e .  
shows a ' t y p i c a l  p lo t  of t empera tu re  v s .  percent of hea t  added' t o  

F,igure 18 

t h e  i s o b u t a n e  d u r i n g  t h e  endurance run .  
'ieat from t h e  b r i n e  w a s  t r a n s f e r r e d  t o  t h e  i sobu tane .  

Approximately 94% of t h e  
The r 

6% was r e t a i n e d  by t h e  ned water vapor .  Any v a r i a t i o n s  
t h e  DCHX he&t t r a n s ' f e r  
incoming br ine  t empera tu re ,  b r i n e  flow rate  a 

performance of t h e  t u r b i n e .  
of s c a l i n g  on  t u r b i n e  horsepower and e f f i c i e n c y  as a f u n c t i o n  of 
t i m e .  The data  from 0300 hours  t o  0600 hours  each 
because  t h e  maximum t u r b i n e  o u t p u t  o c c u r r e d  between t 
o f t e n  t h a n  a t  any other t i m e  of d a y .  

of 49% a t  t h e  beginning  of t h e  endurance run  t o  39% 
t h e  endurance run .  The t u r b i n e  horsepower changed from a n  average  
v a l u e  of 10.25 r i n  t h e  dat  used by 

mance were caused  by v a r i a t i o n s  i n  

S c a l i n g  propert ies  of t h e  b r i n e ,  howev i d  effect  t h e  
F i g u r e s  19 and 20 i l l u s t r a t e  t h e  effe 

hours  more 

The t u r b i n e  e f f i c i e n c y  g r a d u a l l y  changed from 

l e t  b r i n e  
and effected f l u i d  

wetness ;  ( 2 )  v a r i a t ' i a n s  which effected t h e  
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added f o r  t h e  DCHX dur ing  t h e  endurance run.  
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Figure 20. 
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Turbine horsepower vs. time. 
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c o o l i n g  tower water tempera ture  and condenser  p r e s s u r e ;  (3) c logg ing  
of t h e  condenser  c o o l i n g  water t u b e s  which changed t h e  t u r b i n e  exhaus t  
p r e s s u r e ;  and ( 4 )  scale bu i ldup  on t h e  t u r b i n e  wheel ,  n o z z l e s  and 
exhaust housing.  

f 

6 .4  POST CALIBRATION - CONVENTIONAL HEAT EXCHANGER 

c A t  t h e  conc lus ion  of t h e  endurance test  t h e  t u r b i n e  nozz le s  
were a g a i n  c a l i b r a t e d  u s i n g  t h e  h a i r p i n . h e a t  exchanger and t h e  same 
i sobu tane  f low rates as w e r  sed far t h e  i n i t i a l  c a l i b r  
F i g u r e s  21 and 22 show t h e  
The t u r b i n e  performance a t  t h e  end of t h e  endurance r u n  w a s  much 
less t h a n  t h a t  o r i g i n a l l y  measured d u r i n g  t h e  i n i t i a l  c a l i b r a t i o n  
tests. 
mance. One w a s  t h e  reduced p r e s s u r e  r a t i o - ( 2 . 6 6  and 2 .8  
t o  3.12 and 3.48 d u r i n g  i n i t i a l  c a l i b r a t i o n  f o r  t h e  2680 
l b / h r  f low r a t e s )  and t h e  scale bu i ldup  on t h e  t u r b i n e  components. 
The reduced p r e s s u r e  r a t i o  aed scale bu i ldup  r e s u l t e d  i n  
r e d u c t i o n  i n  t u r b i n e ’ e f f i c i e n c y  a t  t h e  3070 l b / h r  f low r 
14% r e d u c t i o n  a t  t h e  2680 l b / h r  f low ra te .  

Two f a c t o r s  appear  t o  have caused t h e  deg rada t ion  i n  p e r f o r -  

6.5 ISOBUTANE LOS 

B r i n e  re f t h e  d i r e c t  c o n t a c t  
h e a t  exchange t o  i o n  of i sobu tane  i n  
t h e  b r i n e  and t o  estimate t h e  i sobu tane  loss .  The b r i n e  samples were 
t aken  from a tee l o c a t e d  d i r e c t l y  below t h e  DCHX o u t l e t .  
w a s  purged s e v e r a l  t i m e s  b e f o r e  connec t ing  t h e  sample c y l i n d e r  i n  
o r d e r  t o  e n s u r e  t h a t  a clean sample would be t aken  and d i r t  or  scale 
would not  be swept i n t o  t h e  c y l i n d e r .  
v e r t i c a l l y  t o  e n s u r e  a f u l l  l i q u i d  sample and avoid  t r a p p i n g  vapor 
i n  t h e  sample c o n t a i n e r .  
ana lyzed  by t h  t Mesa F a c i l i t y .  

obutan made w i t h  
a Perking-Elmer model 910 g a s  chromatograph. P r i o r  t o  i n j e c t i n g  t h e  
sample i n t o  t h e  g a s  chromatograph, t h e  b r i n e  samples were f l a s h e d  

The l i n e  

The sample bomb w a s  o r i e n t e d  s 

5 The b r i n e  samples were t h e n  cooled  and 
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i n t o  a second c y l i n d e r  which had been evacuated t o  a vacuum of 26.5 
i n c h e s  hg. For t h e  i n i t i a l  sample t h e  p r e s s u r e  rise i n  t h e  evacuated 
c y l i n d e r  w a s  11.5 inches  hg when t h e  b r i n e  sample was al lowed t o  
f l a s h  i n t o  i t .  T h i s  p r e s s u r e  r i se  w a s  due t o  t h e  d i s s o l v e d  gases  

i n  t h e  sample c y l i n d e r  was analyzed wi th  t h e  g a s  chromatograph and 
and water vapor p r e s s u r e  of t h e  b r i n e  sample. The b r i n e  remaining k .  

w a s  u s u a l l y  o n l y  1 ppm. A f t e r  t h e  b r i n e  f l a s h e d  i n t o  t h e  evacuated t 

c y l i n d e r  t h e  c y l i n d e r  con ta ined  on ly  gas .  The g a s  mixture  i n  t h e  
c y l i n d e r  w a s  determined t o  have as i ts  major c o n s t i t u e n t s  water vapor ,  
i s o b u t a n e ,  C02 and t r a c e  q u a n t i t i e s  of o t h e r  g a s e s .  
i n c h e s  of hg t o t a l  p r e s s u r e  r ise,  it  w a s  e s t i m a t e d  t h a t  1 i n c h  hg 
w a s  water vapor ,  9.1 inches  C02 and 1 . 4  i n c h e s  hg i sobu tane  vapor .  
T h i s  volume of gas  p l u s  t h e  1 ppm r e s i d u a l  i n  t h e  f l a s h e d  b r i n e  
t r a n s l a t e s  i n t o  110 ppm which is t h e  v a l u e  determined by gas chroma- 
tog raph  a n a l y s i s .  

The test r e s u l t s  r e p o r t e d  by Lawrence Berkeley Laboratory are 
shown i n  Tab le  111. The las t  column i n  t h i s  t a b l e  is t h e  p e r c e n t  
of e q u i l i b r i u m  s o l u b i l i t y  of i sobu tane  i n  t h e  b r i n e .  T h i s  is based 
on i sobu tane  s o l u b i l i t y  data r e p o r t e d  by t h e  U n i v e r s i t y  of Utah. 
The e q u i l i b r i u m  s o l u b i l i t y  was taken  f o r  a b r i n e  having a s a l i n i t y  
of 0% by weight TDS which is t h e  closest  t o  t h e  a c t u a l  (0.41% by 
we igh t )  TDS of w e l l  Mesa 6-2. 

The r e s u l t s  of August 9 and 10 were an  o r d e r  of magnitude 
h i g h e r  t h a n  t h e  o t h e r  tests.  The r eason  f o r  t h o s e  h ighe r  v a l u e s  is  
s p e c u l a t i v e .  The remaining tests averaged 87 ppm or about  25% of 
e q u i l i b r i u m  s o l u b i l i t y .  That v a l u e  r e p r e s e n t s  a reasonable,minimum 
estimate o f  i sobu tane  l o s s  ra te .  I t  should  be  noted  t h a t  Mesa 6-2 
is no t  ve ry  s a l i n e .  
unknown. W i l l  t h e  % e q u i l i b r i u m  hold? The s o l u b i l i t y  of 87 ppm * 
is approximately t h e  e q u i l i b r i u m  s o l u b i l i t y  expec ted  f o r  a 250,000 
ppm b r i n e  a t  150°F and 315 p s i a .  
t h e  h ighe r  s a l i n e  b r i n e s ,  t h e  a n t i c i p a t e d  d i s s o l v e d  i sobu tane  w i l l  
be  q u i t e  l o w .  

(703 h o u r s ) .  During t h i s  p e r i o d  t h e  amount of i sobu tane  added t o  

Of t h e  11.5 

What w i l l  occur  wi th  h igh  s a l ine  b r i n e s  is 

If t h e  % e q u i l i b r i u m  does  hold f o r  -5 

The 500 hour endurance run  w a s  accomplished i n  29 days  



r 
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TABLE I11 

MEASUREMENT OF ISQBUTANE CONCENTRATIONS AT THE BRINE'OUTLET 

,Observed 
Isobut ane 

Concent rat ion 
PPM - 

I '  

0 110.0 2913% 

157 F 1600 445. % 

Aug. 10 154 F ~ ,305 940 256. % 

Aug . 63 30 120 33.6% 

Aug. 20 157 295 . 103 28.7% 

Aug. 21 156 300 49.0 13.3% 
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t h e  s y s t e m  w a s  measured. F i g u r e  10 was repared t o  show t h e  cumu- 
l a t i v e  amount of i sobu tane  added t o  t h e  loop  as a f u n c t i o n  
For t h e  e n t i r e  29-day period a t o t a l  of 1300 lbs .  of i sobu tane  w a s  
added t o  t h e  sys t em which is much h igher  t h a n  w a s  a n t i c i p a t e d .  
For example, a t  a n  average  s o l u b i l i t y  of 87 ppm and an  average  b r i n e  
f l o w  ra te  of 2900 l b s / h o u r ,  t h e  t o t a l  consumption of i s o b u t a n e  
should  have been 87 x low6 x 500 x 2900 = 126 l b s .  

f o r  due t o  leaks i n  t h e  test  loop. The o u t s i d e  packed p nger  pumps 
were probably  t h e  worst offender  as t h e y  r e q u i r e d  r epack ing  numerous 
t i m e s .  The t u r b i n e  seal  began l e a k i n g  c o n s i d e r a b l e  amounts of i so -  
bu tane  about  340 hours  i n t o  t h e  run  and w a s  replaced. Rupture  discs 
were blown o u t  and safety v a l v e s  l i f t e d  on  t w o  o c c a s i o n s  because of 
operator e r r o r s .  Coun t l e s s  other unde tec t ed  leaks were probably 
lo s ing  i sobu tane  d u r i n g  t h e  29-day t e s t ,  Exac t ly  where and how t h e  

i sobu tane  escaped would be p u r e  s p e c u l a t i o n  a t  t h i s  p o i n t .  The 
i s o b u t a n e  be ing  used is a t e c h n i c a l  grade (98% is0 e)  and con- 
t a i n s  no e t h y l  mercaptan odorizers. Consequently t h e  small  leaks 
w e r e  not  detected by t h e  human nose which is t h e  best i s o b u t a n e  
detector when e t h y l  mercaptans have been added. For these reasons 
an  improved estimate of i sobu tane  losses cannot  be made from t h e  

tes t  data. 

A s u b s t a n t i a l  amount of t h e  l o s t  i s o b u t a n  m a y  be accounted 

Add i t iona l  tests w i t h  an  a c t i v e  separator and s t r i p p i n g  
s y s t e m  is needed t o  allow economic e v a l u a t i o n  of a c t u a l  i s o b u t a n e  
losses for  t h e  direct  c o n t a c t  power loop. 

6.6 INSPECTION 

Following t h e  endurance run  t h e  heat exchanger loop and t h e  

t u r b i n e  were disassembled fo r  i n s p e c t i o n .  T h i s  sec t ion  p r e s e n t s  
t h e  v i s u a l  r e s u l t s  and chemical a n a l y s i s  performed on  scale or  
depos i t s  found on t h e  v a r i o u s  components.  

6.6.1 Direct Con tac t  Loop 
The primary test component of t h e  hea t  exchanger loop w a s  t h e  

direct contact bo i l e r .  N o  ev idence  of s c a l i n g  or  e r o s i o n  due t o  t h e  

i n j e c t e d  b r i n e  was observed i n  t h i s  component. 



A reduced condenser  heat transfer c o e f f i c i e n t  w a s  evidenced 
d u r i n g  t h e  endurance run  by i n c r e a s e d  condenser p r e s s u r e .  The con- 
dense r  had a t h i c k  mud c o a t i n g  on t h e  cool ing water s i d e  which is 
a t t r i b u t e d  t o  t h e  q u a l i t y  of t h e  c o o l i n g  water a v a i l a b l e  fo r  u s e  i n  
t h e  t e s t .  The mud w a s  e a s i ly  ed from the  i n s i d e  of t h e  condenser  
t u b e s ,  and no permanent damage s appa ren t .  The s h e l l  or  i sobu tane  

was noted. 

L 

(I s ide  appeared q u i t e  c l e a n ,  and no ev idence  of s c a l i n g  or c o r r o s i o n  

Throughout t h e  1 p t h e  vapor c a r r y i n g  p i p i n g  showed a t h i n  
c o a t i n g  of a s o f t  black o x i d e ,  a l though  he l i q u i d  l i n e s  w e r e  q u i t e  
c l e a n .  Again, no distress w a s  no ted  i n  ny of t h e  connec t ing  p ipes .  
I n . p a r t i c u l a r ,  t h e  p i p i n g  ownstream of t h e  p r e s s u r e  c o n t r o l  v a l v e  
a lso showed no ev idence  of scale b u i l d  up. 

6.6.2 Turbine  and Gearbox 
The t u r b i n e  was disassembled on two occas ions  i n  t h i s  t e s t  

t seal .  T h i s  
s f o r  t h e  seal  

3 

, evidence  of scal  o s i t i o n  w a s  



2- 58 

Figure .  23. S u b c r i t i c a l  t .urbine nozz le  e x i t .  

F igure  24 .  Turbine r o t o r  i n l e t .  F igu re  25. Rotor i n l e t  b l a d e  
l e a d i n g  edge. 
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Samples of t h e  e were collect  each disassembly and 
r e s u l t s  of a chemical a n a l y s i s  of a te r ia l  is prese 
fo l lowing  s e c t i o n .  

r 6.6 .3  Chemical A n a l y s i s  
Samplings of t h e  scale found i n  t h e  t u r b i n e  nozz le s  and 

s c r a p i n g s  f disassembly 
b i n e  nozzle 

scale o b t a i n e d  a t  t h e  350 hour disassembly showed t h e  pr imary con- 
s t i t u e n t  t o  be s i l i ca t e .  Spec t rog raph ic  a n a l y s i s  of samples taken  
a t  t h e  f i n a l  i n s p e c t i o n  is shown i n  Table I V  Sample numbers i n  
t h e  table cor respond t o  t h e  fol lowing.  l o c a t i  s i n  t h e  loop.  

# 9 

#10 * D e p o s i t  nd b r i n e  i n l e t  r i n g  of direct  contact 

#12 Br ine  d i  r g e  of column. 
#13 Turbine  nozz le  b lock  
#1 Top of direct  c o n t a c t  

Material removed from br.ine sample a t  t h e  discharge 
-of t h e  column. 

column. 

8 

exchanger coupled h t h e  t u r b i n e  w a s  ach ieved  i n  t h e  test program. 
2 )  T e s t s  i nd ica t ed  p o s s i b l e  l i q u i d  c a r r y o v e r  as  evidenced by 

h igh  nozz le  discharge coeff ic ients  measured d u r i n g  t h e  t u r b i n e  cal i -  
brat ion,  A t  i n c r e a s e d  v a l u e s  of appa ren t  vapor supe rhea t  ( subcr i t i -  

j i  

cal ca l ib ra t ion )  t h e  nozzle d i s c h a r g e  coeff ic ient  approached t h a t  
expec ted  p r io r  t o  t h e  test .  
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TABLE I V  

SPECTROGRAPHIC ANALYSIS OF SCALE SAMPLES 

FROM DIRECT CONTACT POWER LOOP 

e "P. C." indicates "Principal'  Constituent". 
The following a re  reported a s  oxides of the elements ind 

#14 

S i  P. c. 0.5 $ P. c. P. c. 8.5 % 
1.5 ro C a  8.5 % .05 7. x 6. % 

B 2.5 - 1.5  1.5 
Fe 8.5 1. 7.5 5. P. c. 
A l  .25 .08 .75 .35 .6 
C r  .35 .02 .05 .03 .015 
Mn .05 .005 .04 ,025 .5 
Mg .1 .015 . 2  . 2  .3 
Pb . 01 .15 .85 .1 .1 
N i  . 2  .05 .15 .06 .025 
Sn .005 .04 .015 .01 .04 
cu .1 .6 .6 . 2  .07 
Zn .08 .07 . 2  .15 .4  
Sr  . 5  .003 .5  .5  .03 
Ba .2  .003 .08 .07 .007 
Sb - .05 <. 03 - <. 03 
T i  - .004 .005 ,002 .015 
K - 
Be . O O l  - ,002 .002 <. 001 
Mo .006 - . 006 - <. 003 
co .003 - - - .001 
B i  

- #13 - #12 - #10 - #9 - 

- 
Na 1 .5  <. 3 1.75 2. <. 3 

- - - <. 5 

- - <. 001 - - 
A g  - <. 001 <. 001 - <. ooi  

(Subsequent m u f f l i n g  indicates the following residues a f t e r  
ignit ion a t  1100OF: #9------ 84%; #lo------ 2.5%.) S 

c 
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3) Turbine  ou tpu t  power measured d u r i n g  t h e  s u p e r c r i t i c a l  
cal ibrat ion main ta ined  a h ighe r  l e v e l  t h a n  expec ted  whi le  expanding 
i n t o  t h e  i sobu tane  s a t u r a t e d  vapor dome. 

b r ine  e f f l u e n t  from t h e  direct eat  exchanger 
i sobu tane  f r a c t i o n  i n  t h e  l a t t e r  tages o f ' t h e  endurance r u n . '  T h i s  

t h e  b r i n e  from w e l l  Mesa 6-2. I sobutane  losses from t h e  test loop 
i n  pump packing  a n d c t h e  t u r b i n e  seal  i n v a l i d a t e d  a measure of iso- 
butane  losses based on q u a n t i t i e s  of i sobu tane  added t o  t h e  loop.  

exchanger w a s  found due t o  scale or e r o s i o n  from t h e  i n j e c t e d  b r i n e .  
S c a l e  d e p o s i t i o n  w a s  no ted ,  however, i n  t h e  t u r b i n e  n o z z l e s ,  p a r t i -  
c u l a r l y  i n  t h e  area of t h e  supe r son ic  expansion cone. 

4 )  Labora butane  ca r ryov  

.. . q u a n t i t y  amounts t o  25% s o l u b i l i t y  expec ted  for  

r a n s f e r  problem i n  t h e  d i r e c t  c o n t a c t  heat 

Based on these r e s u l t s ,  i t  is recommended t h a t  a d d i t i o n a l  
tests be performed w i t h  a demister v e s s e l  located be tween t h e  heat 
exchanger loop and t h e  t u r b i n e .  I n  t h i s  f a sh ion  t h e  effect  of t h e  
l i q u i d  m i s t  c a r ryove r  on nozz le  d i s c h a r g e  c o e f f i c i e n t  and s c a l i n g  
c a n  be eva lua ted .  Also,  t h e  i sobu tane  loss  f r a c t i o n  should  be 

v e r i f i e d  by cont inued  t e s t i n g  wi th  a n  o p e r a t i o n a l  separator and 
s t r i p p e r  added t o  t h e  basic heat exchanger test  loop .  
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APPENDIX A 

2 

Switch 1SS is 
i l l u m i n a t e ,  .. 

t u r n  on t h e  b u i l d i n g  l i g h t s  and s ta r t  o t h e r  e lec t r ica l  equipment. 
R e l a y  9CR energizes, l o c k i n g  o u t  t h e  alarm horn and alarm l i g h t .  

is t i m e .  When 5LT . ( low 
s t a r t  s w i t c h ,  3 

s w i t c h  6SS c a n  be  p l a c  
9 CR de-energ izes ,  p u t t  

l C R ,  2CR, and 8 

de-energized t o  keep t 

Emergency A l a r m  and Shutdown 
ses l o w  h 

but  t h e  system w i l l  c o n t i n  
above 200°F, 1TS w i l l  open caus ing  2LT t o  i l l u m i n a t e  and 1CR t o  

.de-energ ize ,  sounding t h e  alarm. I f  gearbox p r e s s u r e  rises too h igh ,  
* s w i t c h  1PS w i l l  open t o  de-energ ize  2CR, l i g h t  3LT, and a c t i v a t e  

t h e  alarm. 
below 15 p s i g ,  s w i t c h  10s or  3PS w i l l  open caus ing  4CR or 5CR t o  
de-energ ize  and 6LT or 7LT t o  i l l u m i n a t e .  Th i s  w i l l  de-energ ize  
r e l ay  8CR t o  sound t h e  alarm, 1SV t o  s h u t  down t h e  t u r b i n e ,  and 
7CR for  t h e  DSS equipment. 
e n e r g i z e  t o  prevent  a restart  wi thout  d e p r e s s i n g  reset b u t t o n  3PB. 
When 3PB is d e p r e s s e d ,  2TR.or 3TR w i l l  de-energ ize .  
de-energ izes .  

If t h e  t u r b i n e  overspeeds  o r  t h e  l u b e  o i l  p r e s s u r e  d rops  

i 

A f t e r  0.1 second,  2TR o r  3TR will 

Relay  6CR a lso 
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High Isobutane  Level  or  Detector F a i l u r e  
I f  t h e  hydrocarbon d e t e c t o r  is s h u t  o f f  or f a i l s ,  relay 2CRE 

I w i l l  de-energ ize ,  s h u t t i n g  down t h e  s y s t e m .  I f  t h e  hydrocarbon 
l e v e l  o u t s i d e  t h e  b u i l d i n g  rises too h igh  (above 50% LEL),  t h e  alarm 
on t h e  d e t e c t o r  w i l l  sound bu t  t h e  system w i l l  c o n t i n u e  t o  run .  I f  4 

t h e  i sobu tane  l e v e l  i n s i d e  t h e  b u i l d i n g  rises above 20% LE 

s h u t t i n g  down t h e  system. 
alarm on t h e  d e t e c t o r  w i l l  sound and r e l a y  contact l C R E  w i l l  open, ¶ 

A l a r m  
e l a y  1TR energize t h e  alarm horn and l i g h t  can be 
e s s i n g  alarm test  i t c h  2PB. I f  t h e  alarm s h o u l d ’  

a c t i v a t e  because of a f a u l t ,  t h e  a u d i b l e  alarm can  b hut  o f f  by 
d e p r e s s i n g  swi t ch  4PB. 

If t h e  s y s t e m  is t o  be ope ra t ed  w i t h  t h e  door  open,  shed 

p r e s s u r e  w i l l  d rop ,  e n e r g i z i n g  r e l a y  3CR.  
t o  a c t i v a t e .  However, t h e  alarm horn can b e  de -ac t iva t ed  by opening ‘ 

key s w i t c h  5SS. I f  any o t h e r  f a u l t  should  t h e n ’ c a u s e  an  alarm, 
r e l a y  lOCR w i l l  e n e r g i z e  and t h e  alarm horn w i l l  sound. I t  can t h e n  
be s h u t  o f f  by d e p r e s s i n g  swi t ch  4PB. 

T h i s  w i l l  c ause  t h e  alarm 

Normal Shutdown 
Shutdown is t h e  r e v e r s e  of s t a r t u p .  The alarms w i l l  a c t i v a t e  

when t h e  gearbox o i l  p r e s s u r e  d rops  below 15 p s i g  and s w i t c h  1PB 
must be  d e p r e s s e d . t o  reset t h e  alarm c i r c u i t .  
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Figure A - 3 .  Pressure vessels for direct contact test unit. 
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the East Mesa Component Test Facility near H 

kW Direct Contact tests were designed to 

oncurrent d 

as needed to 

butane and a 

was com- 

to check for 

nozzle and turbine blades were 
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This report presents the results obtained during these tests and is 

submitted to fu'lfill the work defined in LBL Purchase Order Nom 4057702. 

2.0 SUMMARY 

The geothermal power loop was modified for additional test effort 

g questions 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 knockout drum was added to the basic 

test loop. The power generation loop consisted of a brine pump supplying high 
pressure brine to a direct contact heat exchanger which transferred heat by 

act between the brine and the isobutane working fluid, The 
porized isobutane was directed to a partial admission axial flow 

turbine which extracted energy from the working fluid to drive a 3600 rpm KAT0 
The working fluid then passed to a condenser and an isobutane feed 

pump and the cycle repeated. The heat exchanger and pump loop was designed 
and operated by DSS Engineers of Fort Lauderdale, Florida, and the turbo- 
generator package was supplied by Barber-Nichals Engineering Company. De- 

tails of the design geometries of this hardware are contained in Volume l of 

this report. The test program was conducted at the East Mesa Component Test 

Facility near Holtville, California. 
Turbine performance was initially measured using a concentric tube 

"hairpin" heat exchanger in place of the direct contact heat exchanger. The 

purpose of these tests was to establish the turbine and system performance on 

a pure fluid 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. 
The two subcritical nozzle configurations differed primarily in the value 

of nozzle area ratio. The original nozzle was designed for an overall pressure 
ratio of 3.79. A nozzle expansion ratio of 1.567 was selected to match this 

pressure ratio. A peak turbine efficiency of 6170 was measured at a pressure 

ratio of 4.25. This value of efficiency may be compared to an original esti- 
mate of 5970 for this configuration. Data obtained at lower pressure ratios was 

found to duplicate efficiency measurements during Phase I tests. A second 
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subcritical nozzle was designed with an expansion ratio 

atio compared to the original 

. 306. The reduced 

sign was expected to 
ptimum pressure ratio for the turbine. A maximum efficiency of 6470 w 

chieved during these tests at a press 

.s in nozzle efficiency due t factors could account for 

the difference in turbine efficiency noted between the subcritical nozzle con- 
4 figurations. Over the entire press atio range examined, the new nozzle 

was found to outperform the original .design, and was selected for use in the 

direct ,contact heat exchanger tests, 

An objective of the subcritical turbine tests was to verify nozzle flow 

calibration particularly at different levels of superheat. An orifice type flow 
meter. was installed in the turbine inlet line to provide a vapor flow measure- 

s measurement provided much more reliable and ata obtained with 
e flow coefficients at levels of s near zero to 

cient calcul these data remained 

e original nozzles and between 1.03 and 1.05 for 

e low arearatio nozzle. 

ed showing turbine 

efficiency and cycle performance as a function of turbine inlet enthalpy. Inlet 

enthalpy was varied to investigate th 

ity at the nozzle dis- 

m 

* 

utilization efficiency by 
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d and by minimizing the average temperature difference over the en- 

brine cooling curve. This advantage i 
at high pressure levels corresponding to supercritical conditions. Consequently 

parasitic losses such as working fldd pumps and brine boost pumps are a large 
percentage of the output and high efficiency components are essential to show 

any net improvement over optimum subcritical cycles. 

et, however, by the need to operate 

. 

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 r 
A 200 hour endurance run was started following the calibration tests. 

Both the DSS heat exchanger loop and the Barber-Nichols turbine-gearbox 
generator ran smoothly during the test. Only 10 days were needed to complete 

the 200 hour run. .Inspections of the turbine component were  made 
periodically during the 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 5470 to about 

4170 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 5670 was measured 

after this cleaning, although the nozzle flow coefficient returned to a value of 

1. 02. 
An additional 40 hour oontinuous 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 coefficient dropped 
to values of 52% and 0.98, respectively. . 

The remainder of the piping and loop hardware was relatively 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 
and additional vapor generated was vented from a flash vessel. Flow press- 

ontrolled pressure drop, and the C02 
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and temperature instrum on was provided t t and monito 

Results of these tests showed that a significant amount of free 
can be removed from the brine stream with moderate flash temperature differ- 

ences in the range of 2’F to ?OF. Also, significant carbonate scaling was ob- 
.5 served at temperature drops of about 10°F. At 5 O F  extended operation of the 

flash vessel showed essentially no scaling problem. 
I These tests and the significance of the noncondensible accumulations 

problem has spurred additional detailed chemical analysi d tests. Re- 

sults of these investigations will be reported at a later dat 

In conclusion, from a heat transfer and operability standpoint, 

contact heat exchanger has demonstrated its viability as a 
ventional heat exchange equipment in an operating geothermal power ge 

loop, Three basic problems were identified, however, which require solution 
to improve the practical long term operation of the DCHX power loop. These 

may be summarized: 

1) C02 or nonconden in isobutane condenser. 

2) 

rnative to con- 

Isobutane recovery following the direct contact heat exchanger, 

3) d vapor from the direct contact heat 

exchanger . 
Reasonable solutions to theke problems are prop 
sign philosophy of the 500 pilot plant project. 

ed in the de- 

3.0 POWER EQUIPMENT MODULE 

equipment module 

Generator. 

6) Pressure;’ t perature 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 pressurized enclosure to circumvent 

any possibility of an explosive isobutane-air mixture in the ticinity of the gener- 

ator. Item 8 was remotely located a safe distance from the isobutane saurce. 

The power equipment module was skid mounted far 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 

Dureg the.Phase I testing the turbine exhaust pressure was 95 to 105 

psia rather than 83 psia as anticipated during the origina1,design phase. To 
take this into account a new subcritical nozzle was designed with a reduced area 

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

TABLE I 
NOZZ'LE DESIGN PARAMETERS 

Subcritical (Single 

Number of nozzles 
Throat diameter 
Exit diameter 
Area ratio 
Angle 
Edge thickness 
Admission 
Exhaust 
Pressure ratio 

1 
0.306 
0.3521 
1.306 
16O 
N / A  
27,34O 
55O 
3.32 

Nozzle) 

The turbine was a partial admission axial flow design incorporating a 
single rotor and nozzle blocks with three nozzle geometries for subcritical 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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. Figure 1. Generator shed and DSS loop. 

Figure 2 .  Generator shed and DSS loop. 
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40 0 LOOP CONFIGURATION 

4.1 DCHX TEST LOOP 

4.1.1 Test Loop Camponents 

The test loop consisted of the following major components: a direct con- 

tact heat exchanger (Figure 3) which was a combination preheater and boiler to 

supply isobutane vapor tothe turbine, an isobutane separator to separateany iso- 
butane from the bri a stripping column to remove the iso- 

butane from the br hotwell, a condenser, a hotwell, two 
circulation pumps, ulation and one for brine feed to the 

DcHx8 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 diagmm, (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. 

4o1o 3 Barber-Bichols Loop Changes 

The major changes to the BarbergNichols loop included a demister (see 

Figures 4 and 5) installed between the heat exchanger loop and the 

liquid from the IC4/H2O vapor 

stream of the turbi 
a flow orifice inthe 

the vapor flow rate 

measure brine flow rate 

testing. A vent vessel wa 

how much C02 could be removed by flashing the brine. (See Figure 6. ) 

4.2 INSTRUMENTATION AND SAMPLING 

e to remove 
;the turbine, a calorimeter in  

e enthalpy of vapor flow &the 

emister and the turbi 

flow orifice inthe b 

pin heat exchan 

4.2. 1 Flow Measurement 

A "Daniel Industries" M-3ORW 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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TO VENT S-ACK, 

t 

VAPOR 

TURBINE 
TO - 

Figure 5. Demister vessel. 

Figure 6. C02 flash tank. 
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the demister and the turbine inlet. The flow tube Ahad a 0.70 inch orifice for 

'subcritical isobutane testing and a 0.50 inch orifice for supercritical testing. 

The flow tube was used to verify turbine vapor flow rates for nozzle flow cali- 

in heat exchanger. 

c A model M-3 

recorder (0-400" W,, C. ) 

5 

brine discharge line was 

strum entation 

A small flash tank was instal1ed.adjacen.t: to the DSS loop toidetermine 

how much C02 could be removed by-preflashing the brine before it entered the 

brine feed pump. 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  anal 
atory. 

ed by the East sa Chemistry Labor- 

To take a sample the flash tank brine conditions were  first -stabilized 

I. 

L 

the sample containers, the sampl 1s immersed 
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5.0 FIELD OPERATIONS 

5.3. LOOP OPERATION 

e geothermal brine was trans- 

the brine. The isobutane vap 

. to a demister vessel where removed. The '!dry" vapor 
mixture was 'then expanded to conden 

turbine. The vapor was condensed an 

condensate was continu 
vessel was  also return 

re through the Barber-Nichols 

ell where its water  was 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 isobutane working fluid. high pressure brine 

was then reduced to  atmospheric pressure and dump nto an open tank where 

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 isobutane entrained in the brine leaving the direct contact heat ex- 

The brine, after leaving the open flash tank, was returned to a set- 
tling pond for reinjection. 

5.2 CA UBRATION TESTS 

ary  goal of the calibration tests was to oper 

both the original 1.57 area ratio subcritica 

. 3 area ratio subcritical nozzle as well as  the original su 
The subcritical data was obtained at varying degrees of superheat, isobutane 

flow rates, and brine flow rates. Several turbine speeds w 

output. Turbine output pow 

icient were  correlat ith vari ycle conditions run 
feet of turbine pressure ratio on overall ef€iciency was evaluated for each of 

the'subcritical nozzles in these tests. With the demister in operation performance 



- 13 

of the .original,nozzle verified and the original turbine inlet ,state point 

ked with the calorimeter and by pedorming a heat 
ger to determine how m removed from the 

less data was obtsLined for a range of speeds 
9 

the single supercritical nozzle. Also, output 

P ith varying degrees of vapor expansion into the saturated 

ome. The initial turbine inlet state point-was checked by correlation with 

the heat removed from the brine. 

Upon completion of the subcritical super c rit ical i sobut ane calibration 

s were used to determine which of 
X endurance run and at what conditions 

tests, the results of the subcri 
the subcritical nozzles to use 

of turbine inlet temperature, pressure and isobutane 

the enduranc est. Since the efficiency of the turbi 
points highe ith the new 1.3 area ratio subcritical 

DCH durance run. 

Direct contact heat exchanger calibration tests we before and after 

the 200 hour endurance run and during the 40 hour endurance run, These cali- 

bration runs pro eline data to be used in dete 

ldup in the nozzle and on th 

set operating parameters such as turbine' 
inlet temperatures and pressures and turbine speeds (for maximum 

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

e 

4 

a PO hour endurance-run 

The primary goal of the 200 hour endurance run was to observe any 
the moisture removed 

r endurance run when 

a mesh pack insi ans to "dry out" the vapor. , 
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The endurance runs began at 1342 hours on March  25, '1978 

completed at 0700 hours on April 7, 1978 

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 Ehgineers, manned the test loop on a 24 hour -day, 7 days-a-week basis. 

Unlike the 500 hour endurance run during which a Barber-Nichols employee and 

During this time period the DCHX 

? 

a DSS employee alternated 12 hour shifts, during the 200 h * 

durance runs one Barber-Nichols and one DSS employee monitored th 

during each 8 hour shift. 

TABLE I1 

Operating Parameters for  the Endurance Runs 

Brine inlet temperature to DCHX 
obutane outlet temperature from DCHX 
CHX operat 

Brine flow cat 
Jsobutane flow rate 
Turbine speed 
Isobutane level in hotwell 
Condenser pressure 

300 7 10°F 
5 , 4 T 0 , 3  gpm 
9.5T0.4gpm . 
2750-+ 5 rpm 
Greagr than 1 /2  full 
65 + 10 psig - 

These parameters resulted in: 

222 + 3% 
300 7 20 psig 
65 +'io psig 

rbine inlet temperature 
Turbine inlet pressure 
Turbine exhaust pressure - 

During the endurance run data w e r e  recorded once each hour. These 
bearing . data included gearbox lube oil temperature and pressure, gea 

temperature, turbine inlet and exhaust temperature and pressure, isobutane 
orifice temperature, pressure and differential pressure, DCHX brine and 

s 
. 

isobutane inlet and outlet temperatures, demister temp * 

perature, calorimeter temperature and pressure, b r i n  

pressure, turbine gearbox output shaft torque and rpm, and brine and isobutane 

liquid flow rate. 
A substantial i 

hour test compared to 
92% o€ the total time available during the test. 

in  loop operation .was n 
esting. Operation "up time" amounted to ' 
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During the endurance runs, the DCHX loop and the turbo-generator 

were shut down atotal a€ 13 times for  various reasons. These reasons are 

summarized as follows: 

No. of Times Shutdown 

5 

2 
7 

r 2 

Gastech hydrocarbon detector drifting 

Change wells 

Normal shutdown at end of endurance 
run 

1 Inspect turbine nozzle 

Low wellhead temperature at well 
M e s a  8-1 

Site power failure 

1 A i r  compressor failure 

The largest single shutdown problem was the "Gastech" hydrocarbon 

detector. The potenti 

monitored hydrocarbon level inside the pressurized shed ke 

shutdown the entire system if the drift was more than 5% downscale o r  2070 up 

scale on the detector meter. A t  no time was.excess isobutane level found in the 

er circuit for  the zero set point of the detector which 

vicinity of the power generating system. 

The loop was shut down twice to 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 since it s to be used to ply heat to the 500 kw 

pilot plant. The loop operated for  ap ximately 5 h on well 8-1. When 

its wellhead temperature dropped to 295OF the loop could no longer be controlled. 

Therefore, the remainder 

which had a loop inlet temperature a€ 320°F. 

endurance run was completed with wel l  6-2 
e 

Unlike the 500 hour endurance run, there were no shutdowns due to pump 

packing failures. The ified to supply additional cooling 

water  to the packings. 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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Figure 7. Isobutane utilization rate. 
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200 hour en- 

loop was  accidentally shutd d a large quan- 

&up isobutane 

/p e throughout the 

endurance run was 2.2 
0 

5.4 ON L I N E  TIME 

was started 

leted at 1630 

1342 hours on March 25, 1978 and the endurance run was completed at 1509 

endurance run to show the area of scale buildup (see Figures 8, 9, and 10). 

Samples of scale material were removed from the 

wheel. These samples were sent to LBL for analysis. 
k and turbine 
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L 

Figure 8.  Subcrit ical  turbine nozzle e x i t .  

Fig. 9. Rotor i n l e t  blade 
leading edge. 

Fig. 10. Turbine exhaust 
housing. 
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6.0 TEST RESULTS 

6.1 TURBINE CAIJB EXCHANGER 

6.1.1 Subcritical Calibration 
I /  

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 origin 

of nozzle flow 

of superheat from 10-60°F, isobutane flow rates of 8, 1 

brine-flow. rates of 5.5 and 8 gpm. 

s 

were  also used 

pressure ratios weFe achieved d n tests because of reduced 

cooling water temperatures and condenser pressures a s  compared to the previous 

velocity ratio, superh 

in the program which were obtained f 

The turbine output 

w 

and a differential press ) in pounds per hour 

Wn = 359CFd2FaY ,/- 

C = the coefficient of discharge 

F = velocity of approach factor ( I /  JT) 
where: 

( f = orifice diameter /pipe inside diameter) 
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d = orifice diameter 

Fa = thermal expansion coefficient for the orifice 

Y = an expansion factor for square edged orifices, ratio of the 

discharge coefficient for a gas to that for a liquid at the 

same Reynolds number. 
v 

hw = differential pressure gage reading in inches of water 
'a'= fluid density 

1 

Measured 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 ( q w )  determined the nozzle throat pressure 

and consequently the nozzle ideal flow rate, The nozzle flow coefficient (Cd) 
was then calculated as: 

measured isobutane flow rate 
nozzle ideal flow rate Cd = 

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 measured turbine ex- 
haust pressure. 

The turbine efficiency was calculated from: 

where: HPo = generator input shaft power 

HPg = measured gearbox losses 

& = measured isobutane flow rate, lb/sec 
A h' = turbine available energy, Btu/lbm 

Velocity ratio was calculated from: 

u / c o  = u/ 4- 
where: U = turbine pitch line velocity, ft/sec, 

5 

c 
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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 dficiency a€ 61% was measured with the original nozzle configuration at 

a turbine pressure ratio of 4.5. 

showed the same efficiencies as that obtained during the first test series. 

ficiency data with the 1.3 

nozzles by about 4 points. 
set with an area ratio of 1; 57 and 
area ratio nozzle'b 

ratio of 3..32. The new lower pressure ratio nozzle was designed and fabricated 

because during the 500 hour endurance run the actual turbine exhaust pressure 

* Data at lower pressure ratios, 2.8 to 3.5, 

Ef- 
c 

atio nozzle is improved over the original 
The original nozzle block consisted of a two nozzle 

design pressure ratio of 3.79. The 1.3 
isted of only one nozzle with a design pressure 

was 95 to 105 psia instead of 85 psia as anticipated. A s  expected, the maximum 
efficiency occurs at a lower pressure ratio corresponding to the reduced ex- 

pansion ratio. The best efficiency point for this configuration may be seen to 

pressure ratio o 

The reduced expansion ratio was expected to improve turbine efficiency 

at low pressure ratios, but the overall improvem served in the test was 

higher than expected. Slight improvement in nozzle efficiency due to better 

surface finish or alignment could account for the 
mary goals of the test were centered around oper 

direct contact heat exchang 

improved efficiency 
Values of nozzle flow cient calculated from these data were more 

consistent compared to the p r e ~ o u s  tests. Over a wide range of superheat and 

pressure ratios the calculated nozzle flow coefficient remained between 0.99 and 

1.02 for the original nozzles and be 
nozzle. Consist values of flow c 1.0 are felt to be the 

result of inaccuracies in measuring 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 

* 

3 and 1.05 for the low area ratio 
6 
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SUBCRITICAL NOZZLE 
TEST SERIES #2 

x ORIGINAL (AR=I. 57) 
0 NEW NOZZLE (AR=1.3) 
0 DATA FROM PRECAL 

TEST SERIES # I 

.7c 

-60 
I 

.50 

Figure ,11. 

3.0 3.5 4 -0 4.5 

TURBINE PRESSURE 
RATIO 

Pure IC4 calibration test 
(using hairpin heat exchanger). 
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PURE ISOBUTANE 
TEST SERIES # 2 
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PURE ISOBUTANE 
TEST SERIES #2 

VELOCITY RAT1 0, u/Co 

Figure 13. Subcritical calibration tests; efficiency 
vs. u/Co nczzle A P =  1.30 (single nozzle). 

T 

V 



* 

P 

r, 

.* 

3-25 

series was a liquid 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 vaporized an 

out drum or was passed th 

undetected through the orifice and turbine. In either case, the orifice provided 

a good determination of the vapor flow to the turbine and no evidence of reduced ' 

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

6.1.2 Supercritical Calibration 

tion either was trapped in the knock- 

in the form of a fine mist and went 

Calibration tests were performed with the original supercritical 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 verify inlet enthalpy and turbine efficiency data obtained during 

the previous te 
Calibration data were collected at pressure ratios ranging from 7.7 to 8.7. 

The data collected and the method of data reduction was identical to that used 

with the subcritical data. 
Measured values of turbine efficiemy are shown plotted against velocity 

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

in the Phase I report is also shown for comparison. During the se I1 testing 

the condenser pressure wa an original gn pressure 
of 83.2 psia. A turbinepre measured during the Phase I 

testing. The increased pressure ratio for this test series resulted in an increase 

of 2.5 to 5.5 percent in turbine efficiency. 
Values of nozzle flow coefficient calculated from' these data varied from 

nge of pressur ratios using the calorimeter data to 1.08 to 1.14 over a wide 

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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i 

PURE ISOBUTANE 
TEST SERIES # 2 
INLET ENTHALPY FROM 

A - 8 . 0  
0-6.3 
+-8.7 

0.0 0.10 0.20 0.30 0.4 0 0.50 
VELOCITY RATIO, u/Co b 

Figure 14. Supercritical calibration tests: efficiency -., 
vs. u/Co nozzle A R - 2 . 8 7  (single nozzle). . 
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to calculate the ideal flow rates. Turbine efficiency data. were also found to 

be very consistent during these tests. A s  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 Figure 15. A s  may be seen the 

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

dicted variation over the range of enthalpy examined. Figure 16 shows the 
variation in  maximum turbine efficiency and maximum cycle efficiency with 

turbine inlet enthalpy. A s  can be seen, the calorimeter measurements resulted 

in  a consistent set of data. The turbine efficiency varied from 5570 to 5970. The 

predicted efficiency over the range of inlet enthalpies presented was 52.470. The 

P 

s 

reduction in efficiency at low values of inlet enthalpy is felt to be the result of 

expanding into the s apor dome. 

6.2 TURBINE CALIBRATION - DCHX 

Turbine calibration tests with the DCHX were  performed 

the 200 hour endurance run and at  the start and finish of the 40 h 

run. At the beginning of the 200 hour endurance run the subcriti 

data of the hairpin tests were examined to determine which subcritical n 

use. Since the low .pressure ratio (PR=l .  3) nozzle gave a 4-point higher 
e€€idency it was selected for use during the endurance runs. 

rates, Since the turbine alpy obtained fr inlet tempera- 

ture and pressure agreed m the calorimeter data, 

the turbine inlet tempera in conjunction with the 

measured values of gearbox output shaft torque and rpm to determine turbine 
efficiency as a function of velocity ratio. 

All calibration tests were performed at constant brine and isobutane flow 

* 

Figures 17 and 1.8 present the turbine calibration data collected before 

i and after each endurance run prior to the 2 

durance run are  presented in F 
of 3.4, 3.54, and 3.70. The 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 th isobutane flow orifice. 

at pressure ratios 
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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 I 

heavily scaled. 
The two curves in Figure 18 illustrate the effect on turbine performance * 

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 e€€iciency increased to 56% at a U/Co of 0,35. This was 2% less than the 
peak efficiency reached during the calibratim tests at the begiirnlng of the 200 

hour endurance run. The reduced peak efficiency 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 1.470 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. 

Scaling properties of the brine did affect the performance of the turbine. 

Figures 20 and 2 1  illustrate the effect of scaling on gearbox output horsepower 

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 4170 at the end of the run. The 

e 
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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 

brine and isobutane flow rates to adjust turbine inlet temperature and pres- 

sure. These adjustments were required to compensate 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 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 gearbox output horsepower averaged 11.1 horsepower and the 
turbine efficiency averaged 5470. At the end of the 40 hour endurance run there 
was a thin (approximately 0.002 inch) layer 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 t r a p  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 allowed 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 

t rap  valve 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. Simultaneously the water leaving the demister through the steam 

t r a p  was measured. 3 

B 
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TABLE III 

X 0.455 8 0.455 c 

X 0.435 8 0.435 

0.400 .I. 1. 0.400 

x .  0.071 0.238 0.309 

X 0.167 0.158 0.325 

X s 0.253 *c 0.253 

X 5 

X 0.111 0.111 

0.136 0.136 X 

X 0 .2  0.227 

X 0.089 0.198 0.287 

X 

X 

A s  shown above, the total flow r 

butane vapor varied from 0.111 gpm to 0.455 

0.291 gpm. Comparing the columns for  the wat 

with those for the 

measured separat 
geothermal brine 

9 .5  gpm of isobut 

315 psia, the equ 
fraction corresponds to a calculated flow rate 

om the hotwell 

5% a€ the entrained 

m which is rea- 
sonably c b s e  to the hotwell flow rate with the demfster valve closed. r’ 

6.3.3 Measurement of Flow Rate with IC4/H2O Orifice. * 

area. The nozzle flow coefficient decreased from 1.01 to 0.92 during the 200 

hour endurance run. t 
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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 coefficient was 1.02. 

A 40 hour endurance run was completed. At the end of this run the flow rate 
was 2271 lb/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 

BrineIn 3 1 9 ' ~  
BrineOut l4O0F Boiler pressure = 325 psia 

IC4 In 72OF 
I C ~ O U ~  2 2 8 O ~  

Q IC4 9.1 in = 8.913 gpm = 2485.75 lb/hr  
QBrine 5.3 in = 5.96 gpm = 2710.175 lb/hr 

Brine 

Q = &AH = 2710.175 (289.64 - 107.89) = 492,574.31 Btu/hr 

Partial pressure of 228OF water = 20.016 psia 

Partial pressure of saturated IC4 = 325 - 20 = 305 psia 

c p  = 1,015 

Tsat IC4 = 217.53OF 

Superheat = 228 - 217.53 = 10.470F 

AH boil = 880 88 Btu/lbm 
Q boil = 2485.75 (88.88) = 220,921.03 Btu/hr 

AH 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 = 485,591026'Btu/hr 

Balance within 1.4270 

60 4 INSPECTION 

604.1 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 
probably due to the fact that the nozzle block was new and stili contained a 

coating of oil from the machining process. At the 100 ho* and 200 hour points 

a scale deposition was noted on the expansion cone of the nozzle and the nozzle 
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throat was partially plugged (approximately 10~0) with scale. The scaling re= 
ed by the isobutane 

e deposition in the expansion cone degraded nozzle performance and 

d in section 6.3. overall turbine efficiency as discu 

At the cam un the nozzle block and c 
, I  

turbine rotor were de 

check the effect of cl 

led and a 40 hour endurance r 

g the nozzle and rotor on ov 

was performed to 
3 ‘performance and to 

check scale buildup in the first 40 hours of run tirne. Samples of scale were 

collected at the completion of the 200 hour and’40 hour endurance runs and re- 

sults of a chemical analysis of th cale material is presented in the following 

section, 

6.4.2 Chemical 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, 9070 or  more,-to be silicon dioxide indicating that the source of all 

the scale was brine entrainment from the DCEK. The rest  of the constituents 

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

e table correspond t e locations noted in  Table V. 

ce of excessive 

ng somewhere in 

s some corrosion 

LASH EXPERI 
t* 

Condensing pressure for the entire direct contact test series was signi- 

ficantly higher than one would expect based’m th 

available and the IC4 temperature measured 
values of IC4 subcooling in the rarge of 20OF to 30°F 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 

i 
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TABLE V 

SPECTROGRAPHIC ANALYSIS OF SCALE SAMPLES FROM DCHX TURBINE 

Si 

B 
Fe 
N a  

Ca 

K 

A1 

c u  

Mg 
Sr 
Cd 

Zn 

Mn 

Pb 

Ba 

C r  

N i  

Ge 

Sn 
Ga 

Be 

Ti 

#1 

#lA 

#2 

#3 

#4 

#1 #lA #2 #3 #4 

Principle constituent in each sample, 

. 6  2.5 

1.0 2 a O  

a 05 . e 2  

a 025 

e 01 

a 015 

a 008 

025 

005 

002 

001 

e 02 

015 

e 05 

a 01 

a 02 

e 01 

003 

001 

a 04 

006 

a 05 

008 

a 01 

.015 
- 
- 

e 001 001 002 
- 002 - 

Found inside nozzle (4/4/78) 

Found inside nozzle (4/4/78) 

Turbine nozzle (4/7/78) 

Turbine housing (4/4/78) 

Turbine rotor (4 /4 / 78) 

a 04 e 08 

e 08 

e 15 

e 04 

a 05 

a 01 

04 

a 02 

a 05 

e 03 . 003 
002 

e 002 

002 

a 002 

a 04 

a 15 

015 

a 05 

025 

a 01 

015 

a 008 

e 025 

005 

002 

001 

a 001 
- 
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C02 from the brine stream which when entering the direct contact column 

gave up a portion of the dissolved CO2 to the IC4 stream The co2 accumu- 

lated in the condenser raising its total pressure 
To investigate the amount of C02 which can be removed from the brine 

F 
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 vessel 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 w e e  analyzed by the chemistry lab at 

the East Mesa Component Test Facilit lthough these tests were not intended 
to provide a complete answer to the;complex CQZ-brine chemistry interactions, 

two -basic results were obta@ed:. 

1) ubstantially reduced 

moderate flash temperature-differences in  the brine stream. 

Flash temperature differences 
antial reducti 

2) epature drop 10°F resulted in significant carbon- 

scaling problems the flow meter and vessel downstream of the 

flash tank. Flash temperature drops of ab 

cr 

ib  1) Turbine efficiency and nozzle flow coefFicients measured during 

this phase of testing verified performance prediction techniques 

and design methods for partial admission axial .flow hydrocarbon 

turbines. The influence of entrained water i n  the working fluid 

vapor flow on turbine peflormance during direct contact heat 
exchanger testing was shown to be reasonably predictable. 
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2) 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- 

. moved liquid droplets from the vapor stream to the turbine. 1 

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 efficiency improvement of 4 points was obtained with 

the single low area ratio nozzle (AR=1.3) as compared to that 

c 

3) 

obtained with .the original nozzle design (AR=l. 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 

4) 

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 

knockout drum removed large liquid droplets, some entrained 

mineral content was carried to the turbine resulting in a silica 

scale formation. A s  in previous tests no significant scaling was  

observed in  the direct contact heat exchanger or  in the connecting 

pipes. 

5) 

t 

e 
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tially’reduciag the free and dis- 

as demonstrated 

shtank. Very 
ed at this condition 

n1y residual amounts of C O ~  a 

Ir icarbonate form (HCO3 
tream of the flash 

To achieve practical long term operation with the direct contact power 
loop, improvements are nee eas: 

1) 2 or nonc he isobutane condenser. 

2) Isobutane recovery following the direct contact heat exchanger. 

m the direct contact 

contained in the 

e influence the am 

a flash recovery ines the difficulty 
involved in condensing and recovering the isobutane collected. 

Suggested means of dealing with the above problems are: 

1) 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 tf 

duced to about 50 ppm, 1 

would accumulate in the condenser, 
The present scheme for isobutane recovery involves flashing the 

brine to a subatmospheric 

e CO2 content in  the brine can be re- 

than 2 psi partial pressure of CO2 

‘e 

Q gas. Operating is system in the absence of noncondensibles in 

2) 

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

less of a problem. 



3-44 

3) Improvements in demister design and operation can reduce or  
eliminate mineral carryover in th dvapor. It is 

suggested that the design be modified t 
.wash of the demister mesh to improve 
carryover. Chevron baffles following the mesh (preferably in 

a horizontal configuration) would also improve the e€ficiency of 

the demister element. 

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