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ABSTRACT 

The Heat Cycle Research Program, which i s  being 
conducted f o r  the Department o f  Energy, has as i t s  
ob jec t ive  the development o f  the technology f o r  
e f f e c t i n g  improved u t i l i z a t i o n  o f  moderate temper- 
a tu re  geothermal resources. Test ing a t  the Heat 
Cycle Research F a c i l i t y  located a t  the DOE Geo- 
thermal Test F a c i l i t y  East Mesa, C a l i f o r n i a  
involves superc r i t i ca l  vapor izat ion and counter- 
f l ow  in-tube condensing i n  an organic Rankine 
cycle. Results o f  the experiments are given f o r  
both pure and mixed-hydrocarbon working f l u i d s .  
The heater and condenser behavior predicted by the 
Heat Transfer Research, Inc. computer codes used 
f o r  co r re la t i on  o f  the data was i n  exce l len t  
agreement w i t h  experimental resu l ts .  A special 
ser ies o f  tests,  conducted w i t h  propane and up t o  
approximately 40% isopentane concentration, 
ind ica ted  t h a t  a c lose approach t o  " in tegra l "  
condensation was occurr ing i n  the v e r t i c a l l y -  
o r ien ted  condenser. Prel iminary r e s u l t s  o f  t e s t s  
i n  which the tu rb ine  expansion "passed through the 
two-phase region" d i d  no t  ind ica te  e f f i c i e n c y  
degradation assignable t o  these metastable 
expansion processes. 

BACKGROUND 

The purpose o f  the Heat Cycle Research Program Is 
t o  develop technology which w i l l  r e s u l t  i n  more 
e f f e c t i v e  u t i l i z a t i o n  o f  moderate temperature 
geothermal resources; a major emphasis o f  the 
program has been d i rec ted  toward b inary  cycle 
technology. The ove ra l l  program has been 
discussed b r i e f l y  i n  ( l*) .  As ind ica ted  i n  t h a t  
reference several concepts have been invest igated 
a n a l y t i c a l l y  i n  e a r l i e r  program e f f o r t s  which have 
shown the po ten t i a l  f o r  e f f e c t i n g  s i g n i f i c a n t  
performance gains f o r  b inary  plants. Use o f  non- 
adjacent hydrocarbon mixtures f o r  working f l u i d s ,  
which are vaporized a t  superc r i t i ca l  pressures, 
and a counterf low in-tube condenser t o  provide a 
c lose approach t o  i n teg ra l  condensation, are two 
such concepts. ( I n teg ra l  condensation refers t o  
the maintaining o f  thermal equ i l ib r ium between 
phases dur ing condensation.) Addi t ional  perform- 

*Numbers i n  parentheses designate references a t  the 
end o f  the paper. 

ance gains were predicted through use o f  tu rb ine  
exhaust recuperation, and through mod i f i ca t ion  o f  
tu rb ine  i n l e t  s ta te  po in ts  t o  achieve super- 
saturated-vapor turbine-expansion processes. 
These advances, i n  t o t a l ,  were projected t o  
increase present l eve l s  o f  net  p lan t  geo f lu id  
ef fect iveness (Wh/lbm geof lu id )  by as much as 28% 
using 36OoF hydrothermal resources, and t o  
double the use o f  moderate-temperature geothermal 
energy. An overview o f  the recent experiments f o r  
conf i rming the assumptions made i n  the performance 
project ions.  and f o r  developing the technology 
needed t o  achieve counterf low in teg ra l  conden- 
sat ion,  i s  given i n  the present paper. I n i t i a l  
r e s u l t s  o f  these experiments were presented i n  
( 2 ) ,  and a more de ta i led  discussion o f  the current 
r e s u l t s  i s  given i n  ( 3 ) .  

The work was supported by the U.S. Oepartment o f  
Energy (DOE), Geothermal Technology D iv is ion ,  
under Contract No. DE-AC07-76ID01570. # r .  R. 
LaSala i s  the DOE program manager. 

EXPERIMENTAL APPROACH 

To accomplish the ob jec t ive  o f  developing tech- 
nology f o r  advanced b inary  geothermal plants,  a 
number of Rankine-cycle experiments were conducted 
using working f l u i d s  cons is t ing  o f  both pure and 
m i  xed hydrocarbons o f  the propane-i sopentane and 
isobutane-hexane fami l ies a t  nominal ly 0, 5, 10% 
isopentane o r  hexane, by mass. Vaporization o f  
the working f l u i d s  a t  superc r i t i ca l  pressures was 
invest igated, as was condensing o f  the pure and 
mixed-hydrocarbon vapors i n  a v e r t i c a l  counterf low 
in-tube condenser. The t e s t  parameters var ied 
webe heater pressure and working-f l u i d ,  geof l u id ,  
and cooling-water flows. A ser ies o f  t e s t s  was 
run wi th  special propane-isopentane mixtures w i t h  
isopentane mass fac t ions  o f  up t o  40% t o  i nves t i -  
gate the departure from in teg ra l  condensing 
exh ib i ted  by the condenser. F ina l l y ,  the e f f e c t  
o f  a l lowing tu rb ine  expansion processes t o  cross 
the sa tura t ion  l i n e  and "pass through' the 
two-phase region" was studied during several t es ts  
using isobutane-hexane working f l u i d s .  

The experiments were conducted i n  the Heat Cycle 
Research F a c i l i t y  (HCRF), i n  which the energy from 
the geothermal f l u i d  i s  t ransferred t o  a secondary 
working f l u i d ,  which i s  i n  t u r n  expanded through a 
tu rb ine  d r i v i n g  an e l e c t r i c a l  generator. The 
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f a c i l i t y  i s  cu r ren t l y  located a t  the DOE Geother- tud ina l  f i n s  ins ide  each tube g i v ing  an inside-to- 
mal Test F a c i l i t y  (GTF) a t  East Mesa i n  the outside area r a t i o  a f  1.3). The vessel i s  18 
Imperial Val ley o f  Southern Ca l i fo rn ia .  The HCRF inches i n  diameter and contains 419 o f  the tubes 
i n  i t s  cur ren t  con f igura t ion  i s  $hewn schemati- which have a length o f  18.54 f e e t  (tubesheet face- 
c a l l y  i n  Figure 1; a photograph i s  included i n  to- face).  The cool ing water enters the she l l -s ide  
(1). I n  t h i s  conf igura t ion  the f a c i l i t y  i s  j u s t  above the lower tube-sheet and leaves the 
operated as a superc r i t i ca l  cycle; t h a t  i s ,  the vessel j u s t  below the upper tubesheet. 
working f l u i d  vapor leaving the heaters i s  a t  a 
temperature and pressure higher than t s  c r i t i c a l  TURBINE-GENERATOR - The turbine-generator assembly 
po in t .  As ind ica ted  i n  Figure 1, there are two was designed and b u i l t  by Barber-Nichols Engineer- 
superc r i t i ca l  heat exchangers, a preheater and a ing, and consists of an ax ia l - f l ow  impulse turbine 
vapor generator, w i t h  which, the energy from the d r i v i n g  an induct ion motor/ generator through a 
geothermal f l u i d  i s  used t o  vaporize a hydro- 6.135:f speed-reduction gearbox. The generator 's 
carbon working f l u i d .  (The geothermal f l u i d  was ra ted  speed i s  3600 rpm, and f o r  the present 
supplied from GTF Well 6-2, and entered the HCRF nozzle area and tu rb ine  i n l e t  s ta te  points,  the 
a t  a temperature between about 312 and 322OF.) tu rb ine  power produced i s  on the order o f  40kW. 
The high-pressure working f l u i d  vapor leaving the 
superc r i t i ca l  heaters can e i t h e r  be expanded RESULTS 
through a tu rb ine  which dr ives  an e l e c t r i c a l  
generator o r  be expanded through a tu rb ine  bypass The analysis of the heat exchanger data from these 
valve. The low-pressure vapor leaving the tu rb ine  experiments had a two-fold purpose. F i r s t ,  data 
o r  bypass valve i s  discharged t o  the condenser were obtained and v e r i f i e d  f o r  the phenomena o f  
where i t  i s  desuperheated and condensed by superc r i t i ca l  heating i n  a f inned tube heat 

exchanger and the condensation o f  hydrocarbon 
mixtures ins ide  f inned tubes. Second, the data 

r e j e c t i n g  heat t o  the  GTF cooling-water system. 

b u n l u  cuml were used t o  determine how wel l  a heater o r  
condenser s im i la r  t o  those tested could be 
designed using standard techniques. To achieve 
these purposes, i t  was decided t o  use the computer 
codes developed by Heat Transfer Research, Inc. 
(HTRI) t o  r a t e  the exchangers, because these codes 
are commonly used f o r  heat exchanger design, and a 
d i r e c t  comparison between experiment and calcu- 
l a t i o n  gives a measure o f  how we l l  the cGdes serve 
as design too l s  for  t h i s  app l i ca t ion .  Several 
references containing general descr ipt ions o f  
methods used by HTRI i n  t h e i r  development o f  the 
codes are l i s t e d  as ( 4 )  through (8). 

PROPERTIES - Working-f luid thermodynamic proper- 
' t i e s  used I n  analysis o f  data were determined by a 

computer program named "EXCST" (9). developed by 
J. Ely  a t  the National Bureau o f  Standards (NES),  
which is based on an "Extended Corresponding 
States" theory. The NBS program resu l ted  i n  more 
consistent energy balances than other p roper t ies  
codes ava i lab le  t o  us. Overal l ,  these proper t ies  
appeared sa t is fac to ry ;  no major de f ic ienc ies  were 

HEATERS - The work ing- f lu id  heaters are arranged detected. 
i n  a h a i r p i n  conf igura t ion  w i t h  the preheater on 
the bottom and vapor generator on top, as sketched HEATERS - For the heaters the HTR1 computer 'Ode 
i n  Figure 1. The geothermal f l u i d  and the working ST-4 5-4, the shell-and-tube 'Ode with no 
f l u i d  have countercurrent f l ow  paths through the phase change* was used. This 'Ode average 
heaters w i t h  the working f l u i d  f l ow  on the outside Propert ies for  a given exchanger; however, f o r  our 
o f  the tubes, The preheater tube length i s  28.21 the thermodynamic and transport 
f e e t  (tubesheet face-to-face) w i t h  an outside Propert ies change q u i t e  r a p i d l y  w i t h  temperature, 
she l l  diameter of 5-56  inches. ~t contains 27, and Very non-l inear temperature d i s t r i b u t i o n s  
1/2-jnch OD, 19 f ins/ inch, low-fin tubes made of r e s u l t  w i t h i n  each heat exchanger along w i th  la rge  
admiral ty brass having an outside-to- inside area va r ia t i ons  i n  the t ranspor t  propert ies. I n  order 
r a t i o  o f  4.17. The vapor generator contains 39 o f  to account for these the heater was 
the same type o f  tube w i t h  a 29.21 f o o t  length, divided into six separate jncrements and the 
and an outside she l l  diameter o f  6.63 inches. 

CONDENSER - The condenser i n  I t s  present or ien- The clean ove ra l l  heat t rans fer  coe f f i c i en ts  and 
t a t i o n  is a v e r t i c a l  u n i t  (as sketched i n  f igure  temperature di f ferences were determined, and 
1) also having countercurrent f l ow  paths. The f o u l i n g  values consistent w i t h  the measured 
condensation occurs on the ins ide  o f  1/2-inch OD, temperatures for each heat exchanger were 
i n te rna l l y - f i nned  tubes made o f  90/10 cupro-nickel calculated. Fouling resistances f o r  each heat 
(Noranda forge f i n  No. 6, w i t h  ten-s t ra igh t  l ong i -  exchanger were p l o t t e d  as functions o f  t i m e ,  and 

--. 
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predicted temperature d i s t r i b u t i o n s  gh both the condensation ( i n teg ra l  condensation). This 
heat exchangers were compared w i t h  measured code t r e a t s  var iab le  working-f lu id p roper t ies  by 
temperatures. Agreement between the calculated d i v i d i n g  the condenser i n t o  twenty "constant- 
and measured temperature d i s t r i b u t i o n s  i n  the property" nodes. Corrections were made, however, 
heater-vaporizer heat exchangers was qu i te  good. t o  account f o r  the presence o f  the i n te rna l  f i n s  
Measured temperatures are w i t h i n  a few degrees F on the working-f lu id s ide o f  the tubes; the code 
of the calculated values for a l l  cases, as can be normally assumes c i r c u l a r  tubes. The re la t i on -  
seen from the p l o t s  presented i n  Appendix B of ( 3 ) .  ship between measured condenser pressure and 

bubble po in t  temperature contains some uncer- 
Figure 2 shows the calculated fou l ing  resistances t a i n t y  i n  a number o f  items such as: pressure 
re fe r red  t o  the ins ide  area (geothermal-side), measurement accuracy, working f l u i d  composition, 
where the major po r t i on  of the  fou l ing  was expec- accuracy of thermodynamic propert ies de f in ing  the 
ted. The t ime a t  which each f l u i d  was tested IS satura t ion  l i n e ,  presence o f  noncondensibles, and 
noted across the top o f  the Plot .  B o i l i n g  t e s t s  the magnitude of condenser subcooling. Because of 
( s l i g h t l y  s u b c r i t i c a l  working f l u i d  pressures) and the combination of very c lose approach temperature 
those po in ts  w i t h  energy balances i n  e r r o r  greater dif ferences between working f l u i d  and cool ing 
than 7% were omitted from the  p l o t .  The f a i r e d  water i n  the condenser (=1.5OF), and the 
l i n e  i s  a least-squares fit of a quadrat ic curve uncer ta in t ies  i n  the bubble-point temperature as a 
for  a l l  o f  the  data p l o t t e d  between zero and about function of measured condenser pressure, i t  was 
320 days. The f o u l i n g  resistance exh ib i t s  an found t h a t  measured temperatures ra ther  than 
increasing magnitude up t o  t h i s  point ,  a t  which pressure, had t o  be used as code input  quan t i t i es  
t ime the heater tubes had shown evidence o f  some t o  best represent actual condenser condit ions. 
plugging ( increased geof lu id pressure drop); the The code was input  assuming zero subcool ing, zero 
heads were then removed, and the  tubes unplugged. pressure drop i n  the tubing, and w i th  the measured 
It i s  expected t h a t  the unplugging operation may working f l u i d  i n l e t  state-point  and f l ow  con- 
have removed some of the fou l ing  products, d i t i ons .  Measured cool ing-water- in let  and o u t l e t  
p a r t i c u l a r l y  i n  the preheater, and disturbed the temperatures were input, and the code was used t o  
f o u l i n g  t rend a t  t h a t  time. Therefore, the fa i red  ca lcu la te  a bubble-point temperature f o r  which the 
l i n e  i n  Figure 2 i s  shown on ly  t o  the t ime Of the required condenser heat- t ransfer area equalled the 
unplugging. The f a c t  t h a t  the calculated f o u l i n g  actual surface area. 
f a c t o r  i s  negative a t  ea r l y  times i n  the t e s t  
ser ies i s  an i nd i ca t i on  t h a t  the computer code was Values of calculated bubble-point temperature 
s l i g h t l y  conservative, and under-predicted the minus measured o u t l e t  working f l u i d  temperature 
heat t rans fe r  c o e f f i c i e n t  i n  the clean configur- were p l o t t e d  versus operational t i m e  f o r  the 
a t ion .  The clean ove ra l l  heat t rans fe r  coeff i -  working f l u i d s  tested as shown i n  Figure 3.  No 
c i e n t  for  these f l u i d s  a t  nomi a1 condi t ions 1s s ign i f i can t  trends are indicated, although the 
between 100 and 140 Btu/hr ftfoF, based on the p l o t t e d  d i f fe rences  f o r  the pure f l u i d s  seem t o  be 

shown. The co r re la t i on  o f  Figure 3 i nd ica tes  t h a t  
i f  one designed a s i m i l a r  condenser using the HTRI 
code CST-1, the NBS thermophysical propert ies,  and 
w i t h  the assumption t h a t  the f l u i d  leaves the 
condenser a t  the bubble point .  the r e s u l t i n g  
condenser would produce a bubble-point temperature 
which i s ,  on the average, 0.4oF lower than the 
design value, The standard dev ia t ion  o f  the 
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s ta tes  throughout;during the other fou r  expansions l a t e d  e f f i c iency  below i t s  rea l  value, and could 
the tu rb ine  i n l e t  entropy was reduced such t h a t  r e s u l t  i n  a misleading trend on the p l o t .  As an 
the  i sen t rop i c  nozzle f l ow  (outside of the example, the presence o f  1% moisture i n  the 
boundary layer )  reached equ i l ib r ium moisture ' tu rb ine  exhaust f o r  the t e s t  a t  0.808 i n l e t -  
condi t ions ranging from about 7 t o  22%. Figure 6 entropy would ra i se  the c i r c l e  about 5% i n  
i s  a schematic temperature - entropy diagram for e f f i c i e n c y  t o  the l eve l  indicated f o r  the highest 
isobutane showing the s i x  tu rb ine  expansion in le t -en t ropy  tes t .  A second fac to r  which must be 
processes (assuming metastable expansions). The considered i s  the r e l a t i v e l y  la rge  uncertainty 
v e r t i c a l  l i n e s  through the s i x  i n l e t  s ta te  po in ts  estimated f o r  the e f f i c i enc ies  based on f l u i d  
( a t  560 ps ia )  represent the po ten t ia l - f low regions propert ies;  the p l o t t e d  c i r c l e s  could have 
o f  the nozzle expansions t o  the e x i t  pressure (60 resu l ted  from an actual e f f i c i ency  which i s  
psia),  which correspond t o  the p a r t  o f  t h e  nozzle independent o f  tu rb ine  i n l e t  entropy. Therefore, 
f l o w  most l i k e l y  t o  undergo some condensation. two in te rp re ta t i ons  come t o  mind f o r  the t rend 
Since the tu rb ine  i s  the  impulse type, pressure i n  shown by the e f f i c i e n c i e s  based on f l u i d  proper- 
the blading i s  approximately constant; the t i e s .  The f i r s t  i s  t ha t  some moisture was present 
constant pressure l i n e s  connecting the lower end f o r  the low in let-entropy expansions i n  the form 
o f  the v e r t i c a l  l i n e  and the lower end of the o f  sub-micron droplets which are essen t ia l l y  i n  
i nc l i ned  l i n e  f o r  each i n l e t  condit ion, represent complete thermal and v e l o c i t y  equ i l ib r ium w i t h  the 
the i r r e v e r s i b l e  f lows through the blading. The vapor; then no degradation 'o f  actual e f f i c i ency  
i nc l i ned  l ines ,  themselves, only connect the would have resu l ted  from the presence of 
tu rb ine  i n l e t  and o u t l e t  s t a t e  points. . moisture. A second in te rp re ta t i on  i s  t ha t  no 

moisture was present, and the actual e f f i c i ency  i s  
independent o f  tu rb ine  i n l e t  entropy, bu t  the 
measurement uncer ta in t ies  have introduced major 
sca t te r  i n  the p l o t t e d  resu l ts .  The p l o t t e d  
t r iang les ,  based on the wattmeter readings, are 
seen t o  ind ica te  no s i g n i f i c a n t  e f f e c t  o f  i n l e t  
entropy on tu rb ine  e f f i c i ency .  
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Figure 6. Supersaturated Lxpansion Conditlon 

P 
Turbine i sen t rop i c  e f f i c i e n c y  has been P lo t ted  as 
a func t ion  o f  tu rb ine  i n l e t  entropy i n  Ffgure 7 
f o r  these s i x  tes ts .  Values o f  maximum equ l l -  
ib r ium moisture reached a t  the temperature o f  
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maximum dew-point entropy dur ing each o f  the 
nozzle expansions can be estimated from the 

lated, as described in--73), using the wattmeter 
t r iangles),  and 

easurements (dash- 
f a i r e d  c i r c les ) .  Repeatab i l i t y  o f  the t r i ang les  
has been estimated, p re l  im inar l l y ,  t o  be w i t h i n  
+1.4%, and the c i r c l e s  w i t h i n  about 25.6%. ame behavior was shown for the 
Unknowns t h a t  can a f f e c t  the r e l a t l v e  l eve l s  o f  j ess  and for the 95% isobutane 
the two e f f i c i e n c y  curves include the  precise which reached an "equi l ibr ium- 
magnttudes o f  gear-box losses, generator moisture" s t a t e  po in t  o f  over 30%) as was 
e f f i c iency ,  and the f r a c t i o n  of turbine-bearing discussed r e l a t i v e  t o  Figure 7. It was concluded 
and windage losses t h a t  f i n d  t h e i r  way i n t o  the  t h a t  the present r e s u l t s  do no t  show turbine- 
exhaust gas enthalpy. Because o f  these consider- e f f i c iency  degradation associated w i th  expanding 
at ions, i n te rp re ta t i on  o f  the r e s u l t s  Is based on through the two-phase region. Future two- 
the trends shown by the two e dimensional nozzle tes ts ,  which are planned w i t h  
ra ther  than the1 re1 a t i  ve magnitude extensive wa l l  pressure instrumentation and w i t h  a 

LASER system t o  i 1 luminate condensate drop le ts  
A f ac to r  which must be consider formed, should provide a valuable supplement t o  
p re ta t ton  o f  the dashed curve, I s  t ha t  the curve these and other supersaturated-expansion tu rb ine  
was calculated assuming no moisture i n  the tu rb ine  t e s t s  which w i l l  be conducted during the next 
exhaust. Moisture present would reduce the -calcu- several months. 

a u x i l i a r y  scale. Eff icienci~e_c-_ have been calcu- TurtJm w.1 r*mpI IUw-l.+f9 

tor  Supersaturated Expenrions. lSobutm* 
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CONCLUSIONS Chenoweth, J. M., and K is t l e r ,  R. S., "The Com- 
puter Program as a Tool f o r  Heat Exchanger 

The r e s u l t s  and conclusions reached can be Rating and Design." ASME Paper No. 

1. Good agreement between pred ic ted  and 
summarized as fol lows: 76-WA/HT-4, 1976. (7 )  

observed temperature d i s t r i b u t i o n s  f o r  both Chenoweth, J. M., K i s t l e r ,  R. S., and Taborek, J . .  
heaters and condenser was obtained using the "Computer-Aided Rating and Design o f  Shel l -  
s ta te -o f  -the-techno1 ogy HTRI heat-exchanger design and-Tube Heat Exchangers ," Computer Aided 
computer codes. Process Plant Design, M. E. Leesley. ed., 

2. The HTRI heater and condenser codes w i t h  pp.806-832, Gulf  Publ ishing Co., Houston, 
NBS proper t ies  can be used f o r  design o f  super- 1982. (8) 
c r i t i c a l  vapor izat ion systems and condensers f o r  
pure and mixed-hydrocarbon b inary  geothermal Ely, J. F., "Computer Code EXCST - Extended 
plants; the designs w i l l  tend t o  be s l i g h t l y  Corresponding States Theory, (Version 3.1) 
conservative. The heater designs w i l l  be, on the U.S. National Bureau o f  Standards, National 
average, about 20% la rge r  than required i f '  Engineering Laboratory, Chemical Engineering 
su i tab le  f o u l i n g  resistances are included. The Science D iv is ion ,  Boulder, Colorado, June 
condenser pressure w i l l  be equal t o  the bubble- 1983. (9) 
p o i n t  pressure f o r  a temperature which i s ,  on the 
average, about 1.4OF lower than the des ign ;  
bubble-point temperature. 

3. Departure from i n t e g r a l  condensation was 
no t  detected f o r  the v e r t i c a l  condenser 
o r ien ta t ion .  

4. Prel iminary tu rb ine  r e s u l t s  suggest t h a t  
the tu rb ine  e f f i c i e n c y  i s  no t  a f fec ted  by 
supersaturated expansion processes. 
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