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ABSTRACT 

The Heat Cycle Research Program, which i s  
conducted f o r  the Department of Energy, has as 
i t s  ob jec t i ve  the development of the technology 
f o r  e f f e c t i n g  the improved u t i l i z a t i o n  o f  moder- 
a t e  temperature geothermal resources. The cur-  
r e n t  t e s t i n g  invo lves t h e  i n v e s t i g a t i o n  o f  b ina ry  
power cyc le  performance u t i l i z i n g  mixtures o f  
non-adjacent hydrocarbons as the working f l u i d s ,  
w i t h  s u p e r c r i t i c a l  vapor izat ion and in- tube con- 
densation of t he  working f l u i d .  The u t i l i z a t i o n  
o f  these concepts v e r i f i e d  here w i l l  improve the 
n e t  g e o f l u i d  ef fect iveness (net  wat t  hours p l a n t  
output  per pound o f  geo f lu id )  about 20% over t h a t  
o f  a convent ional  b i n a r y  power p lant .  The major 
e f f e c t  i n  t h i s  improvement i s  the a b i l i t y  t o  
achieve i n t e g r a l ,  countercurrent condensation. 
Resul ts are presented fo r  the recent  t e s t i n g  
i n c l u d i n g  those t e s t s  examining the performance 
of the countercurrent  Condenser a t  d i f f e r e n t  tube 
i n c l i n a t i o n s  and comparison w i t h  new design-base 
computer programs. 

The purpose of t he  Heat Cycle Research Program 
i s  t o  develop the technology which w i l l  r e s u l t  i n  
more e f fec t i ve  u t i l i z a t i o n  o f  moderate tempera- 
t u r e  geothermal resources; the major emphasis o f  
t he  program has been d i r e c t e d  toward the  improve- 
ment o f  the performance o f  geothermal b ina ry  
cycles,  i n  terms o f  t he  ne t  geo f lu id  e f f e c t i v e -  
ness, t o  the p r a c t i c a l  thermodynamic maximum. 
Inves t i ga t i ons  c u r r e n t l y  i n  progress a re  examin- 
i n g  advanced p l a n t  concepts which i nc lude  the 
u t i  1 i z a t i o n  o f  supercr i  t i c a l  vapor izat ion o f  
working f l u i d  mixtures o f  non-adjacent hydrocar- 
bons and counterf low ' in- tube condensing i n  an 
organic Rankine cycle.  Previous a n a l y t i c a l  stud- 
ies.  (References 1, 2 and 3) have shown t h a t  
u t i l i z a t i o n  o f  these advanced p l a n t  concepts can 
provide improvements o f  up t o  20% i n  the  ne t  
geo f lu id  ef fect iveness over conventional geother- 
mal b ina ry  power p l a n t s  i n  the 350 t o  400 F re-  
source temperature range. The use o f  i n t e g r a l ,  
counterf low condensation i s  the major reason f o r  
t h i s  improvement. (Reference 4) 

The present t e s t  program i s  a t tempt ing t o  
v e r i f y  the assumptions made i n  these s tud ies,  
i.e., t he  "state-of-the-technology'' heat exchang- 
e r  design methods and the  codes fo r  p r e d i c t i n g  
the  thermodynamic and t ranspor t  p roper t i es  o f  t he  
mixed hydrocarbon working f l u i d s ,  can adequately 
p r e d i c t  the performance of the vapor izer  as w e l l  
as the condenser. I n  addi t ion,  s p e c i f i c  t e s t s  
have been conducted t o  evaluate the assumption o f  
a c lose approach t o  i n t e g r a l  condensation ( i n t e -  
g r a l  condensation r e f e r s  t o  the mainta in ing o f  
thermal e q u i l i b r i u m  between phases dur ing conden- 
sa t i on ) .  Preparations are a l so  i n  progress t o  
examine the performance improve~ents t h a t  can be 
r e a l i z e d  through the  modi f icat ion of the t u r b i n e  
i n l e t  s t a t e  po in ts  t o  achieve supersaturated 
vapor, t u rb ine  expansion processes. The v e r i f i c a -  
t i o n  t h a t  these supersaturated vapor expansions 
w i l l  n o t  r e s u l t  i n  a degradation i n  the  t u r b i n e  
e f f i c i e n c y ,  nor produce condensation which w i l l  
r e s u l t  i n  damage t o  the t u r b i n e  ( i f  condensation 
does occur, the d rop le ts  w i l l  be too small t o  
damage the tu rb ine ) ,  w i l l  conf i rm t h a t  an addi-  
t i o n a l  8% improvement i n  the ne t  g e o f l u i d  e f f e c -  
t iveness can be achieved. 

Many condensers are designed so t h a t  i n t e g r a l  
condensation and countercurrent f l ow  a re  no t  
achieved. Shel l -s ide condensation i n  a hor izon- 
t a l  o r i e n t a t i o n  i s  a t y p i c a l  geometry f o r  condens- 
ers.  I n  t h i s  geometry, the l i q u i d  as i t  i s  con- 
densed, f a l l s  away from the  uncondensed vapor 
which sweeps on through the condenser. With the  
l i q u i d  s t r i pped  away from the vapor, the e q u i l i b -  
r i um between phases can n o t  be maintained as 
requ i red  t o  produce i n t e g r a l  condensation. I n  
t h i s  case, the condensation more c l o s e l y  approach- 
es d i f f e r e n t i a l  condensation which exacts a per-  
formance penal ty on the cyc le .  For t h i s  reason, 
i t  was decided t o  condense on the tube-side o f  
t h i s  condenser and i n i t i a l l y  o r i e n t  t he  tubes 
v e r t i c a l l y  i n  t h i s  experiment. La te r  t e s t s  a t  
o the r  o r i e n t a t i o n s  were t o  determine whether 
i n t e g r a l  condensation was maintained. 

The p re l im ina ry  work w i t h  the condenser i n  the  
v e r t i c a l  o r i e n t a t i o n  was reported p rev ious l y  . 
(Reference 5) The t e s t i n g  w i t h  the  h o r i z o n t a l  
condenser was repo r ted '  i n  Reference 6. Since 
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t t a t  t ime, p re l im inary  data i s  a v a i l a b l e  f o r  the 
i n c l i n e d  condenser (60 degrees t o  the  hor izon-  
t a l ) .  I n  add i t ion ,  the  Heat Transfer  Research 
Inc.  computer program which analyzes condensers 
has been improved t o  b e t t e r  model t h e  i n t e r n a l l y  
augmented condenser tubes. It was f e l t  appropr i -  
a t e  a t  t h i s  t ime t o  evaluate t h i s  new computer 
t o o l  and evaluate t h e  condenser performance a l l  
th ree  or ien ta t ions .  

This  work i s  supported by the U. S. Department 
o f  Energy (DOE), Geothermal Technology D iv is ion ,  
under Contract No. DE-AC07-76ID01570. M r .  Ray- 
mond LaSala i s  the  program manager a t  U O t  Head- 
quar ters  and M r .  Ken J. Taylor provides DOE sup- 
p o r t  a t  the Idaho Operations O f f i c e .  

FACILITY DESCRI  PTION 

The Heat Cycle Research F a c i l i t y  (HCRF) i s  an 
experimental b inary  c y c l e  f a c i l i t y  used t o  inves- 
t i g a t e  d i f f e r e n t  concepts and/or components f o r  
generating e l e c t r i c a l  power from a geothermal 
resource. I n  the  b inary  power cyc le ,  t h e  energy 
from t h e  geothermal energy i s  t rans fer red  t o  a 
secondary working f l u i d ,  which i s  i n  t u r n  expand- 
ed through a t u r b i n e  d r i v i n g  an e l e c t r i c a l  genera- 
t o r .  The HCRF components have the same f u n c t i o n  
as those i n  a t y p i c a l  geothermal b i n a r y  power 
p lan t ,  w i t h  the  major d i f fe rences  being i n  s i z e  
( t h e  HCRF has a nominal power ou tpu t  o f  40 kW) 
and t h a t  the  HCRF components are designed t o  take 
advantage o f  the advanced p l a n t  concepts. This  
f a c i l i t y ,  which was former ly  loca ted  a t  the  Raf t  
River  geothermal s i t e  i n  Idaho, was then located 
a t  the  DOE Geothermal Test F a c i l i t y  (GTF) a t  the  
East Mesa s i t e  i n  the  Imper ia l  Val ley o f  southern 
C a l i f o r n i a .  The f a c i l i t y  i s  p resent ly  being 
re loca ted  a t  the B. C. McCabe Binary P l a n t  s i t e .  

The HCRF i n  i t s  c u r r e n t  con f igura t ion  i s  shown 
schemat ica l ly  i n  F igure 1. I n  t h i s  c o n f i g u r a t i o n  
t h e  f a c i l i t y  i s  operated as a s u p e r c r i t i c a l  cy- 
c l e ;  t h a t  i s ,  the  working f l u i d  vapor leav ing  the 
vapor izer  i s  a t  a temperature and pressure h igher  
than the  f l u i d ' s  c r i t i c a l  po in t .  As i n d i c a t e d  i n  
F igure 1, there are  two s u p e r c r i t i c a l  heat ex- 
changers, t h e  preheater and the vapor generator, 
i n  which t h e  energy from the geothermal f l u i d  i s  
used t o  vaporize the  working f l u i d .  (The geother- 
mal f l u i d  suppl ied t o  the  f a c i l i t y  a t  t h e  GTF has 
been i n  the 310 t o  325 F temperature range.) The 
h igh  pressure vapor leav ing  the  vapor izer  can 
then e i t h e r  be expanded through a t u r b i n e  generat- 
i n g  e l e c t r i c a l  power o r  through a bypass va lve 
around the tu rb ine .  The low pressure vapor leav-  
i ? g  e i t h e r  the expansion valve o r  the t u r b i n e  i s  
discharged i n t o  the  condenser where the  vapor i s  
desuperheated and condensed by r e j e c t i n g  heat t o  
t h e  coo l ing  water system. 

Heaters. The working f l u i d  heaters a re  arranged 
i n  a h a i r p i n  c o n f i g u r a t i o n  w i t h  t h e  preheater on 
t h e  bottom and the vapor generator on the  top. 
The g e o f l u i d  and working f l u i d  have countercur- 
r e n t  f l o w  paths through the un i ts ,  w i t h  t h e  work- 
i n g  f l u i d  en ter ing  on the bottom and f l o w i n g  on 
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Boost pump 

s 37u 

Figure 1 Schematic o f  t h e  Heat Cycle Research 
Faci 1 i ty 

the s h e l l  s ide o f  both u n i t s ,  and the g e o f l u i d  
en ter ing  on the top  and f lowing along the  length  
o f  each u n i t  i n s i d e  the  heat exchanger tubes. 
The preheater has tubes 28.21 f e e t  long 
(tubesheet face-to-face) w i t h  an outs ide she1 1 
diameter of 5.56 inches. It contains 27, 
1/2-inch OD, 19 f i n s / i n c h ,  l o w - f i n  tubes made o f  
admi ra l ty  brass (has an outs ide- to- ins ide area 
r a t i o  o f  4.17). The vapor generator conta ins 39 
o f  the  same type tubes, w i t h  a 29.21 f e e t  tube 
length  and an ou ts ide  s h e l l  diameter o f  6.63 
inches. 

Condenser. The working f 1 u i  d condenser i s conf i g- 
ured t o  provide f o r  t h e  in- tube condensation o f  
the  working f l u i d  t o  achieve i n t e g r a l  condensa- 
t i o n .  The u n i t  conta ins 419 i n t e r n a l l y - f i n n e d  
tubes, 1/2-inch OD and 18.54 f e e t  long, made o f  
90/10 cupro-nickel (Noranda forge f i n  No. 6, w i t h  
ten  s t r a i g h t  l o n g i t u d i n a l  f i n s  i n s i d e  each tube 
g i v i n g  an actual  t o  nominal i n s i d e  area r a t i o  o f  
1.71). The working f l u i d  vapor enters the upper 
end o f  the u n i t  and i s  desuperheated and con- 
densed as i t  flows through the condenser tubes. 
The l i q u i d  condensate l e a v i n g  t h e  tubes near the 
bottom o f  the u n i t  i s  c o l l e c t e d  i n  the lower 
condenser head which served as a r e s e r v o i r  when 
the u n i t  was i n  the  v e r t i c a l  o r i e n t a t i o n .  ( I n  
the  o ther  o r i e n t a t i o n s ,  t h e  condensate dra ined 
i n t o  a separate ho twe l l . )  The coo l ing  water t o  
which heat i s  r e j e c t e d  c i r c u l a t e s  through the 
s h e l l  s i d e  o f  the  u n i t .  

Turbine-Generator. The turbine-generator assem- 
b l y  was designed and b u i l t  by Barber-Nichols 
Engineering f o r  t h e  i n i t i a l  t e s t i n g  a t  the  R a f t  
River  s i t e  i n  Idaho. It i s  an a x i a l - f l o w  impulse 
t u r b i n e  which d r i v e s  an induc t ion  motor/generator 
through a 6.135:l gearbox. The generator 's  r a t e d  
speed i s  3600 rpm. P r i o r  t o  i n i t i a t i n g  t e s t i n g  
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.The l a s t  condenser modi f icat ion was t o  t i p  the  

condenser t o  an i n c l i n a t i o n  of 60 degrees t o  the 
hor izon ta l .  This was done t o  b e t t e r  approximate 
the in tube heat t r a n s f e r  which would r e s u l t  i n  an 
A-frame a i r -coo led  condenser. There was some 
evidence t h a t  p l a i n  tubes produced h igher  heat 
t r a n s f e r  c o e f f i c i e n t s  when t ipped s l i g h t l y  o f f  
v e r t i c a l  than i n  the v e r t i c a l  o r i e n t a t i o n .  The 
t e s t s  run  a t  t h i s  o r i e n t a t i o n  were again t o  repro-  
duce t e s t  cond i t ions  a t  the  o ther  o r ien ta t ions .  

a t  the  GTF, the t u r b i n e  nozzle area was modi f ied 
t o  accommodate the mod i f ied  i n l e t  condi t ions.  
The turb ine/generator  as p resent ly  configured, 
w i  11 nominal ly  produce approximately 40 kW. 

EXPERIMENTAL APPROACH 

To accomplish t h e  o b j e c t i v e  o f  developing the 
technology f o r  advanced b inary  geothermal power 
p lants ,  a number o f  Rankine-cycle experiments 
have been conducted f o r  d i f f e r e n t  f a c i l i t y  con f ig -  
u ra t ions  us ing working f l u i d s  cons is t ing  of both 
pure and mixed hydrocarbons from both the pro- 
pane, isopentane and the  isobutane, hexane fami- 
l i e s ,  a t  nominal ly  0,5, and 10% of the heavier 
component ( isopentane o r  hexane) by mass. The 
g e o f l u i d  and coo l ing  water f l o w  ra tes  were var ied  
dur ing the t e s t i n g  a long w i t h  the working f l u i d  
f l o w  ra te ,  heater  pressures, heater o u t l e t  temper- 
atures, and superheat l e v e l s  o f  the working f l u i d  
en ter ing  the condenser. These parameters were 
c o n t r o l l e d  t o  the e x t e n t  possible, and s i m i l a r  
t e s t  cond i t ions  were repeated f o r  each o f  the 
working f l u i d s  tested. Tests were a lso  conducted 
w i t h  a ser ies  o f  spec ia l  mix tures of propane, 
isopentane working f l u i d s  were the isopentane 
mass f r a c t i o n  was increased t o  l e v e l s  approaching 
50%. This p a r t i c u l a r  ser ies  o f  t e s t s  were de- 
signed t o  prov ide f u r t h e r  i n s i g h t  i n t o  the  inves- 
t i g a t i o n  o f  t h e  departure from i n t e g r a l  condensa- 
t i o n  e x h i b i t e d  by t h e  condenser. I n  a d d i t i o n  t o  
these t e s t s  which were f i r s t  conducted w i t h  the  
condenser i n  the  v e r t i c a l  pos i t ion ,  the e f f e c t  o f  
a l low ing  t u r b i n e  expansion processes t o  cross the 
sa tura t ion  l i n e  and ''pass through the two-phase 
reg ion"  was s tud ied  dur ing  several t e s t s  us ing 
the  isobutane, hexane working f l u i d s .  This inves- 
t i g a t i o n  o f  t h e  e f fec t  t h e  supersaturated vapor 
expansions on t u r b i n e  performance was conducted 
w i t h  the v e r t i c a l  condenser o r i e n t a t i o n .  

Fol lowing the  completion of the t e s t i n g  w i t h  
the v e r t i c a l  condenser, the  HCRF was modi f ied t o  
provide f o r  o r i e n t i n g  the  condenser a t  a near 
hor izon ta l  a t t i  tude (an i n c l i n a t i o n  10 degrees 
off the hor izon ta l  ). Condenser t e s t s  conducted 
w i t h  the u n i t  i n  t h e  v e r t i c a l  p o s i t i o n  were r e -  
peated w i t h  the  near hor izon ta l  o r i e n t a t i o n  t o  
prov ide an i n d i c a t i o n  o f  the  r e l a t i v e  change i n  
performance f o r  the  d i f f e r e n t  tube o r i e n t a t i o n .  
I n  a d d i t i o n  t o  repeat ing  a p o r t i o n  of the  v e r t i -  
c a l  tes ts ,  the  condenser was temporar i ly  modi f ied 
t o  a l l o w  the  c o o l i n g  water d i r e c t i o n  t o  be 
changed from the  o r i g i n a l  countercurrent  f l o w  
path i n  the condenser t o  a cocurrent  f l o w  path. 
Mod i f i ca t ions  were a l s o  made dur ing t e s t i n g  w i t h  
the isobutane, hexane working f l u i d  f a m i l y  t o  
temporar i ly  p l u g  approximately h a l f  the condenser 
tubes. The i n t e n t  of these mod i f i ca t ions  was t o  
provide a d d i t i o n a l  data on the condenser 
performance, beyond what the u n i t  and the 
f a c i l i t y  were designed f o r ,  i n  order t o  fu r ther  
evaluate the  capabi 1 i t i e s  o f  the 
"s tate-of - the- technology"  design methods, as w e l l  
as t o  examine the e f f e c t  of cocurrent  f l o w  paths 
and increased l i q u i d  load ing  i n  the condenser 
tubes on the approach t o  i n t e g r a l  condensation. 

RESULTS 

The primary emphasis o f  the recent  e f f o r t s  i n  
the  Heat Cycle Research Program has been i n  the 
ana lys is  and eva lua t ion  o f  the heat exchanger 
data. The approach taken i n  t h i s  e f f o r t  has been 
t o  f i r s t  ob ta in  the data f o r  s u p e r c r i t i c a l  heat- 
i n g  and vapor iza t ion  i n  a f inned tube heat  ex- 
changer as w e l l  as the  condensation o f  hydrocar- 
bon mixtures i n s i d e  f inned tubes. This  data was 
then evaluated t o  determine how we l l  a heater  o r  
condenser s i m i l a r  t o  those tested could be de- 
signed us ing standard design methods. To achieve 
these purposes, i t  was decided t o  use the comput- 
e r  programs developed by Heat Transfer Research, 
Inc. (HTRI) t o  r a t e  the  heat exchanger p e r f o r -  
mance. These codes are commonly used f o r  the 
design o f  heat exchangers and a d i r e c t  comparison 
between the  observed experimental performance and 
the ca lcu la ted  performance gives a measure o f  how 
w e l l  these programs would serve as design t o o l s  
f o r  t h i s  type o f  app l i ca t ion .  For the heaters, 
the HTRI computer program, ST-4 MOD 5.4, the  
shel l-and-tube program w i t h  no phase change was 
used t o  evaluate performance. The condenser 
r e s u l t s  were o r i g i n a l l y  analyzed us ing t h e  HTRI 
condenser pro ram, CST-1 MOD 2.0. (See Referenc- 
es 5 and 6.Q The working f l u i d  p roper t ies  used 
i n  the  ana lys is  o f  the  data were determined by a 
computer program named "EXCST" (Reference 7),  
developed by J .  Ely a t  the National Bureau o f  
Standards (NBS). This program which i s  based on 
an "Extended Corresponding States" theory, r e s u l t -  
ed i n  more cons is ten t  energy balances f o r  the  
heaters and condenser than the other  p roper t ies  
a v a i l a b l e  t o  us. 

The present condenser performance was analyzed 
using CST-2 MOD 0.0. This  vers ion o f  t h e  code 
al lowed a s impler  modeling o f  the enhanced i n s i d e  
surface o f  the condenser tubes. With t h i s  ver-  
s ion  o f  the  code, the enhanced surfaces are  mod- 
e led  by us ing appropr ia te heat t r a n s f e r  and pres- 
sure drop c o r r e l a t i o n s  t o  account f o r  the  e f f e c t s  
o f  the augmented surfaces, i .e. , exper imenta l ly  
determined s i n g l e  phase f r i c t i o n  f a c t o r  and "j" 
f a c t o r  as func t ions  o f  Reynolds Number. (Refer- 
ence 8) The nominal tube diameter i s  used and a 
m u l t i p l i e r  ( s a f e t y  f a c t o r )  i s  used f o r  the  ac tua l  
area enhancement o f  the  f i n s  (1.71). Th is  a l lows 
the s h e l l - s i d e  f l o w  t o  be ca lcu la ted  c o r r e c t l y  as 
we l l  as the  condensing f l u i d  f low and heat t rans-  
f e r .  

For the  c a l c u l a t i o n s  repor ted i n  t h i s  paper, 
i t  was assumed t h a t  the  condensed f l u i d  l e f t  the 
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condenser a t  a temperature 1 F lower than t h e  
bubble p o i n t  temperature. Much o f  the  previous 
work assumed t h i s  value t o  be 0.1 F. The e a r l i e r  
work ind ica ted  a more conservative c a l c u l a t i o n  
w i t h  respect t o  the measured values. For example 
the  o r i g i n a l  c a l c u l a t i o n  showed t h a t  
approximately two- th i rds o f  t h e  data t o  be 
conservative. With the new assumption t h i s  i s  
decreased t o  about one-third. The ac tua l  value 
i s  s t i l l  t o  be determined, bu t  these r e s u l t s  are 
presented t o  g ive  a method which w i l l  g i v e  
accurate p red ic t ions  f o r  design i f  a l l  the  
aqziwnptinnc are  Carr ied i n  the c a l c u l a t i n n .  

S u p e r c r i t i c a l  Test ing w i t h  Condenser V e r t i c a l .  
The r e s u l t s  o f  the  component and c y c l e  per fo r -  
mance found w i t h  the  supercr i  t i c a l  c y c l e  t e s t i n g  
w i t h  the condenser i n  the v e r t i c a l  p o s i t i o n  are 
described i n  d e t a i l  i n  a previous paper (Refer- 
ence 5). Th is  t e s t  phase prov ide the data f o r  
i d e n t i f y i n g  the  procedures f o r  eva lua t ing  the  
heater  and condenser performance i n  a d d i t i o n  t o  
e s t a b l i s h i n g  the base l i n e  performance f o r  each 
u n i t .  The condenser performance a t  the  v e r t i c a l  
p o s i t i o n  provides t h e  bas is  f o r  comparison 
f o l l o w i n g  subsequent mod i f i ca t ions  t o  t h e  u n i t .  
D e t a i l s  o f  the  o r i g i n a l  a n a l y t i c a l  method are  
d iscussed. in  Reference 5. 

The heater r e s u l t s  from t h i s  t e s t i n g  and evalu- 
a t i o n  i n d i c a t e  t h a t  the agreement between the  
ca lcu la ted  (us ing the  HTRI codes) and the ob- 
served temperature d i s t r i b u t i o n  i n  the  heater  and 
vapor generator was q u i t e  good. Typ ica l  tempera- 
t u r e  p r o f i l e s  i n  the heater are shown i n  Refer- 
ence 5. I n  the "clean" condi t ion,  t h e  HTRI code 
underpredicted the heat t r a n s f e r  by about 20%, 
imply ing a conservatism, t h a t  i f  used f o r  the  
design o f  a heater, the  HTRI code would prov ide a 
heater  w i t h  about 20% more area than what would 
a c t u a l l y  be requ i red  i f  appropr ia te  f o u l i n g  
factors  are used. 

S i m i l a r l y  the HTRI code us ing t h e  o l d  method 
d i d  a good j o b  i n  p r e d i c t i n g  the condenser p e r f o r -  
mance. I f  t h i s  design code was used i n  conjunc- 
t i o n  w i t h  the  NBS proper ty  code and t h e  method 
described prev ious ly  (Reference 5), the  r e s u l t -  
i n g  condenser would produce a condensing ( o r  
bubble p o i n t )  temperature which would be on the  
average, 0.4 F lower than the design condensing 
temperature. The r e s u l t s  o f  the data eva lua t ion  
a t  the  v e r t i c a l  a t t i t u d e  are summarized i n  F igure 
2 which shows the d i f fe rence r a t i o  o f  ca lcu la ted  
t o  measured o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  f o r  
a l l  f l u i d s  tes ted  us ing the o l d  method. The 
n o t a t i o n  on a l l  o f  the remaining f i g u r e s  t o  desig- 
nate the composition o f  the  working f l u i d  used i s  
as fo l lows:  A-100'% Isobutane, 

B-95% Isobutane/S% Hexane, 
c-90% Isobutane/lO% Hexane , 
D- 100% Propane, 
E-95% Propane/5X Isopentane, 
F-90% Propane/lO% Isopentane, and 
0-Higher percentages of isopentane 

(percentages are by mass.) Seventy one percent 
o f  the  p o i n t s  are w i t h i n  20% o f  the  measured 
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Figure 2 Condenser Performance and the  O r i g i n a l  
Pred ic t i ve  Method i n  the  V e r t i c a l  O r i e n t a t i o n  

values. The m a j o r i t y  o f  t h e  data does l i e  on the 
unconservative s ide  however. 

Figures 3 and 4 show t h e  r e s u l t s  o f  us ing  the 
new method. 
us ing the o l d  method. Note t h a t  the pred ic t ions  
are somewhat more conservat ive than f o r  t h e  o l d  
method. Ninety  two percent o f  the data l i e s  
w i t h i n  20% o f  the  measured values (approximately 
tube, t h a t  m u l t i p l i e r  cou ld  be adjusted. I n i t i a l -  
ly, the  value was s e t  t o  t h e  ac tua l  area r a t i o  
equa l ly  d iv ided between t h e  conservat ive and non 
conservative sides). Th is  compares w i t h  71% i n  
the o r i g i n a l  method where approximately three 
four ths  were on the unconservative side. Because 
the new method uses a m u l t i p l i e r  on the augmented 
s ide  t o  account f o r  the area increase over a bare 
between f inned and p l a i n  tube i n s i d e  sur face o f  
1.71. Figure 4 shows the  adjusted m u l t i p l i e r  t o  
be m u l t i p l i e d  by the  ac tua l  area r a t i o  o f  1.71 
f o r  a l l  o f  the  data. Note t h a t  there appears t o  
be a composition ef fect  on the.data w i t h  t h e  pure 

F igure 3 i s  comparable t o  F igure 2 
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Figure 3 Condenser Performance and the  New Pre 
d i c t i v c  Method f o r  the  V e r t i c a l  Or ien ta t ion  
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condenser i n  a format s i m i l a r  t o  Figures 3 and' 
4. For t h i s  o r i e n t a t i o n ,  the agreement w i t h  the  
HTRI c a l c u l a t i o n  i s  much worse. For the m a j o r i t y  
of the data, the computer c a l c u l a t i o n  (assuming 
hor izon ta l  tubes) i s  50 t o  80% higher  than the  
exper imenta l ly  measured values. If the HTRI 
program. i s  used fo r  t h i s  o r i e n t a t i o n ,  F igure 6 
ind ica tes  t h a t  the  area m u l t i p l i e r  should be 
about 0.55 times the  actual  f inned area. This i s  
s l i g h t l y  less  than the  p l a i n  tube area f o r  t h i s  
tube. The f i n s  appear t o  h inder  the condensation 
heat t r a n s f e r  s l i g h t l y  over t h a t  of p l a i n  tubes. 
The reason f o r  t h i s  i s  unc lear  a t  t h i s  t ime and 
w i l l  r e q u i r e  f u r t h e r  inves t iga t ion .  U n t i l  the  
s i t u a t i o n  i s  resolved, i t  i s  recommended t h a t  the  
HTRI program assuming hor izon ta l  tubes be used 
w i t h  the equ iva len t  p l a i n  tube area used f o r  the 
i n s i d e  area. That i s  1.0 would be used ins tead 
o f  1.71 f o r  t h i s  tube. 
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Figure 4 Cor rec t ive  M u l t i p l i e r  f o r  the New Meth- 
od i n  the V e r t i c a l  O r i e n t a t i o n  

components having a m u l t i p l i e r  g rea ter  than one 
(around 1.15 t o  1.2) and the  mix tu re  data having 
a m u l t i p l i e r  on the area r a t i o  less  than one. 
This might be caused by the  i n a b i l i t y  of the 
mixture t o  d i f f u s e  i n t o  the  spaces between the 
f i n s  and thereby render some o f  the  area i n e f f e c  
t i v e  o r  might  poss ib ly  be r e l a t e d  t o  the  method 
i n  which the data was reduced. 

Test ing w i t h  the  Near Hor izon ta l  Condenser. The 
t e s t i n g  w i t h  the  condenser o r i e n t e d  i n  a near 
hor izon ta l  p o s i t i o n  (a 10 degree a t t i t u d e ) ,  was 
completed e a r l y  i n  1987. Selected data sets  have 
been reviewed and analyzed t o  determine the ac- 
c e p t a b i l i t y  of the  data and t o  a s s i s t  i n  determin- 
i n g  the f i n a l  condenser p o s i t i o n  t o  be tested. 
I n  order  t o  compare the  condenser performance a t  
two d i f f e r e n t  pos i t ions  (near hor izon ta l  and 
v e r t i c a l ) ,  i t  i s  necessary t o  have two sets o f  
data where everyth ing i s  the  same except f o r  the  
or ien ta t ion .  Although t e s t  cond i t ions  were 
repeated as much as poss ib le  f o r  the  two d i f f e r -  
e n t  pos i t ions ,  there were dif ferences, p a r t i c u l a r -  
l y  i n  the coo l ing  water i n l e t  temperatures over 
which the operators had no c o n t r o l .  I n  order  t o  
account f o r  these d i f fe rences ,  t h e  noted a b i l i t y  
o f  the HTRI codes t o  p r e d i c t  the  v e r t i c a l  condens- 
e r  performance was used t o  prov ide an i n d i c a t i o n  
o f  how the condenser would have performed i f  
v e r t i c a l  and operat ing a t  t h e  same cond i t ions  as 
dur ing the near hor izon ta l  t e s t i n g .  The code was 
used t o  generate a c o r r e c t i o n  t o  the v e r t i c a l  
data, and prov ide a comparison on an "equal" 
bas is  between the two o r i e n t a t i o n s .  The r e s u l t s  
o f  t h i s  comparison are presented i n  Reference 6. 
These r e s u l t s  ind ica ted  t h a t  i n  general, the 
v e r t i c a l  condenser performance was s l i g h t l y  supe- 
r i o r  t o  t h a t  o f  the near h o r i z o n t a l  performance, 
and t h a t  on the average t h e  v e r t i c a l  condenser 
would provide an o u t l e t  temperature approximately 
0.7 F lower than the h o r i z o n t a l  u n i t .  

Figures 5 and 0 show r e s u l t s  f o r  the  new meth- 
od f o r  the near h o r i z o n t a l  o r i e n t a t i o n  o f  the 

Test ing w i t h  the  Condenser a t  a 60 Degree Or ienta-  
t i o n .  I n  the Summer of 1987, the condenser was 
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tubes made an angle o f  60 degrees w i t h  the  h o r i -  
zonta l .  Figures 7 and 8 show the  i n i t i a l  r e s u l t s  
f o r  the condenser i n  an o r i e n t a t i o n  60 degrees 
from the hor izon ta l .  The c a l c u l a t i o n s  assume 
t h a t  the condenser i s  v e r t i c a l .  Therefore, the 
dev ia t ion  o f  Fignre 8 from Figure 4 expresses the 
d i f fe rence between the  performance a t  60 degrees 
and the v e r t i c a l  o r i e n t a t i o n .  This analys is  
approach was necessary because t h e  HTRI computer 
program al lows on ly  v e r t i c a l  and near hor izon ta l  
o r ien ta t ions .  

1.4. 

1.2 

1.0 

F i g w e  3 jnd ica tcs  t h 2 t  t h e  performancc a t  thc 
v e r t i c a l  o r i e n t a t i o n  i s  about 20% higher  than the 
performance a t  t h i s  o r i e n t a t i o n .  F igure 8 
ind ica tes  t h a t  a f a c t o r  on the  ac tua l  i n s i d e  area 
o f  0.8 along w i t h  the assumption t h a t  the 
ca lcu la t ions  are c a r r i e d  o u t  f o r  the v e r t i c a l  
o r i e n t a t i o n  g ive  good r e s u l t s .  
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Figure 7. Condenser Performance and the New 
Pred ic t i ve  Method fo r  the  60 Degree I n c l i n e d  
Or ien ta t  i o n  
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Figure 8 Correct ive M u l t i p l i e r  f o r  the New Meth- 
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I n t e g r a l  Condensation. As ind ica ted  prev ious ly ,  
the pro jec ted  improvements i n  the cyc le  p e r f o r -  
mance- from the  advanced concepts i s  dependent on 
being able t o  approach i n t e g r a l  condensation w i t h  
the mixed-hydrocarbon working f l u i d s .  The e f f e c t  
of n o t  achiev ing i n t e g r a l  condensation , i.e., 
d i f f e r e n t i a l  condensation, i s  shown as a band i n  
Figure 9 because o f  the range o f  condensing 
pressures. I f  t o t a l  d i f f e r e n t i a l  condensation 
occurred, the f l u i d  leav ing  the  condenser would 
be a t  the  condensing temperature o f  the  pure 
1 i g h t  component and, therefore,  extremely 
subcooled ! i th respect tc! the ta.h~!latprl hirhhle 
p o i n t  temperature (which should occur i n  i n t e g r a l  
condensation). 

D a t a  c o l l e c t e d  f o r  both the 60 degree and 
hor izon ta l  o r i e n t a t i o n s  are shown i n  F igure 9. 
I f  there  were no e r r o r s  i n  the measured condenser 
o u t l e t  temperature, the  working f l u i d  chemical 
analys is  o r  the  thermodynamic proper t ies  none o f  
the data would be negative. For i n t e g r a l  conden- 
sat ion,  the  value would be zero. The data then 
ind ica tes  no evidence o f  d i f f e r e n t i a l  condensa- 
t i o n ,  on ly  some e r r o r s  i n  measurements o r  thermo- 
dynamic proper t ies.  

// 

Figure 9 I n t e g r a l  Condensation Tests 

CONCLUSIONS 

The f o l l o w i n g  conclusions are made as a r e s u l t  
o f  the t e s t i n g  and ana lys is  o f  the data made t o  
date from the  s u p e r c r i t i c a l  cyc le  experiments a t  
the HCRF: 

1. The HTRI computer program, ST-4, when 
used i n  conjunct ion w i t h  the  NBS p roper ty  
code and accounting f o r  proper ty  v a r i a -  
t i o n  w i t h  temperature (See Reference 5. ) , 
should g ive  e x c e l l e n t  r e s u l t s  when used 
t o  des i gn a supercr i  t i c a l  
heater/vaporizer; design w i l l  be 15% t o  
25% on the  conservative side. 
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2. 

3. 

4. 

5. 

6. 

The new HTRI computer program, CST-2, 
when used w i t h  the NBS proper ty  code and 
the method described here t o  account f o r  
the f inned surface, w i l l  p rov ide 
e x c e l l e n t  r e s u l t s  f o r  the design o f  a 
v e r t i c a l  condenser w i t h  in- tube 
condensing. 

An in-tube, countercurrent  condenser, 
w i t h  i n t e r n a l l y  f inned tubes w i l l  perform 
s l i g h t l y  b e t t e r  ("0.7 F lower o u t l e t  
temperature) i n  the v e r t i c a l  p o s i t i o n  
than i t  w i l l  i n  the  near hor izon ta l  
pos i t ion .  

Questions remain w i t h  respect  t o  apply ing 
the HTRI condenser code (CST) t o  the 
hor izon ta l  o r i e n t a t i o n  i n  t h e  design f l o w  
regime. Add i t iona l  data w i l l  be analyzed 
a t  h igher  l i q u i d  loadings t o  determine 
whether the discrepancies are  a mat ter  o f  
f l o w  regime o r  something more basic. A t  
present, i f  an area c o r r e c t i o n  f a c t o r  o f  
0.55 i s  app l ied  t o  the  f inned area and 
the computation assumes a hor izon ta l  
o r i e n t a t i o n  , the r e s u l t s  are 
reproduci b l  e. 

For a condenser tube t i p p e d  a t  an angle 
o f  60 degrees w i t h  the  hor izon ta l ,  use 
the CST-2 program assuming a v e r t i c a l  
o r i e n t a t i o n  and c o r r e c t  the  f inned area 
by 0.8 

No dev ia t ion  from t h e  assumption o f  an 
i n t e g r a l  condensation process has been 
i d e n t i f i e d  i n  the  t e s t i n g  w i t h  the  con- 
denser a t  e i t h e r  o f  the  tube o r i e n t a t i o n s  
tested. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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