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ABSTRACT 

The Heat Cyc le Research Program, which i s  b e i n g  conducted f o r  t h e  

Department o f  Energy, has as i t s  o b j e c t i v e  t h e  development o f  t h e  

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 temperature 

geothermal resources.  T e s t i n g  a t  t h e  Heat Cyc le  Research F a c i l i t y  which 

was l o c a t e d  a t  t h e  DOE Geothermal Tes t  F a c i l i t y ,  East Mesa, C a l i f o r n i a  i s  

p r e s e n t l y  be ing  conducted t o  meet t h i s  o b j e c t i v e .  

d iscussed i n  t h i s  i n t e r i m  r e p o r t  i n v o l v e s  a s u p e r c r i t i c a l  v a p o r i z a t i o n  and 

c o u n t e r f l o w  i n - t u b e  condensing system w i t h  a near  h o r i z o n t a l  tube 

o r i e n t a t i o n .  A p r e v i o u s  r e p o r t  exp lo red  t h e  s u p e r c r i t i c a l  heat ing ,  

supersa tura ted  t u r b i n e  expansions and t h e  condenser performance i n  t h e  

v e r t i c a l  o r i e n t a t i o n .  T h i s  r e p o r t  p resents  a d e s c r i p t i o n  o f  t h e  t e s t  

f a c i l i t y  and r e s u l t s  f rom a p a r t  o f  t h e  program i n  which t h e  condenser was 

o r i e n t e d  i n  a n e a r l y  h o r i z o n t a l  o r i e n t a t i o n .  

The t e s t i n g  e f f o r t  

R e s u l t s  of  t h e  exper iments f o r  t h e  i n - t u b e  condenser i n  a n e a r l y  

h o r i z o n t a l  o r i e n t a t i o n  a r e  g i v e n  f o r  bo th  pure and mixed-hydrocarbon 

work ing  f l u i d s .  

condenser i n  c o u n t e r c u r r e n t  f l o w ,  some d a t a  i s  a v a i l a b l e  f o r  a 

c o n f i g u r a t i o n  i n  which h a l f  o f  t h e  tubes were plugged and some d a t a  f o r  
c o c u r r e n t  ( p a r a l l e l )  f l o w  i s  analyzed. The h o r i z o n t a l - o r i e n t e d  condenser 

behav io r  p r e d i c t e d  by t h e  Heat T r a n s f e r  Research I n s t  t u t e  computer codes 

used f o r  c o r r e l a t i o n  o f  t h e  d a t a  was n o t  i n  agreement w i t h  exper imenta l  

r e s u l t s  a t  t h i s  o r i e n t a t i o n .  Some reasons f o r  t h i s  d f f e r e n c e  a r e  

d iscussed.  A s p e c i a l  s e r i e s  o f  t e s t s ,  conducted w i t h  propane and up t o  

approx imate ly  40% i sopentane concent ra t ion ,  i n d i c a t e d  t h a t  a c l o s e  

approach t o  " i n t e g r a l "  condensat ion has occur red  as was t h e  case w i t h  t h e  

h o r i z o n t a l l y  o r i e n t e d  condenser ( s i m i l a r  r e s u l t s  were o b t a i n e d  f o r  t h e  

v e r t i c a l  condenser). 

A l though most o f  t h e  d a t a  i s  f o r  a comple te ly  a c t i v e  
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SUPERCRITICAL BINARY GEOTHERMAL CYCLE 
EXPERIMENTS WITH MIXED-HYDROCARBON 

WORKING FLUIDS AND A NEAR-HORIZONTAL 
IN-TUBE CONDENSER 

SUMMARY 

BACKGROUND 

The o v e r a l l  o b j e c t i v e  o f  t h e  Heat Cyc le Research Program, which i s  

be ing  conducted f o r  t h e  Department o f  Energy (DOE), i s  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  t h e  program has been 

d i r e c t e d  toward b i n a r y  c y c l e  techno1 ogy. Several  b i n a r y  c y c l  e concepts,  

i n v e s t i g a t e d  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 ,  have shown t h e  

p o t e n 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 g a i n s  f o r  t h e  p r o d u c t i o n  

o f  e l e c t r i c a l  power i n  b i n a r y  p l a n t s .  U t i l i z i n g  non-adjacent  hydrocarbon 

m i x t u r e s  f o r  work ing  f l u i d s ,  which are  vapor ized  a t  s u p e r c r i t i c a l  

pressures,  and a c o u n t e r f l o w  i n - t u b e  condenser t o  p r o v i d e  a c l o s e  approach 

t o  i n t e g r a l  condensat ion,  a r e  two concepts w i t h  t h e  p o t e n t i a l  f o r  

s i g n i f i c a n t  performance ga ins .  ( I n t e g r a l  condensat ion r e f e r s  t o  t h e  

m a i n t a i n i n g  of  thermal e q u i l i b r i u m  between phases d u r i n g  condensat ion,  and 
min imizes condensing pressure  f o r  a g i v e n  condensing temperature. )  

A d d i t i o n a l  performance ga ins  were p r e d i c t e d  th rough use o f  t u r b i n e  exhaust 

r e c u p e r a t i o n ,  and through m o d i f i c a t i o n  o f  t u r b i n e  i n l e t  s t a t e  p o i n t s  t o  

achieve supersaturated-vapor  t u r b i  ne-expansion processes. These advances, 

i n  t o t a l ,  were p r o j e c t e d  t o  inc rease present  l e v e l s  o f  n e t  p l a n t  g e o f l u i d  

e f f e c t i v e n e s s  (Wh/lbm g e o f l u i d )  by as much as 28% u s i n g  36OoF 
hydrothermal resources, and t o  double t h e  u t i l i z a t i o n  o f  moderate- 

temperature geothermal energy. Experiments f o r  c o n f i r m i n g  t h e  assumptions 

made i n  t h e  performance p r o j e c t i o n s ,  and f o r  deve lop ing  t h e  technology 

needed t o  achieve c o u n t e r f l o w  i n t e g r a l  condensat ion,  a r e  r e q u i r e d  t o  

complete t h e  technology development f o r  u t i 1  i z a t i o n  o f  these 

advanced-b inary-p l  a n t  concepts.  
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EXPERIMENTS CONDUCTED 

To accompl i sh t h e  o b j e c t i v e  o f  deve lop ing  techno1 ogy f o r  advanced 

b i n a r y  geothermal p l a n t s ,  a number o f  s u p e r c r i t i c a l  c y c l e  exper iments 

were conducted u s i n g  nominal work ing  f l u i d s  c o n s i s t i n g  o f  b o t h  pure  and 

mixed hydrocarbons o f  t h e  propane- isopentane (0, 5, 10% isopentane)  and 

isobutane-hexane (0, 5, 10% hexane) f a m i l i e s .  I n  t h i s  i n t e r i m  r e p o r t ,  

o n l y  condensing o f  t h e  pure  and mixed-hydrocarbon vapors i n  an i n - t u b e  

condenser i n  a n e a r - h o r i z o n t a l  o r i e n t a t i o n  i s  discussed. The i n i t i a l  

o r i e n t a t i o n  o f  t h e  condenser was v e r t i c a l ;  these r e s u l t s  were presented  i n  

an e a r l i e r  r e p o r t  (Reference 1). The t e s t i n g  program i n i t i a l l y  c o n s i s t e d  

o f  t e s t i n g  t h e  condenser i n  a number o f  o r i e n t a t i o n s .  

thought  t h a t  s l i p  between t h e  l i q u i d  and vapor phases c o u l d  be c o n t r o l l e d  

a t  some optimum angle and, thereby, c r e a t e  i n t e g r a l  condensat ion .  ( T h i s  

was found n o t  t o  be a r e l e v a n t  i ssue  a f t e r  l i m i t e d  t e s t i n g . )  From an 
o p e r a t i o n a l  p o i n t - o f - v i e w ,  a h o r i z o n t a l  u n i t  i s  e a s i e r  t o  p e r f o r m  

maintenance on and m igh t  be p r e f e r a b l e  t o  a v e r t i c a l  o r  s l a n t e d  u n i t .  

s l a n t e d  angles would correspond t o  condensing u n i t s  i n  A-F rame t ype  

a i r - c o o l e d  condensers. 

It was i n i t i a l l y  

The 

A s e r i e s  o f  t e s t s  was r u n  w i th  s p e c i a l  propane- isopentane m i x t u r e s  

w i t h  isopentane we igh t  f r a c t i o n s  o f  up t o  40% t o  i n v e s t i g a t e  t h e  depar tu re  

f rom i n t e g r a l  condensing e x h i b i t e d  by t h e  condenser. Some s p e c i a l  t e s t s  
were  conducted w i t h  t h e  isobutane-hexane m i x t u r e s  t o  de termine condenser 

performance a t  o t h e r  work ing  f l u i d  f l o w  c o n d i t i o n s  than  t h e  a c t u a l  des ign  

c o n d i t i o n s .  Tes t i ng ,  i n  t h e  main, was done w i t h  c o u n t e r c u r r e n t  condenser 

f l ows ,  however, seve ra l  s e r i e s  o f  t e s t s  were conducted w i t h  t h e  f l o w  
para1 l e 1  ( c o c u r r e n t )  i n s t e a d  o f  coun te rcu r ren t ,  and a1 so w i t h  about ha1 f 

o f  t h e  tubes  plugged. 

The t e s t i n g  i n  t h e  v e r t i c a l  o r i e n t a t i o n  took  p l a c e  between February 

1984 and August 1985. 
d u r i n g  which no d a t a  was taken because o f  w e l l  rework ing .  The condenser 

o r i e n t a t i o n  was changed t o  10 degrees from t h e  h o r i z o n t a l  and a h o t  w e l l  

added t o  t h e  system. 

There was a 7 month p e r i o d  i n  t h a t  t i m e  p e r i o d  

Data a c q u i s i t i o n  i n  t h i s  c o n f i g u r a t i o n  was begun i n  
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May 1986 and concluded i n  February o f  1987. 
condenser has s i n c e  been changed t o  30 degrees f rom t h e  v e r t i c a l  and d a t a  

i s  be ing  taken i n  t h i s  t h i r d  o r i e n t a t i o n .  

The o r i e n t a t i o n  of t h e  

The exper iments were conducted i n  t h e  Heat Cycle Research F a c i l i t y  

(about 40 kW t u r b i n e  power r a t i n g ) .  

t h e  R a f t  R i v e r  t e s t  s i t e ;  i t  was subsequent ly s k i d  mounted and r e l o c a t e d  

a t  t h e  DOE Geothermal Tes t  F a c i l i t y  (GTF) i n  t h e  I m p e r i a l  V a l l e y  o f  
Southern C a l i f o r n i a .  

Th i s  f a c i l i t y  was f o r m e r l y  l o c a t e d  a t  

I n  these i n v e s t i g a t i o n s ,  t h e  working f l u i d  was heated and vapor ized  on 

t h e  s h e l l  s i d e  o f  a p a i r  o f  c o u n t e r f l o w  heat exchangers hav ing  e x t e r n a l l y  

f i n n e d  t u b i n g  and connected t o g e t h e r  i n  s e r i e s .  

t u r b i n e  performance r e s u l t s  were r e p o r t e d  i n  Reference 1, and a re  n o t  

repeated  here  because t h e  c o n f i g u r a t i o n  o f  these components has n o t  

changed. 

between 300 and 322OF. Condensing o f  t h e  work ing  f l u i d  vapor was 

accomplished i n s i d e  o f  i n t e r n a l l y - f i n n e d  t u b i n g  i n  a coun te r f l ow ,  

n e a r - h o r i z o n t a l l y - o r i e n t e d  s h e l l - a n d - t u b e  condenser s u p p l i e d  w i t h  c o o l i n g  

water  f rom t h e  GTF wet c o o l i n g  tower.  

Vapor izer  and l i m i t e d  

Heat was s u p p l i e d  by g e o f l u i d  f rom GTF Well 6 -2  a t  temperatures 

RESULTS 

Approach t o  I n t e g r a l  Condensation - The r e s u l t s  i n d i c a t e  t h a t  t h e  
condenser i n  t h e  n e a r l y  h o r i z o n t a l  o r i e n t a t i o n  c a r r i e d  ou t  t h e  

condensat ion o f  t h e  mixed hydrocarbon work ing  f l u i d s  w i t h  a minimum 

d e v i a t i o n  f r o m  i n t e g r a l  condensat ion.  Even f o r  m i x t u r e s  o f  propane and 

isopentane o f  60/40% (by mass) which had condensing ranges o f  around 

6OoF, no evidence o f  d i f f e r e n t i a l  condensat ion was de tec ted .  

Comparison o f  Condenser Performance i n  H o r i z o n t a l  O r i e n t a t i o n  t o  t h a t  

i n  V e r t i c a l  O r i e n t a t i o n  - The o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  

n e a r l y  h o r i z o n t a l  o r i e n t a t i o n  was 33 t o  47% lower  than t h e  same condenser 

i n  t h e  v e r t i c a l  o r i e n t a t i o n .  Th is  means t h a t  o r i e n t a t i o n  o f  a condenser 

v e r t i c a l l y  would r e s u l t  i n  a decrease i n  s i z e  o f  33 t o  47% over  o r i e n t i n g  
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the condenser horizontally. This difference, expressed in terms of an 
additional thermal resistance was approximately 0.0027 hr ft2 OF/Btu 
for pure fluids. For mixtures of 90% isobutane/ 10% hexane (by mass), 
this resistance increased to 0.0037. Expressed in terms of the inside 
heat transfer coefficient, the condensing coefficient, the difference 
ranged from 34 to 61% lower value for the horizontal orientation. It is 
apparent that in the horizontal orientation, the fins do not enhance the 
condensation as much as they do in the vertical orientation. 

Analytical Predictions of the Nearly Horizontal Performance - The 
predictions of the performance of the condenser in its nearly horizontal 
orientation were performed using the Heat Transfer Research, Inc. (HTRI) 
shell and tube condenser computer program, CST-2 MOD 0.00-1.01. Because 
this program handles only internally plain tubes, input modeling was 
necessary to approximate the behavior o f  the internal fins in the 
condenser. Two models were used: one which substituted the equivalent 
diameter (hydraulic diameter) for the real diameter o f  the tube and one 
which assumed that the tube was a plain tube with the nominal inside 
diameter of the internally finned tube, but with the area enhancement of 
the fins added to the inside area by an artificial multiplier. Neither 
model adequately predicted the experimental results at this condenser 
orientation. Both methods overpredicted the average inside heat transfer 
coefficient (combined desuperheating and totally condensing) by between 50 
and 150%. Either method would adequately predict the results with the 
condenser. The equivalent diameter method is preferred, however, on a 
conceptual basis because it correctly calculates the desuperheating and 
shear-controlled condensation. 

Some interesting deviations were noted. For pure fluids, propane and 
isobutane, the difference between the calculated and experimental values 
expressed as a thermal resistance was generally between 0.003 and 
0.004 hr ft2 'F/Btu. This is more than can be explained by an 
incremental change in the fouling of the heat exchanger between the 
tests. 
gravity-controlled condensation in the horizontal tube orientation. The 
longitudinal fins will block the natural drainage path around the sides of 

It is felt that this represents a decrease in the efficiency of 
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t h e  tube and hamper t h e  f i l m  t h i n n i n g  a t  t h e  t o p  o f  t h e  tubes .  

d i f f e r e n c e  was no ted  f o r  t h e  v e r t i c a l  o r i e n t a t i o n  i n  which t h e  f i n n e d  a r e a  

s imp ly  added v e r t i c a l  surface, and perhaps some f i l m  t h i n n i n g  r e s u l t i n g  

f r o m  su r face  t e n s i o n  e f f e c t s  where t h e  f i n  j o i n s  t h e  tube w a l l . )  
d i f f e r e n c e  between t h e  c a l c u l a t e d  and exper imenta l  thermal r e s i s t a n c e  a s l o  

d i s p l a y e d  a s t r o n g  dependence on t h e  condensing range o f  t h e  work ing  

f l u i d .  A l o o k  a t  t h e  v e r t i c a l  comparison shows a s i m i l a r  t r e n d .  Th is  

m igh t  i n d i c a t e  t h a t  HTRI’s method f o r  c a l c u l a t i n g  t h e  m i x t u r e  condensat ion 

heat  t r a n s f e r  i s  n o t  c o r r e c t l y  account ing  f o r  d i f f u s i o n  e f f e c t s  o r  t h a t  

t h e  v a r i a b l e  compos i t ion  e f f e c t s  ( i nc reased  thermal r e s i s t a n c e )  a r e  

enhanced by t h e  f i n n e d  geometry, t h a t  i s ,  t h e  f i n s  i n h i b i t  t h e  d i f f u s i o n  

of  m a t e r i a l  t o  and f rom t h e  condensing sur face .  

(No 

The 

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  and conc lus ions  o f  t h i s  work can be summarized as  f o l l o w s :  

There i s  no evidence t h a t  t h e  condensat ion i n  t h e  n e a r l y  h o r i z o n t a l  

condenser d e v i a t e d  from i n t e g r a l  condensat ion.  There would be no 
thermodynamic p e n a l t y  assoc ia ted  w i t h  o r i e n t i n g  t h e  condenser i n  a 

n e a r l y  h o r i z o n t a l  p o s i t i o n .  

The heat  t r a n s f e r  performance o f  t h e  i n t e r n a l l y  f i n n e d  condenser i n  

t h e  n e a r l y  h o r i z o n t a l  o r i e n t a t i o n  i s  33 t o  47% worse than t h e  same 
condenser in the vertical orientation. This means that a condenser i n  

t h e  v e r t i c a l  o r i e n t a t i o n  c o u l d  be 33 t o  47% s m a l l e r  t han  one i n  t h e  

h o r i z o n t a l  o r i e n t a t i o n  t o  per fo rm t h e  same du ty ,  t h a t  i s ,  produce t h e  

same t u r b i n e  back pressure  w i t h  a g i v e n  c o o l i n g  water  i n l e t  

temperature and f l o w .  

The method o f  p r e d i c t i n g  t h e  performance o f  a condenser i n  t h e  n e a r l y  

h o r i z o n t a l  o r i e n t a t i o n  w i t h  i n t e r n a l l y  f i n n e d  tubes i s  n o t  w e l l  

e s t a b l i s h e d .  The two models developed here  do n o t  g i v e  good r e s u l t s  

i n  t h e i r  comparison. 

o r i e n t a t i o n  can now be approximated b u t  t h e  u n c e r t a i n t i e s  a r e  beyond 

The des ign  o f  t h i s  t ype  o f  condenser i n  t h i s  
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the practical limits desired. 
essentially one-dimensional wh 
orientation is two-dimensional 

The flow 
le the f 

in the vertical orientation i s  

ow in the horizontal 

The following additional actions are recommended in order to refine 
the design methods which will allow the supercritical technology to be put 
into practice: 

1. At the end o f  the program, return the condenser to its vertical 
orientation and repeat some o f  the original tests. This will allow 
the amount of fouling during the testing period to be estimated with 
greater certainty and will allow the removal of some of the 
uncertainty from the conclusions presented in this report. 

2.  Develop a simple computer program which will allow exploration o f  t h e  

in the horizontal orientation is only where gravity-controlled 
condensation takes place. 
this hypothesis with the HTRI computer program. 
arises concerning the method used to design with this type o f  system. 
(Is a combined mass transfer/heat transfer model needed?) This could 
be analytically explored with the present data if an appropriate 
computer program was avai 1 ab1 e. 

condensing process i n  detail. It i s  felt that the penalty o f  the f i n s  

It is impossible to analytically examine 
The question also 
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INTRODUCTION 

The s u p e r c r i t i c a l  Rankine c y c l e  experiments, d iscussed i n  t h i s  r e p o r t ,  

c o n s t i t u t e  t h e  second phase o f  an advanced b i n a r y  c y c l e  exper imenta l  

program i n  which t h e  coun te r f l ow ,  i n - t u b e  condenser was o r i e n t e d  n e a r l y  

h o r i z o n t a l l y  (10' o f f  t h e  h o r i z o n t a l ) .  The f i r s t  exper imenta l  phase o f  

t h i s  program i n  which t h e  condenser was o r i e n t e d  i n  a v e r t i c a l  a t t i t u d e  

was r e p o r t e d  i n  Report EGG-EP-7076 (Reference 1). 
exper iments,  a r e  p a r t s  o f  t h e  Heat Cyc le  Research Program which i s  be ing  

conducted f o r  t h e  Department o f  Energy (DOE) t o  develop techno logy  

r e q u i r e d  t o  more f u l l y  u t i 1  i z e  t h e  moderate temperature geothermal 

resources  f o r  t h e  p r o d u c t i o n  e l e c t r i c a l  energy. I n  t h i s  regard ,  a ma jor  

concern o f  t h e  program i s  d i r e c t e d  toward advancing b i n a r y  c y c l e  

techno logy  f o r  a p p l i c a t i o n  w i t h  resources up t o  4OO0F tempera ture .  

Those, and t h e  p resen t  

The t o t a l  Heat Cyc le  Research Program i s  summarized i n  some d e t a i l  i n  

Reference 2. E a r l i e r  r e s u l t s  o f  t h e  s u p e r c r i t i c a l  c y c l e  exper iments were 

presented  a t  t h e  T h i r d  and S i x t h  DOE Geothermal Technology D i v i s i o n  

Program Reviews o f  1984 th rough 1988, and a re  i n c l u d e d  i n  References 3 -6 .  

The work was suppor ted by t h e  U.S. Department o f  Energy, Geothermal 

Technology D i v i s i o n ,  under Con t rac t  No. DE-ACO7-76ID01570. M r .  Raymond 

LaSala i s  t h e  program manager a t  DOE Headquarters and M r .  K .  J .  T a y l o r  
p rov ides  DOE suppor t  a t  t h e  Idaho Opera t ions  O f f i c e .  

PREVIOUS ANALYSES OF ADVANCED PLANTS 

Severa l  advanced p l a n t  concepts have been i n v e s t i g a t e d  a n a l y t i c a l l y ,  

i n  e a r l i e r  Heat Cyc le  Research Program e f f o r t s ,  f o r  i n c r e a s i n g  t h e  n e t  

p l a n t  g e o f l u i d  e f f e c t i v e n e s s  (Wh/lbm g e o f l u i d )  o f  b i n a r y  c y c l e s  u t i l i z i n g  

a 36OoF 1 i q u i d  dominated hydrothermal  resource .  These analyses have 

i n d i c a t e d  t h a t  advanced b i n a r y  p l a n t s  c o u l d  achieve performance 

improvements o f  up t o  20% and c o s t  o f  e l e c t r i c i t y  improvements o f  as much 

as 13% r e l a t i v e  t o  p resent  s t a t e - o f - t h e - a r t  p l a n t s  such as t h e  Heber 45MW 

b i n a r y  p l a n t  o r  t h e  R a f t  R i v e r  5MW dua l  b o i l i n g  p l a n t ,  p r o v i d i n g  t h e  
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a n a l y s i s  methods and assumptions a re  v a l i d .  P l a n t  m o d i f i c a t i o n s  f o r  these 

improvements would c o n s i s t  o f  use o f  non-ad jacent  hydrocarbon m i x t u r e s  f o r  

work ing  f l u i d s ,  a c o u n t e r f l o w  condenser p r o v i d i n g  " i n t e g r a l "  condensat ion;  

and, i f  t h e  g e o f l u i d  o u t l e t  temperature i s  l i m i t e d  t o  avo id  s i l i c a  

p r e c i p i t a t i o n ,  a tu rb ine -exhaus t  recupera to r .  F u r t h e r  performance and 

cos t -o f -power  improvements o f  up t o  8 and 5.5%, r e s p e c t i v e l y ,  were 

p r o j e c t e d  f o r  u t i l i z a t i o n  o f  m o d i f i e d  t u r b i n e  i n l e t  s t a t e  p o i n t s  which 

would r e s u l t  i n  metas tab le  supersa tura ted-vapor  tu rb ine -expans ion  

processes. (These improvements a re  summarized i n  Reference 7 . )  An 

independent m a r k e t - p e n e t r a t i o n  a n a l y s i s  (8-9) ,  conducted by Technecon 

A n a l y t i c a l  Research, I nc . ,  i n d i c a t e s  t h a t  these improvements a re  

s i g n i f i c a n t ,  and c o u l d  r e s u l t  i n  an inc reased u t i l i z a t i o n  o f  geothermal 

resources  i n  t h e  350 t o  4OO0F range o f  over  100% by t h e  yea r  2000 i f  t h e  

r e q u i r e d  techno log ies  can be developed. 

EXPERIMENTAL APPROACH 

The approach taken i n  t h e  present  exper imenta l  program i s  t o  develop 

and/or v a l i d a t e  t h e  techno logy  assumed i n  t h e  p l a n t  improvement analyses 

p r e v i o u s l y  conducted, u t i l i z i n g  t h e  components assembled f o r  t h i s  purpose 

i n  t h e  Heat Cyc le  Research F a c i l i t y  (HCRF) .  The HCRF was l o c a t e d  a t  t h e  

Department o f  Energy's geothermal t e s t  s i t e  i n  t h e  I m p e r i a l  Va 

C a l i f o r n i a  d u r i n g  t h i s  t e s t i n g  p e r i o d .  A t  t h i s  s i t e ,  t h e  geo f  

i n l e t  o f  t h e  HCRF v a r i e d  f rom 300 t o  322OF. The more s p e c i f i c  

o f  t h e  t e s t i n g  desc r ibed  i n  t h i s  r e p o r t  was t o  i n v e s t i g a t e  t h e  

condensat ion o f  pure  and mixed hydrocarbon vapors i n  a coun te r  

l e y ,  
u i d  a t  t h e  

o b j e c t  i ve 

1 ow i n -  tube 

condenser ( o r i e n t e d  i n  a n e a r - h o r i z o n t a l  a t t i t u d e ) .  The e f f o r t  i nc luded :  

(1) t h e  comparison o f  t h e  exper imenta l  condensat ion processes w i t h  

p r e d i c t i o n s  made u s i n g  s t a t e - o f - t h e - t e c h n o l o g y  heat-exchanger  des ign  

computer codes, ( 2 )  t h e  o b s e r v a t i o n  o f  t h e  c a p a b i l i t y  o f  t h e  N a t i o n a l  

Bureau o f  Standards (NBS) Code EXCST (developed us ing  DOE fund ing )  f o r  

p r e d i c t i n g  work ing  f l u i d  thermodynamic and t r a n s p o r t  p r o p e r t i e s  (Reference 

l o ) ,  and ( 3 )  a comparison o f  t h e  exper imenta l  condensat ion process i n  t h e  

v e r t i c a l  and h o r i z o n t a l  a t t i t u d e s .  



The techno logy  r e q u i r e d  t o  achieve t h e  performance and 

r e s o u r c e - u t i 1  i z a t i o n  advantages p r e d i c t e d  f o r  t h e  advanced b i n a r y  p l a n t s  

can be judged t o  have been developed adequate ly  i f  o u r  exper iments show 

t h a t :  

1. S t a t e - p o i n t  thermodynamic p r o p e r t i e s  o f  t h e  mixed hydrocarbon f l u i d s  

can be p r e d i c t e d  s a t i s f a c t o r i l y  w i t h  t h e  NBS p r o p e r t i e s  code. 

2.  Counter f low i n t e g r a l  condensat ion can be achieved w i t h i n  p r a c t i c a l  

l i m i t s .  

3 .  The mixed hydrocarbon condensat ion behav io r  can be p r e d i c t e d  by 

s t a t e - o f - t h e - t e c h n o l o g y  condenser des ign  codes. 

SCOPE OF PRESENT EFFORT 

The p resen t  r e p o r t  (cons idered as an i n t e r i m  r e p o r t )  p resen ts  r e s u l t s  

o f  a second phase o f  s u p e r c r i t i c a l  b i n a r y  c y c l e  exper iments conducted w i t h  

mixed hydrocarbon work ing  f l u i d s  o f  t h e  propane- isopentane and 

isobutane-hexane f a m i l i e s  w i t h  nomina l l y  100, 95 and 90% by mass o f  t h e  

propane and isobutane components. Dur ing  t h i s  phase o f  t h e  program t h e  

condenser o r i e n t a t i o n  was n e a r - h o r i z o n t a l  (10' f rom h o r i z o n t a l ) .  ( I n  a 

l a t e r  phase, t h e  i n c l i n a t i o n  w i l l  be changed t o  60' f rom t h e  

h o r i z o n t a l . )  
v e r t i c a l  condenser r e s u l t s  i n  Reference 1.) Only  condenser t e s t  r e s u l t s  

a re  presented.  

isopentane concen t ra t i ons  up t o  40% where t h e  e f f e c t s  o f  any depar tu re  

f rom i n t e g r a l  condensat ion would be a m p l i f i e d .  I n  a d d i t i o n ,  t e s t s  were 

conducted o p e r a t i n g  t h e  condenser i n  cocu r ren t  f l o w  and w i t h  approx imate ly  

h a l f  o f  t h e  tubes p lugged t o  i n v e s t i g a t e  o p e r a t i n g  c o n d i t i o n s  w i t h  h i g h e r  

l i q u i d  l o a d i n g s  and l a r g e r  approach temperature d i f f e r e n c e s ;  code 

p r e d i c t i o n s  o f  those t e s t s  a re  presented here  f o r  comparison w i t h  

exper imenta l  va lues .  

( T e s t i n g  o f  t h e  o t h e r  components was r e p o r t e d  w i t h  t h e  

A s p e c i a l  s e r i e s  o f  propane- isopentane t e s t s  was r u n  w i t h  





D E S C R I J T I O N  O F  HEAT CYCLE RESEARCH F A C I L I T Y  

The Heat Cycle Research f a c i l i t y  ( H C R F )  i s  an experimental 
binary-cycle f a c i l i t y  used t o  investigate different  concepts and/or 
components fo r  generating electr ical  power from a geothermal resource. I n  
the binary power cycle, the energy from the geothermal f lu id  i s  
transferred t o  a secondary working f lu id ,  which i s  in turn expanded 
through a turbine driving an e lectr ical  generator. The f a c i l i t y ,  which 
was formerly located a t  the Raft River 
located a t  the DOE Geothermal l e s t  Fac 
Valley when these t e s t s  were condt: ted 
with the condenser oriented ver t ical ly  
shows the f a c i l i t y  with the condenser 
(10 degrees from horizontal) .  

The HCRF i s  shown schematically in 

geothermal s i t e  in Idaho, was 
l i t y  (GTF)  in Califorina's  Imperial 

A photograph  of t h i s  ins ta l la t ion  
i s  included as Figure 1. Figure 2 
n i t s  near-horizontal orientation 

Figure 3 .  I n  t h i s  configuration 
the f a c i l i t y  i s  operated as a supercrit ical  cycle; t h a t  i s ,  the working 
f lu id  vapor leaving the heaters i s  a t  a temperature and pressure higher 
t h a n  i t s  c r i t i c a l  point. As indicated in Figures 1 through 3 ,  there are 
two supercr i t ical  heat exchangers, a preheater and a vapor generator. The 
energy from the geothermal f lu id ,  which i s  flowing inside the tubes of the 
uni ts ,  i s  used t o  heat a hydrocarbon working f lu id  flowing on the shell 
side.  (The geothermal f lu id  was supplied from GTF Well 6-2 ,  and entered 
the HCRF a t  a temperature between about  300 and 322OF. )  The h i g h -  

pressure working f lu id  vapor leaving the supercrit ical  heaters can e i the r  
be expanded t h r o u g h  a turbine which drives an  e lec t r ica l  generator (power 
l o o p  operating mode), or be expanded th rough  a turbine bypass valve 
(thermal 1 oop operating mode). 
or bypass valve i s  discharged t o  the condenser where i t  i s  desuperheated 
and condensed. The l iquid condensate i s  then pumped back t o  the heaters, 
and the cycle i s  repeated; In the condenser, which i s  a counterflow 
in-tube condensing uni t ,  the heat rejected in condensing the working f lu id  
vapor i s  transferred t o  cooling water on the shel l -s ide of the uni t .  
orientation of the condenser can be changed. 
(as  shown in Figure l ) ,  b u t  has been lowered t o  an inclination of 10 

The 1 ow-pressure vapor 1 eavi ng the turbine 

The 
I t  was or iginal ly  vertical  
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degrees t o  t h e  h o r i z o n t a l  (See F i g u r e  2 )  and l a t e r  w i l l  be r u n  a t  an ang le  

o f  60 degrees f rom t h e  h o r i z o n t a l .  The c o o l i n g  water  i s  s u p p l i e d  f rom t h e  

GTF c o o l i n g - w a t e r  system which i n c l u d e s  a conven t iona l  wet c r o s s - f l o w  

tower. 

The v a r i o u s  p a r t s  o f  t h e  system a re  desc r ibed  i n  t h e  p r e v i o u s  r e p o r t  

EGG-EP-7076 (Reference 1). The d e s c r i p t i o n  o f  t h e  condenser i s  repeated  

i n  t h e  n e x t  s e c t i o n  f o r  t h e  convenience o f  t h e  reader  i n  r e v i e w i n g  t e s t  

r e s u l t s .  

CONDENSER 

The condenser, f o r  t h e  t e s t s  d iscussed i n  t h i s  r e p o r t ,  was i n  an 

o r i e n t a t i o n  w i t h  tubes i n c l i n e d  10 degrees f rom t h e  h o r i z o n t a l  and hav ing  

n o r m a l l y  c o u n t e r c u r r e n t  f low paths .  

o f  1 /2 - inch  OD, i n t e r n a l l y  f i n n e d  tubes made o f  90/10 c u p r o - n i c k e l  

(Noranda f o r g e  f i n  No. 6, w i t h  t e n  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 i n s i d e - t o - o u t s i d e  area r a t i o  1 .3 ) .  See Reference 11. The 

vesse l  i s  18 inches  i n  d iameter  and con ta ins  419 o f  t h e  tubes  which have a 

l e n g t h  o f  18.54 f e e t  ( tubesheet  f a c e - t o - f a c e ) .  The des ign  tempera ture  f o r  
t h e  u n i t  i s  35OoF w i t h  a tubes ide  des ign  pressure  o f  350 p s i  and a 

s h e l l - s i d e  des ign  pressure  o f  175 p s i .  I n  i t s  v e r t i c a l  o r i e n t a t i o n ,  t h e  

c o o l i n g  wa te r  en te red  t h e  s h e l l - s i d e  j u s t  above t h e  l ower  tubesheet  and 

l e f t  vessel  j u s t  below t h e  upper tubesheet .  The work ing  f l u i d  condensate 
c o l l e c t e d  i n  t h e  l ower  p o r t i o n  o f  t h e  vessel  (below t h e  l ower  tubeshee t ) ,  

which ac ted  as a h o t  w e l l .  

4. I n i t i a l l y ,  t h e  water  s i d e  o f  t h e  condenser was c leaned and t h e  su r face  

pass i va ted  w i t h  a phosphate. 

The condensat ion occurs on t h e  i n s i d e  

A sketch  o f  t h e  condenser i s  shown i n  F i g u r e  

Three m o d i f i c a t i o n s  t o  t h e  condenser have been made f o r  c e r t a i n  

t e s t s .  F i r s t ,  an e x t e r n a l  vessel  was added t o  make a how w e l l  when t h e  

o r i e n t a t i o n  was changed f rom t h e  v e r t i c a l .  (See F i g u r e  2 . )  Second, t h e  

f l o w  p a t h  o f  t h e  c o o l i n g  water  was reversed t o  ach ieve  a p a r a l l e l  

( c o c u r r e n t )  f l o w  i n  t h e  heat  exchanger f o r  some t e s t s .  T h i r d ,  f o r  c e r t a i n  

t e s t s ,  approx imate ly  every  o t h e r  tube was t e m p o r a r i l y  p lugged on t h e  

work ing  f l u i d  i n l e t  s i d e  tube sheet t o  g i v e  202 tubes th rough which t h e  
work ing  f l u i d  c o u l d  f l o w  i n s t e a d  o f  t h e  o r i g i n a l  419 a c t i v e  tubes .  
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Working-fluid and cooling-water temperatures were measured entering 
and leaving the condenser were measured with platinum resistance 
temperature devices (RTDs) .  At nine intermediate locations within the 
condenser (shown in Figure 4 )  iron-constantan thermocouples were used. 
Working-fluid pressures were measured upstream and downstream of the 
condenser using electronic pressure transmitters, and cooling water 
pressures were monitored with mechanical gauges. Working-fluid flow 
through the condenser was determined during steady-flow conditions from a 
turbine flowmeter located at the preheater inlet (liquid flow at this 
point gave the most accurate measurement of working fluid flow). 
Cool ing-water flow was measured using an orifice-plate flow meter located 
near the condenser out1 et. 





EXPERIMENTAL APPROACH 

EXPERIMENTS CONDUCTED 

The t e s t i n g  w i t h  t h e  condenser i n  i t s  v e r t i c a l  o r i e n t a t i o n ,  which was 

d iscussed i n  t h e  p rev ious  r e p o r t  ( l ) ,  was begun i n  t h e  F a l l  o f  1983 and 

ended i n  t h e  Summer o f  1985. Data was taken f rom February o f  1984 th rough 

August o f  1985. There was a 7 month p e r i o d  i n  which t h e  system was n o t  

r u n  because o f  t h e  geothermal w e l l  be ing  reworked. The pure  propane t e s t s  

were r u n  f o l l o w e d  by t h e  propane/isopentane m i x t u r e  t e s t s  (up t o  10% 
i sopentane) .  These were f o l l o w e d  by t h e  isobutane/hexane t e s t s  w i t h  

compos i t ion  o f  hexane i n c r e a s i n g .  F i n a l l y ,  t h e  " i n t e g r a l  condensat ion"  

t e s t s  were r u n  w i t h  t h e  propane/isopentane m i x t u r e s  up t o  40% i sopentane.  

There was a 9 month p e r i o d  i n  which t h e  c o n f i g u r a t i o n  o f  t h e  p l a n t  was 

changed t o  accommodate t h e  near  h o r i z o n t a l  condenser which i n c l u d e d  adding 

an e x t e r n a l  h o t  w e l l .  The f i r s t  da ta  f o r  t h e  near  h o r i z o n t a l  t e s t  s e r i e s  

was taken on May 1 4 ,  1986. The o r d e r  o f  t e s t i n g  was: propane/ isopentane 

m i x t u r e s  f rom 0 t o  50% isopentane w i t h  no tubes p lugged and c o u n t e r c u r r e n t  

f l ow ,  isobutane/hexane m i x t u r e s  f rom 0% t o  10% hexane w i t h  no tubes 

p lugged b o t h  c o u n t e r c u r r e n t  and cocu r ren t  f l ow ,  and l a s t ,  i sobutane/hexane 

m i x t u r e s  f rom 0 t o  10% hexane w i t h  h a l f  t h e  tubes p lugged ( c o u n t e r c u r r e n t  

and c o c u r r e n t  f l o w ) .  
ending in February of 1987. In the near-horizontal test series, testing 
w i t h  a g i v e n  work ing  f l u i d  took  between 1 and 2 weeks w i t h  1 t o  2 weeks 

between work ing  f l u i d s .  

The e n t i r e  t e s t i n g  p e r i o d  l a s t e d  about 9 months 

The emphasis d u r i n g  t h e  c u r r e n t  phase o f  t e s t i n g  has been t o  

i n v e s t i g a t e  t h e  performance o f  t h e  coun te r f l ow ,  i n t e r n a l l y - f i n n e d  

condenser i n  i t s  n e a r - h o r i z o n t a l  o r i e n t a t i o n ,  p a r t i c u l a r l y  when mixed- 

hydrocarbon work ing  f l u i d s  a re  used. F i r s t ,  b a s e l i n e  performance d a t a  was 

e s t a b l i s h e d  w i t h  a single-component work ing  f l u i d .  Then m i x t u r e s  were 

t e s t e d  i n  which t h e  p r imary  component was t h e  f l u i d  used i n  t h e  b a s e l i n e  

t e s t s  w i t h  i n c r e a s i n g  amounts o f  a secondary f l u i d .  

nominal work ing  f l u i d s  were t e s t e d ;  t h e  isobutane/hexane f a m i l y  and t h e  

Two f a m i l i e s  o f  
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propane/isopentane f a m i l y  ( t h e  p r imary  c o n s t i t u e n t  g i v e n  f i r s t  f o r  each 

f a m i l y ) .  

( p r i m a r y  c o n s t i t u e n t ) ,  95%/5%, and 90%/10%. For  each f l u i d ,  i . e . ,  95% 

isobutane/5% hexane, d a t a  were taken a t  a number o f  d i f f e r e n t  amounts o f  

work ing  f l u i d  superheat  e n t e r i n g  t h e  condenser. as w e l l  as v a r y i n g  work ing  

f l u i d  and c o o l i n g  water  f l o w  r a t e s .  

conducted u s i n g  t h e  propane- isopentane f a m i l y  o f  work ing  f l u i d s  w i t h  
isopentane c o n c e n t r a t i o n s  rang ing  up t o  40%, i n  o r d e r  t o  f u r t h e r  

i n v e s t i g a t e  t h e  approach t o  i n t e g r a l  condensat ion be ing  achieved.  A t  each 

t e s t  c o n d i t i o n ,  t h e  compos i t ion  o f  t h e  work ing  f l u i d  m i x t u r e  was v e r i f i e d  

u s i n g  a gas chromatograph a n a l y s i s .  

c o n s t r u c t e d  t o  be l i k e  t h e  coun te rcu r ren t - condensa t ion  and i n t e g r a l  

condensat ion t e s t s  f o r  t h e  propane f l u i d s  i n  t h e  v e r t i c a l  a t t i t u d e .  

a c t u a l  t e s t  makeup i s  d iscussed i n  d e t a i l  i n  Appendix A .  

The o r d e r  o f  t e s t i n g  f o r  each f a m i l y  was s i n g l e  component 

A s p e c i a l  s e r i e s  o f  t e s t s  was 

The t e s t s  s p e c i f i c a t i o n s  w e r e  

The 

For  t h e  isobutane/hexane f a m i l y  o f  t e s t s ,  i n  a d d i t i o n  t o  t h e  normal 

c o u n t e r c u r r e n t  f l o w  t e s t s  repeated f rom t h e  v e r t i c a l  o p e r a t i o n ,  t h e  

exchanger was c o n f i g u r e d  i n  t h r e e  o t h e r  ways: c o c u r r e n t  w i t h  no tubes 

plugged, c o u n t e r c u r r e n t  w i t h  h a l f  t h e  tubes plugged, and c o c u r r e n t  w i t h  

h a l f  t h e  tubes plugged. 

For  t h e  p resen t  t e s t i n g  w i t h  t h e  condenser i n  t h e  n e a r - h o r i z o n t a l  

O f  these,  o r i e n t a t i o n  a t o t a l  o f  some 345 t e s t s  have been conducted. 

about 140 have been s e l e c t e d  f o r  d e t a i l e d  analyses t o  s tudy  t h e  condenser 

behav io r  over  t h e  range o f  t e s t  c o n d i t i o n s  o f  i n t e r e s t .  Appendix A 
o u t l i n e s  t h e  t e s t  conducted, and presents  da ta  sheets  f o r  those s e l e c t e d  

f o r  d e t a i l e d  a n a l y s i s .  

ASSESSMENT OF DATA AND THERMODYNAMIC PROPERTY CONSISTENCY. 

Three comparisons were used t o  check t h e  cons is tency  o f  t h e  

exper imenta l  d a t a  recorded f o r  t h e  condenser. F i r s t ,  t h e  approach t o  

s teady s t a t e  was assessed by c o n s i d e r i n g  t h e  change i n  p ressure  i n  t h e  

condenser h o t  w e l l  over  t h e  te rm o f  t h e  t e s t .  I f  t h e  change i n  p ressure  
% o f  t h e  abso lu te  p ressure ,  t h e  r u n  was d i sca rded .  Th is  

t e s t s .  I n  a l l  o f  t h e  remain ing  t e s t s  except  f o r  one, t h e  

on was l e s s  than 0.5%. Second, an energy balance f o r  t h e  

was more than 

e l  im ina ted  two 

maximum d e v i a t  
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condenser was made f o r  each run.  

t r a n s f e r r e d  f rom t h e  work ing  f l u i d  t o  t h a t  t r a n s f e r r e d  t o  t h e  c o o l i n g  

water  was eva lua ted .  T h i r d ,  comparisons were made between t h e  measured 

condenser p ressu re  and t h e  work ing  f l u i d  o u t l e t  temperature.  

assessments o f  t h e  exper imenta l  da ta ,  o f  necess i t y ,  i n v o l v e  t h e  

thermodynamic p r o p e r t y  r e l a t i o n s .  

t h e  energy balances as c a l c u l a t e d  by t h e  EXCST computer program (Reference 

10). Condensing pressure  and temperature r e l a t i o n s  a r e  needed t o  t e s t  t h e  

cons is tency  o f  work ing  f l u i d  p ressure  and o u t l e t  tempera ture  

measurements. The r e l a t i o n s h i p s  were aga in  taken f rom EXCST which assumes 

thermodynamic e q u i l i b r i u m  between t h e  l i q u i d  and vapor phases, t h a t  i s  
i n t e g r a l  condensat ion.  A more complete d i s c u s s i o n  o f  t h e  exper imenta l  

ev idence f o r  i n t e g r a l  condensat ion i s  g i v e n  i n  t h e  s e c t i o n  on r e s u l t s .  

Good cons is tency  was found i n  b o t h  o f  these comparisons when EXCST was 

The cons is tency  o f  t h e  c a l c u l a t e d  heat  

These 

Working f l u i d  e n t h a l p i e s  were used f o r  

used g i v i n g  conf idence t o  t h e  measurements o f  work ing  f l u  

temperatures,  p ressures  and f l o w  r a t e s  and t h e  p r o p e r t i e s  

EXCST. 

Comparing t h e  heat  t r a n s f e r  r a t e  f rom t h e  work ing  f l u  

d compos i t ion ,  

genera ted  by 

d t o  t h e  r a t e  t o  

t h e  c o o l i n g  water  f o r  t h e  138 runs  eva lua ted  i n d i c a t e d  t h a t  t h e  average 

d i f f e r e n c e  was 3.2% ( w i t h  t h e  c o o l i n g  water  c a l c u l a t e d  r a t e  b e i n g  h i g h e r ) ,  

w i t h  a s tandard  d e v i a t i o n  o f  4.4%. App ly ing  Chauvenent’s c r i t e r i o n  t o  t h e  

da ta ,  t h r e e  runs  had h i g h e r  d e v i a t i o n s  than expected. 

runs  (a1 1 propane/isopentane m i x t u r e s  w i t h  ve ry  low superheat )  were 
removed, t h e  average d i f f e r e n c e  i n  t h e  h e a t  t r a n s f e r  r a t e  was 2.8% ( w i t h  

t h e  c a l c u l a t e d  heat  t r a n s f e r r e d  t o  c o o l i n g  water  remain ing  t h e  g r e a t e r )  

and t h e  s tandard d e v i a t i o n  was reduced t o  3.4%. The d i s t r i b u t i o n  was 

approx imate ly  a normal one w i t h  78% o f  t h e  runs  w i t h i n  one s tandard  

d e v i a t i o n  o f  t h e  average, 94% w i t h i n  two s tandard d e v i a t i o n s ,  and 97% o f  

t h e  da ta  w i t h i n  t h r e e  (compared w i t h  68.3, 95.4, and 99.7% r e s p e c t i v e l y  

f o r  a normal d i s t r i b u t i o n ) .  That i s ,  94% o f  t h e  runs  balanced w i t h i n  

- 3 . 9 %  t o  +9.5% ( t h e  p l u s  i n d i c a t i n g  a l a r g e r  va lue  f o r  t h e  c o o l i n g  water  

heat  t r a n s f e r ) .  

cons i s tency  among t h e  exper imenta l  q u a n t i t i e s :  work ing  f l u i d  compos i t ion ,  

four  temperatures,  work ing  f l u i d  p ressure  and two f l o w  r a t e s  a long  w i t h  

t h e  thermodynamic p r o p e r t i e s  o f  t h e  work ing  f l u i d  as p r e d i c t e d  by t h e  

EXCST computer program. 

When these t h r e e  

I t was f e l t  t h a t  t h i s  comparison showed v e r y  good 

2 1  



The t h i r d  cons is tency  comparison was between t h e  measured work ing  

f l u i d  pressure,  t h e  work ing  f l u i d  o u t l e t  temperature and t h e  thermodynamic 

p r o p e r t i e s  f o r  t h e  phase change. Using t h e  EXCST computer program and t h e  

measured work ing  f l u i d  composi t ion,  a bubble p o i n t  p ressure  was determined 

f o r  t h e  e x p e r i m e n t a l l y  measured o u t l e t  temperature.  The bubble p o i n t  i s  

t h e  p o i n t  a t  which condensat ion i s  complete, and because EXCST assumes 

complete m i x i n g  o f  t h e  l i q u i d  and vapor phases, t h e  r e s u l t  a p p l i e s  f o r  

i n t e g r a l  condensat ion.  

F i g u r e  5 shows t h e  d i f f e r e n c e  between t h e  c a l c u l a t e d  bubble p o i n t  

temperature and t h e  measured condenser work ing  f l u i d  o u t l e t  temperature 

f o r  t h e  b o t h  f a m i l i e s  o f  work ing  f l u i d s  i n  a l l  condenser c o n f i g u r a t i o n s  

( coun te r f l ow /cocu r ren t ,  no tubes p lugged /ha l f  tubes plugged) p l o t t e d  w i t h  

t h e  work ing  f l u i d  condensing range, t h e  d i f f e r e n c e  between t h e  dew p o i n t  

and bubble p o i n t  temperatures f o r  t h e  measured compos i t ion  and p ressu re .  
I t  was f e l t  t h a t  t h e  condensing range, r a t h e r  than t h e  percentage o f  t h e  

h e a v i e r  c o n s t i t u e n t ,  was a b e t t e r  c h a r a c t e r i z a t i o n  o f  t h e  work ing  f l u i d  

because t h e  heat  t r a n s f e r  r e s i s t a n c e  i s  more c l o s e l y  r e l a t e d  t o  t h i s  

temperature d i f f e r e n c e  than  t o  t h e  compos i t ion  d i f f e r e n c e  expressed by t h e  

compos i t ion  v a r i a b l e .  

d i f f e r e n t  symbols. The propane/isopentane m i x t u r e s  a r e  denoted by open 

symbols and t h e  isobutane/hexane m i x t u r e s  by shaded symbols. Note t h a t  i f  

t h e  i n s t r u m e n t a t i o n  measures t h e  c o r r e c t  va lues  o f  condensing pressure ,  

o u t l e t  temperature,  and compos i t ion  o f  t h e  work ing  f l u i d ,  t h e  

thermodynamic p r o p e r t y  r e l a t i o n s  a re  c o r r e c t ,  t h e  condensat ion pa th  was 

i n t e g r a l ,  and t h e r e  was no subcoo l ing  o f  t h e  condensate i n  t h e  condenser; 

t h e  p l o t t e d  temperature d i f f e r e n c e  would be zero.  

exper imenta l  p o i n t s  l i e  between temperature d i f f e r e n c e s  o f  0 and 1. The 

average va lue  i s  0.50 O F .  

s p e c i f i c  se ts  o f  da ta :  

u s i n g  10% hexane i n  isobutane/hexane m i x t u r e s  ( t h e  shaded diamonds). A l l  
o f  those values g r e a t e r  than 1 a re  f o r  c o n f i g u r a t i o n s  i n  which h a l f  o f  t h e  

tubes were plugged (C240's and C260's). A l l  b u t  t w o  o f  t h e  5% hexane 

isobutane/hexane m i x t u r e s  (shaded t r i a n g l e s )  which a re  n e g a t i v e  a r e  a l s o  

plugged tube runs .  I f  a l l  o f  t h e  plugged tube d a t a  i s  removed, t h e  

average va lue  i s  0.47 and t h e  s tandard  d e v i a t i o n  i s  0 .52 O F .  

The d i f f e r e n t  m i x t u r e  compos i t ions  a r e  no ted  by 

The m a j o r i t y  o f  t h e  

Many o f  t h e  d e v i a t i o n s  f r o m  t h i s  r e l a t e  t o  

The l a r g e  p o s i t i v e  d i f f e r e n c e s  a r e  a l l  f o r  t e s t s  
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Approx imate ly  75% o f  t h e  da ta  l i e s  w i t h i n  p l u s  and minus one s tandard  

d e v i a t i o n  o f  t h e  mean. T h i s  i s  approx imate ly  between 0 and 1. One 

p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  would be a s l i g h t  subcoo l ing  o f  t h e  

condensed l i q u i d  t a k i n g  p l a c e  i n  t h e  l ower  p o r t i o n  o f  t h e  tubes .  

Subcool ing o f  t h i s  o rder -o f -magn i tude would be expected i n  h o r i z o n t a l  

tubes as d iscussed by M u e l l e r  [12] .  

F i g u r e  6 shows t h e  same da ta  presented  i n  terms o f  t h e  d i f f e r e n c e  

between t h e  c a l c u l a t e d  pressure  f o r  a bubble p o i n t  a t  t h e  measured o u t l e t  

tempera ture  minus t h e  measured condenser p ressure .  T h i s  f i g u r e  i s  q u i t e  

s i m i l a r  t o  t h e  p rev ious  one w i t h  t h e  d i f f e r e n c e .  The spread o f  t h e  d a t a  

f o r  each m i x t u r e  i s  more n e a r l y  u n i f o r m  f o r  bo th  t h e  propane/isopentane 

and isobutane/hexane m i x t u r e s  than i n  F igu re  5 where t h e  propane/ 

isopentane d a t a  has s u b s t a n t i a l l y  l e s s  s c a t t e r  than t h e  isobutane/hexane 

da ta .  A p o s s i b l e  e x p l a n a t i o n  o f  t h i s  d i f f e r e n c e  i s  r e l a t e d  t o  t h e  f a c t  
t h a t  t h e  change i n  s a t u r a t i o n  temperature f o r  a u n i t  p ressure  change i n  

propane i s  42 t o  43% t h a t  o f  i sobutane a t  t h e  temperatures i n  t h e  

condenser. There fore ,  i f  t h e r e  i s  a spread i n  p ressu re  i n h e r e n t  i n  t h e  

p ressu re  t ransducer ,  i t  would t r a n s l a t e  i n t o  a s m a l l e r  spread i n  

tempera ture  f o r  propane than  isobutane.  

The f o l l o w i n g  s tatements summarize t h e  f i n d i n g s  i n  these comparisons: 

1 .  The exper imenta l  da ta  needed t o  eva lua te  t h e  condenser performance are  

q u i t e  c o n s i s t e n t  among themselves. 

' .  

The thermodynamic p r o p e r t i e s  generated by t h e  computer code, EXCST,  

a r e  c o n s i s t e n t  w i t h  t h e  da ta  i n  e n t h a l p i e s  used i n  t h e  energy balances 

and i n  p r e d i c t i o n  o f  t h e  condensing pressure- tempera ture  r e l a t i o n s h i p .  

The condensat ion appears t o  be i n t e g r a l  w i t h  p r a c t i c a l l y  no subcoo l ing  

i n  t h e  work ing  f l u i d  l e a v i n g  t h e  condenser. ( T h i s  t h i r d  f i n d i n g  

p e r t a i n s  a l s o  t o  condenser performance and i s  d iscussed f u r t h e r  i n  t h e  

s e c t i o n  on r e s u l t s )  . 

4 .  Ins t ruments  appear t o  be q u i t e  accura te  w i t h  t h e  accuracy o f  t h e  

pressure  measurement be ing  w i t h i n  p l u s  o r  minus 1 t o  1.5 p s i  and t h e  

temperatures and composi t ions hav ing  l i t t l e  v a r i a t i o n .  
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METHOD O F  ANALYSIS 

INTRODUCTION 

The a n a l y s i s  o f  t h e  condenser d a t a  f rom these exper iments had a 

t w o f o l d  purpose. 

o f  t h e  condensat ion o f  hydrocarbon m i x t u r e s  i n s i d e  f i n n e d  tubes .  Second, 

t h e  d a t a  was used t o  determine how w e l l  a condenser s i m i l a r  t o  t h e  one 

t e s t e d  c o u l d  be des igned u s i n g  s tandard techniques.  

purposes, i t  was dec ided t o  use a computer program developed by Heat 

T r a n s f e r  Research, I n c .  (HTRI )  t o  r a t e  t h e  condenser, because t h i s  code i s  

commonly used f o r  hea t  exchanger des ign,  and a d i r e c t  comparison between 
exper iment  and c a l c u l a t i o n  w i l l  g i v e  a measure o f  how w e l l  t h e  code serves 

as a des ign  t o o l  f o r  t h i s  a p p l i c a t i o n .  

F i r s t ,  d a t a  was ob ta ined  and v e r i f i e d  f o r  t h e  phenomenon 

To ach ieve  these 

I n  e a r l y  1988, HTRI  i n t roduced  a new v e r s i o n  o f  t h e  s h e l l - a n d - t u b e  

condenser program, CST-2  Mod 0.00-1.01. I n  t h e  o r i g i n a l  work (Reference 

l ) ,  CST-1 Mod 2.0 was used, m o d i f i e d  i n  i t s  a p p l i c a t i o n  by u t i l i z i n g  t h e  
h y d r a u l i c  d iameter  o f  t h e  f i n n e d  su r face .  T h i s  approach i s  desc r ibed  i n  

d e t a i l  i n  Reference 1. H T R I  f avo red  a s imp le r ,  l e s s  exac t  method, which 

"assumes" p l a i n  tubes o f  t h e  ac tua l  i n t e r n a l  d iameter  a long  w i t h  an area  

m u l t i p l i e r .  A t  t h e  Win ter  Annual Meet ing o f  H T R I  i n  February 1988, Ahmed 

Kassem o f  HTRI p resented  a v a r i a t i o n  o f  t h e  method u s i n g  o p t i o n s  con ta ined  

i n  t h e  new v e r s i o n  o f  CST which would handle condensat ion on augmented 
sur faces .  Because o f  t h e  ex i s tence  o f  t h e  new HTRI computer code, which 

i n c l u d e s  t h i s  method f o r  c a l c u l a t i o n  o f  condensat ion on augmented 

sur faces ,  and which i s  a v a i l a b l e  t o  i n d u s t r y ;  i t  was dec ided t o  s w i t c h  t o  

CST-2 MOD 0.00-1.01 and compare t h e  r e s u l t s  w i t h  t h e  e a r l i e r  a n a l y s i s  (as  
m o d i f i e d  i n  Reference 1) f o r  t h e  v e r t i c a l  o r i e n t a t i o n .  U n f o r t u n a t e l y ,  i t  

was found t h a t  t h e  computer program would n o t  use t h e  i n p u t  s i n g l e  phase 

c o r r e l a t i o n s  i n  t h e  condensing c a l c u l a t i o n s ,  so t h e  o r i g i n a l  method 

(desc r ibed  i n  Reference 1) was used f o r  t h i s  a n a l y s i s .  I n  a d d i t i o n ,  t h e  

s i m p l i f i e d  HTRI method was a l s o  used f o r  comparison. 
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As d iscussed i n  Sec t i on  3 .2 ,  no s i g n i f i c a n t  d e f i c i e n c i e s  i n  t h e  NBS 
p r o p e r t i e s  were de tec ted  d u r i n g  t h e  p resen t  exper imenta l  program i n  t h e  

c a l c u l a t i o n  o f  p r o p e r t i e s  o f  m ix tu res .  

p r o p e r t i e s ,  however, was i n d i c a t e d  by t h e  d i f f e r e n c e  i n  bubble p o i n t  

temperatures a t  a g i v e n  pressure  shown by two s a t u r a t i o n - l i n e  p r o p e r t y  

o p t i o n s  w i t h i n  EXCST ( d i f f e r e n c e s  o f  about 1 O F ) .  

o f  t h e  code's au thor ,  t h e  Peng-Robinson o p t i o n  was used. 

Some u n c e r t a i n t y  i n  bubb le  p o i n t  

On t h e  recommendation 

DESCRIPTION OF THE CALCULATION METHODS 

A l l  c a l c u l a t i o n s  o f  condenser performance were c a r r i e d  o u t  on t h e  H T R I  
Condenser Computer Program CST2 MOD 0.00-1.01. 

approximate t h e  behav io r  o f  condensat ion on t h e  i n t e r n a l l y  f i n n e d  su r faces  

o f  t h e  condenser tubes.  

was used e x t e n s i v e l y  i n  t h e  p rev ious  r e p o r t  which analyzed t h e  case o f  t h e  
v e r t i c a l  condenser [ l ] .  The second, t h e  p l a i n  tube model, was o r i g i n a l l y  

recommended by H T R I .  Both models r e s u l t  f rom t h e  i n a b i l i t y  o f  CST t o  

handle any geometry i n s i d e  a tube o t h e r  than a c i r c u l a r  c ross  s e c t i o n .  

Two models were used t o  

The f i r s t  method, t h e  e q u i v a l e n t  d iameter  model, 

E q u i v a l e n t  Diameter  Method - I n  t h i s  method, t h e  condenser tubes were 

approximated by p l a i n  tubes w i t h  an i n t e r n a l  d iameter  equal t o  t h e  

h y d r a u l i c  d iameter  o f  t h e  f i n n e d  tube as c a l c u l a t e d  i n  Reference 11. The 

w a l l  t h i c k n e s s  was assumed t o  be t h e  nominal w a l l  t h i c k n e s s  o f  t h e  f i n n e d  

tube The number o f  tubes was determined t o  g i v e  t h e  c o r r e c t  c ross  

sec t  onal  ( f l o w )  area. T h i s  g i v e s  t h e  c o r r e c t  i n s i d e  su r face  area. The 

ou ts  de su r face  area i s ,  however, i n  e r r o r .  A m u l t i p l i e r  was p u t  on t h e  

o u t s  de convec t i on  r e s i s t a n c e  te rm ( l /hoAo)  t o  pe r fo rm t h e  necessary 

c o r r e c t i o n  f o r  t h e  added f i n  area.  The o u t s i d e  heat  convec t i on  

c o e f f i c i e n t ,  ho, was determined f rom computer runs  w i t h  t h e  c o r r e c t  

o u t s i d e  geometry and en tered  as i n p u t  t o  t h e  program. ho was found t o  

be a f u n c t i o n  o f  t h e  average c o o l i n g  water  temperature and t h e  c o o l i n g  

water  f l o w  r a t e  r a i s e d  t o  t h e  0.6 power. 

c o r r e c t  i n s i d e  c o e f f i c i e n t s  f o r  desuperheat ing and t h e  a p p r o p r i a t e  f l o w  

regimes. The condensing c o e f f i c i e n t s  should be e s s e n t i a l l y  c o r r e c t  f o r  

shear c o n t r o l l e d  f low regimes because t h e  f o r c e d  convec t i on  component i s  

a p p r o p r i a t e l y  r e l a t e d  t o  t h e  Reynolds Number re fe renced  t o  t h e  h y d r a u l i c  

Th is  method should g i v e  t h e  
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d iameter .  The g r a v i t y  c o n t r o l l e d  f l o w  regimes shou ld  a l s o  be 

approx imate ly  c o r r e c t  i n  t h e  v e r t i c a l  t u b e  o r i e n t a t i o n  because t h i s  method 

accounts f o r  t h e  l i q u i d  f i l m  t h i n n i n g  u n i f o r m l y  around t h e  e n t i r e  f i n n e d  

sur face .  For  t h e  h o r i z o n t a l  o r i e n t a t i o n ,  t h i s  w i l l  n o t  be c o r r e c t .  

P l a i n  Tube Model - I n  t h i s  model, t h e  tubes a re  approximated by p l a i n  

tubes of t h e  nominal i n s i d e  and o u t s i d e  d iameter  o f  t h e  f i n n e d  tubes.  

Here t h e  number o f  tubes  i s  approx imate ly  c o r r e c t  because t h e  f i n n e d  c ross  

s e c t i o n  i s  a n e g l i g i b l e  p a r t  o f  t h e  t o t a l  f l o w  area.  The o u t s i d e  su r face  

and f l o w  c o n d i t i o n s  w i l l  be c o r r e c t .  The f i n n e d  su r face  i s  accounted f o r  

by a m u l t i p l i e r  on t h e  i n s i d e  convec t i ve  r e s i s t a n c e  t o  account f o r  t h e  

l a r g e r  su r face  area. 

t h e  a c t u a l  f i n n e d  su r face  area t o  t h e  nominal su r face  area o f  t h e  

e q u i v a l e n t  p l a i n  tube.  

T h i s  m u l t i p l i e r  m igh t  be expected t o  be t h e  r a t i o  o f  

General Computat ional  Methods - The condenser r e s u l t s  were analyzed 

u s i n g  CST2 MOD 0.0-1.01 and t h e  thermodynamic p r o p e r t i e s  ( f r o m  t h e  EXCST 

code) used i n  t h e  a n a l y s i s  assumed comple te ly  mixed phases d u r i n g  t h e  

condensat ion ( i n t e g r a l  condensat ion) .  The condenser code t r e a t s  v a r i a b l e  

w o r k i n g - f l u i d  p r o p e r t i e s ;  t h e  condenser i s  d i v i d e d  i n t o  a number o f  

" c o n s t a n t - p r o p e r t y "  nodes. The model approx imat ions  desc r ibed  above were 

used t o  account f o r  t h e  presence o f  t h e  i n t e r n a l  f i n s  on t h e  w o r k i n g - f l u i d  

s i d e  o f  t h e  tubes.  

Because o f  t h e  combinat ion o f  ve ry  c l o s e  approach tempera ture  

d i f f e rences  between work ing  f l u i d  and c o o l i n g  water  temperatures (as smal l  

as 1 .5OF)  i n  t h e  condenser, and u n c e r t a i n t i e s  i n  t h e  condensing 

temperature as a f u n c t i o n  o f  measured condenser p ressure ,  i t  was found 

t h a t  measured temperatures r a t h e r  than measured condenser p ressure ,  had t o  

be used as code i n p u t  q u a n t i t i e s  t o  b e s t  rep resen t  a c t u a l  condenser 

c o n d i t i o n s .  

temperature (bubb le  p o i n t  temperature)  c o n t a i n s  some u n c e r t a i n t y  i n  a 

number o f  i tems such as: p ressure  measurement accuracy, work ing  f l u i d  

composi t ion,  accuracy o f  thermodynamic p r o p e r t i e s  d e f i n i n g  t h e  s a t u r a t i o n  

l i n e ,  presence o f  noncondensibles, and t h e  magnitude o f  condenser 

subcoo l ing .  The code was i n p u t  assuming zero  subcoo l ing ,  zero  p ressu re  

The r e l a t i o n s h i p  between measured pressure  and condensing 
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drop i n  t h e  t u b i n g ,  and w i t h  t h e  measured work ing  f l u i d  i n l e t  and o u t l e t  

s t a t e - p o i n t  and f low c o n d i t i o n s .  

temperatures were i n p u t ,  and t h e  code was used t o  c a l c u l a t e  a condensing 

temperature f o r  which t h e  r e q u i r e d  condenser h e a t - t r a n s f e r  area equal 1 ed 

t h e  a c t u a l  su r face  area. As  w i l l  be d iscussed l a t e r ,  t h i s  c a l c u l a t e d  

condensing temperature was c o r r e l a t e d  w i t h  t h e  measured condenser o u t l e t  

w o r k i n g - f l u i d  temperature.  

p ressure  measurement i n  t h e  w o r k i n g - f l u i d  i n l e t  p i p i n g  c o r r e c t e d  by a 

smal l  c a l c u l a t e d  pressure  drop  (no rma l l y  between 1 and 2 p s i )  f rom t h e  

pressure  t r a n s m i t t e r  t o  t h e  condenser i n l e t  plenum, and c o r r e l a t e d  

s e p a r a t e l y  w i t h  t h e  condensing temperature c a l c u l a t e d  by t h e  H T R I  computer 

code. 

Measured c o o l i n g - w a t e r - i n l e t  and o u t l e t  

Condenser p ressure  was determined f r o m  a 

The s i m p l i f y i n g  assumptions o f  t h i s  method have, o f  course, i n t r o d u c e d  

some p o t e n t i a l  d e f i c i e n c i e s .  
phenomena o c c u r r i n g  i n  f in-augmented, g r a v i t y - c o n t r o l l e d  condensat ion .  I n  

t h e  v e r t i c a l  o r i e n t a t i o n ,  one would expect t h a t  t h e  f i n n e d  su r face  was 

added v e r t i c a l  su r face  and, t h e r e f o r e ,  t h e  condensate f i l m  would be spread 

u n i f o r m l y  around t h e  e n t i r e  su r face  a t  any p o i n t  a long t h e  tube l e n g t h .  

Th is  e f f e c t ,  which tends t o  reduce t h e  f i l m  t h i ckness ,  i s  n o t  i n c l u d e d  i n  

The model does n o t  t r e a t  some o f  t h e  

r e s u l t  o f  t h e  c u r v a t u r e  o f  t h e  i n s i d e  su r face  which 

Fu r the r ,  t h e  t r a n s i t i o n  p o i n t  f r o m  lam ina r  t o  wavy- 

condensate f i l m  w i l l  n o t  be t o t a l l y  c o r r e c t  because 

Reynolds number based on f i l m  t h i ckness .  

t h e  model and should r e s u l t  i n  u n d e r p r e d i c t i o n  o f  t h e  heat  t r a n s f e r  
c o e f f i c i e n t s .  ( A d d i t i o n a l l y ,  t h e r e  may be f i l m  t h i n n i n g  e f f e c t s  as  

n o t  i n c l u d e d  

n a r  t o  t u r b u  

depends on a 

i s  

am 

i t  

a 

) 
e n t  

The t r a n s i t i o n  between shear c o n t r o l l e d  condensat ion and g r a v i t y  

c o n t r o l l e d  condensat ion may n o t  be p r e d i c t e d  q u i t e  c o r r e c t l y .  

h y d r a u l i c  d iameter  were used i n  t h e  " tubes ide  f l o w  regime parameter"  

t h e  "condensat ion p a t h  parameter"  because they  come f r o m  f o r c e  ba l  an 

i n v o l v i n g  t h e  f r i c t i o n  f a c t o r ,  f l o w  regime t r a n s i t i o n s  migh t  be more 

c o r r e c t l y  modeled b u t  a t  t h e  expense o f  a d d i t i o n a l  c o m p l i c a t i o n .  Th 

e f f e c t  i s  examined i n  comparisons w i t h  t h e  exper imenta l  d a t a  i n  Sect 

4.3.  

I f  t h e  

and 

es  

S 

on 
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The b a s i c  computer c a l c u l a t i o n  i s  inc rementa l  and computes one 

desuperheat ing increment ,  one subcoo l ing  increment  and seventeen 

condensing increments.  T h i s  a l l ows  f o r  c o r r e c t  i n t e r p r e t a t i o n  o f  t h e  

v a r y i n g  hea t  t r a n s f e r  c o e f f i c i e n t  and s t ream- to-s t ream tempera ture  

d i f f e r e n c e .  

program i s  g i v e n  i n  Reference 1. 
A more complete d e s c r i p t i o n  o f  t h e  work ing  o f  t h e  computer 

METHODS OF COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS 

C e r t a i n  assumptions a re  necessary t o  c a r r y  o u t  t h e  d e s i g n - t y p e  

c a l c u l a t i o n  u s i n g  t h e  H T R I  method. The f i r s t  assumption concerns t h e  
condensing curve  f o r  t h e  work ing  f l u i d .  

4 . 2 ,  i t  appears t h a t  i n t e g r a l  condensat ion occur red  w i t h  a maximum o f  

l 0 F  o f  subcoo l ing .  

assumed t o  be i n t e g r a l  w i t h  no subcoo l ing .  The second assumption 

concerned t h e  e f f e c t i v e n e s s  o f  t h e  f i n n e d  sur face .  

r a t i o  i n  t h e  new H T R I  method assumes t h a t  a l l  o f  t h e  su r face  was e f f e c t i v e  

and a t  t h e  same su r face  temperature.  

100%. There may be su r face  t e n s i o n  e f f e c t s  which t h i n  f i l m s  and c r e a t e  

e f f e c t i v e l y  h i g h e r  heat  t r a n s f e r  c o e f f i c i e n t s  i n  g r a v i t y  c o n t r o l l e d  f l o w s  

when t h e  o r i e n t a t i o n  i s  near  v e r t i c a l .  When t h e  o r i e n t a t i o n  i s  near  

h o r i z o n t a l ,  t h e  f i n s  may b l o c k  t h e  n a t u r a l  d ra inage o f  t h e  condensate f rom 

t h e  tops  o f  t h e  tubes.  

t h e  area m u l t i p l i e r  ( s a f e t y  f a c t o r ) .  
t h e  m u l t i p l i e r  may need t o  be g r e a t e r  o r  l e s s  than  t h e  a c t u a l  area r a t i o  

f o r  accura te  computat ions.  A s  a second b a s e l i n e  assumption, t h e  

m u l t i p l i e r  was taken t o  be t h e  ac tua l  area r a t i o .  

From t h e  d i s c u s s i o n  i n  S e c t i o n  

As a f i r s t  b a s e l i n e  assumption, t h e  condensat ion was 

Using t h e  a c t u a l  area 

Th is  i m p l i e s  a f i n  e f f i c i e n c y  o f  

Both o f  these e f f e c t s  may be compensated f o r  i n  

These c o n s i d e r a t i o n s  suggest t h a t  

The f i r s t  method o f  comparison uses bo th  b a s e l i n e  assumptions. Here, 
i t  was assumed t h a t  t h e r e  was i n t e g r a l  condensat ion w i t h  no subcoo l ing  and 

t h a t  t h e  f i n s  were t o t a l l y  e f f e c t i v e .  For  t h i s  comparison, t h e  d e v i a t i o n  

between t h e  c a l c u l a t i o n  and t h e  e x p e r i m e n t a l l y  measured da ta  i s  expressed 

as t h e  r a t i o  o f  t h e  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  c a l c u l a t e d  by t h e  

computer program t o  t h a t  e x p e r i m e n t a l l y  measured. The comparison assumes 

t h a t  t h e  d e v i a t i o n  r e s u l t s  f rom e i t h e r  exper imenta l  e r r o r  o r  e r r o r  i n  t h e  

c a l c u l a t i o n  o f  t h e  heat  t r a n s f e r  c o e f f i c i e n t s .  When t h i s  r a t i o  i s  l e s s  
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than one, it indicates that the calculational method is conservative in 
the design situation. That is, if the calculational method is used for 
design, it will predict that a larger surface area is required than was 
experienced in the experimental work. This method tests the overall 
calculation and gives a factor which could be used in conjunction with the 
computation for design. 

The second method of comparison assumes that the calculated heat 
transfer coefficients are correct and that the fins are as effective as 
their area enhancement., The condensing pressure, as indicated by the 
bubble point temperature i s  changed to give agreement with the 
experimental data. This calculation is made assuming that the 
condensation is integral. 

The third method assumes that the heat transfer coefficients are 
calculated correctly and that there is no subcooling o f  the working fluid 
after condensation. The effective area enhancement of the finned surface 
is varied to match the calculation with the experiment. 

A fourth method of comparison of experiment to calculation exists in 
the incremental temperature measurements which have been taken for cooling 
water as it flows through the unit. This data may be able to discern 
deviations in different flow regimes, such as desuperheating, 
gravity-controlled condensation, shear-controlled condensation and 
subcooling. This will be discussed in greater detail in the next section. 
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RESULTS 

Resu l t s  a re  p resented  f o r  t e s t s  o f  t h e  s u p e r c r i t i c a l  b i n a r y  c y c l e  f o r  

which t h e  c o u n t e r f l o w  i n - t u b e  condenser i s  o r i e n t e d  n e a r l y  h o r i z o n t a l l y .  
Nominal work ing  f l u i d s  t e s t e d  c o n s i s t  o f  t h e  isobutane-hexane f a m i l y  w i t h  

0, 5, 10% hexane (by mass), and t h e  propane- isopentane f a m i l y  w i t h  0, 5, 
10% i sopentane.  I n  t h e  isobutane-hexane f a m i l y ,  t h e  f l o w  d i r e c t i o n  was 

changed t o  a l l o w  f o r  b o t h  p a r a l l e l  and c o u n t e r f l o w  t e s t  s e r i e s ,  and a l s o  

f o r  a s e r i e s  o f  t e s t s  w i t h  h a l f  o f  t h e  tubes b locked ( b o t h  i n  c o u n t e r f l o w  

and p a r a l l e l  f l o w .  I n  a d d i t i o n ,  t h e  m i x t u r e  compos i t ion  i n  t h e  

propane- isopentane f a m i l y  was changed i n  increments o f  5% t o  as h i g h  as 

40% isopentane.  

analyzed f o r  f rom s i x  t o  t e n  t e s t s .  

For  each o f  these t e s t  s e r i e s ,  condenser d a t a  were 

I n  t h e  f o l l o w i n g  d i s c u s s i o n  o f  t h e  t e s t  r e s u l t s ,  t h e  exper imenta l  

ev idence o f  i n t e g r a l  condensat ion i s  cons idered f i r s t .  Ach iev ing  i n t e g r a l  

condensat ion i s  a c r u c i a l  assumption i n  t h e  a n a l y s i s  o f  t h e  t e s t  da ta .  

Then, a comparison i s  made o f  t h e  measured performance o f  t h e  condenser i n  

i t s  v e r t i c a l  o r i e n t a t i o n  t o  t h e  measured performance i n  t h e  h o r i z o n t a l  

o r i e n t a t i o n .  Small a n a l y t i c a l  c o r r e c t i o n s  were a p p l i e d  t o  t h e  v e r t i c a l  

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

used f o r  t h e  t e s t s  be ing  compared. 

i n s t e a d  o f  t h e  h o r i z o n t a l  r e s u l t s  because o f  t h e  e x c e l l e n t  c o r r e l a t i o n  

between observed and p r e d i c t e d  performance f o r  t h e  v e r t i c a l  o r i e n t a t i o n . )  
The l a s t  p a r t  o f  t h i s  s e c t i o n  d iscusses  comparison o f  t h e  new 

c a l c u l a t i o n a l  method and t h e  exper imenta l  da ta  f o r  t h e  near  h o r i z o n t a l  

o r i e n t a t i o n .  

t h e  a b i l i t y  t o  des ign  t h e  components i n  these advanced p l a n t s .  By 

comparing t h e  exper imenta l  r e s u l t s  w i t h  p r e d i c t i o n s  u s i n g  t h e  Heat 

T r a n s f e r  Research, I n c .  ( H T R I )  computer programs, one o f  t h e  most 

(The v e r t i c a l  r e s u l t s  were c o r r e c t e d  

One o f  t h e  pr ime o b j e c t i v e s  o f  t h i s  work i s  development o f  

u n i v e r s a l  des ign  t o o l s  f o r  heat  exchangers i s  v e r i f i e d .  

EXPERIMENTAL EVIDENCE OF INTEGRAL CONDENSATION 

The compari sons o f  c a l  c u l  a ted  and measured condenser p ressu re  

d iscussed i n  Sec t i on  3.2 (F igu res  5 and 6, assuming i n t e g r a l  condensat ion)  
i n d i c a t e  t h a t  t h e  condensat ion was i n t e g r a l  and t h a t  l i t t l e  subcoo l i ng  

r e s u l t e d .  
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As a f u r t h e r  v e r i f i c a t i o n  t h a t  s i g n i f i c a n t  d i f f e r e n t i a l  condensat ion  

does n o t  occur ;  F i g u r e  7, f o r  t h e  same da ta  shown i n  F igu res  5 and 6, 

shows t h e  d i f f e r e n c e  between t h e  bubble p o i n t  temperature c a l c u l a t e d  f o r  

d i f f e r e n t i a l  condensat ion ( w i t h  t h e  work ing  f l u i d  l e a v i n g  a t  t h e  measured 

condensing pressure)  and t h e  measured o u t l e t  temperature.  

t h e  s c a l e  on tempera ture  d i f f e r e n c e  i s  approx imate ly  t e n  t imes t h a t  i n  

F igu res  5 and 6. 

F igu re  8 t o  t h e  same s c a l e  as F igu re  7. 
which i s  dependent on t h e  compos i t ion  o f  t h e  work ing  f l u i d ,  whereas, i n  

F i g u r e  8, t h e r e  was no t r e n d  w i t h  compos i t ion .  (Note t h a t  f o r  a pure  

work ing  f l u i d  (condensing range o f  0) ,  t h e r e  i s  no d i f f e r e n c e  between 

i n t e g r a l  and d i f f e r e n t i a l  condensat ion. )  The magnitude o f  t h e  d e v i a t i o n  

i n  F i g u r e  8 i s  approx imate ly  1 O F  change i n  bubble p o i n t  tempera ture  

and f o r  most da ta ,  whereas i n  F igu re  7 t h e  magnitude o f  t h e  change i s  much 
l a r g e r  f o r  c o m p o s i t i o n s  f a r  from pure f l u i d s .  T h e  g r e a t e r  t h e  d e v i a t i o n  

f rom t h e  compos i t ion  o f  a pure  substance, t h e  g r e a t e r  t h e  d e v i a t i o n  

between r e s u l t s  i n  F igu res  7 and 8. Th is  comparison i n d i c a t e s  t h a t  

d i f f e r e n t i a l  condensat ion d i d  n o t  occur  t o  an apprec iab le  degree i n  these 

t e s t s .  

For  t h i s  graph, 

For  re ference,  t h e  da ta  i n  F i g u r e  5 i s  r e p l o t t e d  i n  

I n  F i g u r e  7, t h e r e  i s  a d e v i a t i o n  

PERFORMANCE O F  CONDENSER I N  HORIZONTAL ORIENTATION 

COMPARED TO THE VERTICAL ORIENTATION 

S i m i l a r  t e s t  c o n d i t i o n s  were used i n  t h e  t e s t i n g  w i t h  t h e  condenser i n  

t h e  v e r t i c a l  o r i e n t a t i o n  and t h e  h o r i z o n t a l  o r i e n t a t i o n .  Flow r a t e s  o f  

work ing  f l u i d  and c o o l i n g  water  were matched a long w i t h  t h e  amount o f  

superheat  on t h e  work ing  f l u i d  e n t e r i n g  t h e  condenser. 

exper imenta l  comparisons o f  performance i n  t h e  two o r i e n t a t i o n s  a re  

p o s s i b l e .  

There fore ,  

Tab le  1 shows t h e  match ing o f  runs  w i t h  t h e  condenser v e r t i c a l  t o  

those w i t h  t h e  condenser near  h o r i z o n t a l .  The r a t i o  o f  t h e  mass f l o w  r a t e  

i n  t h e  v e r t i c a l  o r i e n t a t i o n  t o  t h a t  i n  t h e  h o r i z o n t a l  o r i e n t a t i o n  i s  g i v e n  

f o r  b o t h  t h e  work ing  f l u i d  and t h e  c o o l i n g  water .  

d i f f e r e n c e  i n  t h e  amount o f  superheat i n  t h e  work ing  f l u i d  e n t e r i n g  t h e  

I n  a d d i t i o n ,  t h e  
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Table 1. Matching o f  vertical  t o  horizontal t e s t s .  

A028A 

A028C A202A 

A206 11 A061 
I 

I F055 I F205 11 F06l 1 ' 
F 066 

R A T I O  yL V E R T I C A L  11 :kiY'ZEN 1 HORIZONTAL D I F F E R E N C E  
V E R T .  AND 

0.8270 0.9971 

1.0066 1.0121 

0.7211 1 .Om4 

1 -0035 0.9996 

0.9935 1.0017 

1.0086 1.0238 

0.7983 0.9992 

0.9686 1 .0027 
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condenser i s  shown. 
w i t h i n  10% o f  matched cased and 95% w i t h i n  20%. A l l  o f  t h e  c o o l i n g  water  

f l o w  r a t e s  a r e  w i t h i n  5%. The d i f f e r e n c e s  i n  t h e  amount o f  superheat  a re  

g e n e r a l l y  l e s s  than  10°F w i t h  5 except ions .  I n  most runs  w i t h  l a r g e  

d e v i a t i o n s ,  t h e  amount o f  superheat  v a r i e s  f rom around 100°F t o  5OoF. 
The c o r r e c t i o n s  i n  t h e  extreme cases were o n l y  i n  t h e  o r d e r  o f  5% o f  t h e  

exper imenta l  va lue .  The condensing ranges o f  t h e  work ing  f l u i d s  was 

g e n e r a l l y  w i t h i n  1 O F  w i t h  t h e  maximum d e v i a t i o n  be ing  2.75 O F .  

Note t h a t  90% o f  t h e  work ing  f l u i d  f l o w  r a t e s  a re  

The o n l y  problem was t h a t  t h e  abso lu te  condensing temperatures and 

pressures  c o u l d  n o t  be compared d i r e c t l y  because t h e  c o o l i n g  wa te r  

tempera ture  changed w i t h  t h e  t i m e  o f  day and yea r .  C o r r e c t i o n s  f o r  t h i s  

c o n d i t i o n  were made by a d j u s t i n g  t h e  v e r t i c a l  d a t a  t o  c o n d i t i o n s  f o r  t h e  

cor respond ing  h o r i z o n t a l  t e s t  by an increment  c a l c u l a t e d  f rom t h e  computer 

program assuming a v e r t i c a l  o r i e n t a t i o n .  
c a l c u l a t i o n  i n  p r e d i c t i o n  o f  t h e  v e r t i c a l  exper imenta l  d a t a  as shown i n  

Appendix B, t h i s  approach was f e l t  t o  be j u s t i f i e d .  

Because o f  t h e  accuracy o f  t h e  

The c o r r e c t i o n s  t o  t h e  measured o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  

u s i n g  t h e  computer r e s u l t s  f o r  t h e  d i f f e r e n t  process c o n d i t i o n s  averaged 

about a 4% change i n  t h e  measured va lue  w i t h  t h e  l a r g e s t  c o r r e c t i o n  be ing  

l e s s  than 10%. S i m i l a r  v a r i a t i o n  was no ted  i n  t h e  l o c a l  condensing 

c o e f f i c i e n t  c o r r e c t i o n  w i t h  an average c o r r e c t i o n  o f  5% and a 

c o r r e c t i o n  s l i g h t l y  g r e a t e r  than 10%. The c o r r e c t i o n  was sma 

compared t o  t h e  measured va lues .  

F i g u r e  9 compares t h e  performance o f  t h e  v e r t i c a l  and h o r  

maxi mum 

1 when 

z o n t a l  

condenser o r i e n t a t i o n s  u s i n g  t h e  f i r s t  method o f  comparison, t h e  o v e r a l l  

hea t  t r a n s f e r  c o e f f i c i e n t .  

a g a i n s t  t h e  f r a c t i o n  o f  t h e  t o t a l  heat  l o a d  which was desuperheat ing.  

desuperheat ing,  t h e  o r i e n t a t i o n  o f  t h e  condenser shou ld  have n e g l i g i b l e  

e f f e c t  on t h e  heat  t r a n s f e r  and t h e  r a t i o  o f  hea t  t r a n s f e r  c o e f f i c i e n t s  

shou ld  approach u n i t y .  The r a t i o  o f  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t s  

does appear t o  approach u n i t y  as t h e  desuperheat ing f r a c t i o n  i nc reases .  

S c a t t e r  i n  t h e  d a t a  i s  i nc reased because o f  t h e  use o f  two exper imenta l  

p o i n t s  f o r  each p o i n t  on t h e  p l o t .  

The d a t a  f o r  t h e  matched runs  i s  p l o t t e d  

I n  

There appears t o  be no b i a s  assoc ia ted  
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w i t h  t h e  compos i t ion  o f  t h e  work ing  f l u i d ,  however. 

p l o t  i s  a c u r v e - f i t  o f  a c u b i c  equa t ion  which approaches uv/uh o f  one 
as t h e  system approaches a desuperheat ing c o n d i t i o n  th roughout  ( t h e  

desuperheat ing  f r a c t i o n  o f  t h e  t o t a l  heat  l o a d  approaches one) .  

t h e  s h e a r - c o n t r o l l e d  p o r t i o n  o f  t h e  condensat ion shou ld  a l s o  be t h e  same 

f o r  t h e  two geometr ies.  

l o a d  (desuperheat ing  f r a c t i o n  o f  ze ro )  i n d i c a t e s  t h a t  t h e  o v e r a l l  hea t  

t r a n s f e r  c o e f f i c i e n t  f o r  t h e  v e r t i c a l  o r i e n t a t i o n  i s  approx imate ly  47% 
g r e a t e r  t han  t h a t  i n  t h e  cor respond ing  h o r i z o n t a l  o r i e n t a t i o n .  A s  t h e  

f r a c t i o n  o f  desuperheat ing inc reases ,  t h e  d i f f e r e n c e s  decrease. T h i s  

would i n d i c a t e  t h a t  t o  pe r fo rm t h e  same d u t y  i n  t h e  h o r i z o n t a l  o r i e n t a t i o n  

would r e q u i r e ,  on t h e  average, an exchanger 47% l a r g e r  than one i n  t h e  

v e r t i c a l  o r i e n t a t i o n .  

The s o l i d  l i n e  on t h e  

A c t u a l l y ,  

E x t r a p o l a t i o n  o f  t h e  d a t a  t o  a p u r e l y  condensing 

The h o r i z o n t a l  t e s t i n g  p e r i o d  was one t o  two yea rs  a f t e r  t h e  v e r t i c a l  
t e s t i n g  p e r i o d .  The above comparison assumed t h a t  t h e  f o u l i n g  r e s i s t a n c e  

was t h e  same f o r  b o t h  cases. I f  one assumed t h a t  t h e  inc rementa l  change 

i n  f o u l i n g  r e s i s t a n c e  between t h e  two t e s t s  was 0.001 h r  f t2 OF/ Btu,  

t h e  c u r v e - f i t  average would have been t h e  dashed l i n e .  

increment  because t h e  asympto t ic  f o u l i n g  on t h e  c o o l i n g  water  s i d e  i s  
expected t o  be l e s s  than  t h i s  va lue .  

r a t i o  f o r  pure  condensat ion t o  33% f rom t h e  47% mentioned above and 

s i m i l a r l y  a r e d u c t i o n  i n  t h e  r e q u i r e d  area t o  pe r fo rm t h e  same s e r v i c e  t o  

33% g r e a t e r  i n  t h e  h o r i z o n t a l  o r i e n t a t i o n .  

T h i s  i s  an extreme 

However, t h i s  would have changed t h e  

F i g u r e  10 expresses t h e  d i f f e r e n c e  i n  c a l c u l a t e d  and measured va lues  

t o  a more abso lu te  base. Here, t h e  thermal  r e s i s t a n c e  which would be 

needed t o  make t h e  c a l c u l a t e d  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  

( c a l c u l a t e d  w i t h  no f o u l i n g  r e s i s t a n c e )  and t h e  exper imenta l  c o e f f i c i e n t  

equal t o  one another .  

thermal  r e s i s t a n c e  and t h e  condensing range. The maximum d i f f e r e n c e  i n  

condensing range between v e r t i c a l  and h o r i z o n t a l  runs  was approx imate ly  2 

O F  w i t h  t h e  average w e l l  below 1 O F .  

l e a s t - s q u a r e s  s t r a i g h t  l i n e  th rough a l l  o f  t h e  da ta .  T h i s  i n d i c a t e s  t h a t  

f o r  a pure  f l u i d  ( ze ro  condensing range)  t h e  inc rementa l  thermal  

The p l o t  shows t h e  r e l a t i o n s h i p  between t h i s  

The 1 i n e  rep resen ts  a 
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r e s i s t a n c e  would be 0.0027 h r  f t2 'F/Btu. 

"des ign"  f o u l i n g  which would be expected t o  be between 0.001 and 0.002. 
I t  i s  n o t  f e l t  t h a t  t h i s  i s  r e l a t e d  t o  f o u l i n g  o f  t h e  heat  exchanger, b u t  
t o  a d i f f e r e n c e  i n  heat  t r a n s f e r  i n  t h e  two o r i e n t a t i o n s .  There i s  some 

dependence on t h e  condensing range o f  t h e  work ing  f l u i d .  

showed t h a t  inc rementa l  r e s i s t a n c e  would double i n  go ing  f rom a pu re  f l u i d  

t o  a f l u i d  w i t h  a condensing range o f  109 O F .  

t o  be an a p p r o p r i a t e  method o f  c o r r e l a t i o n  o f  t h e  work ing  f l u i d s  because 

t h e  isobutane m i x t u r e s  ( s o l i d  symbols) and t h e  propane m i x t u r e s  (open 

symbols) f o l l o w  t h e  same t r e n d .  

T h i s  i s  h i g h e r  than t h e  

The c u r v e - f i t  

Condensing range appears 

F i g u r e  11 expresses t h e  comparison i n  s l i g h t l y  d i f f e r e n t  terms. Here 

t h e  d i f f e r e n c e  i n  work ing  f l u i d  o u t l e t  temperature i s  p l o t t e d  a g a i n s t  

desuperheat ing  f r a c t i o n .  T h i s  comparison shows t h a t  s ince  t h e r e  i s  l i t t l e  

o r  no subcoo l ing  (See t h e  s e c t i o n  on t h e  assessment o f  da ta  and 
thermodynamic cons is tancy ) ,  t h e  o u t l e t  temperature o f  t h e  condensing f l u i d  
i n  t h e  v e r t i c a l  o r i e n t a t i o n  i s  1 t o  3 O F  l ower  than than  i n  a 

h o r i z o n t a l l y  o r i e n t e d  condenser o f  i d e n t i c a l  geometry w i t h  t h e  same i n l e t  

c o n d i t i o n s .  
f l u i d s  showing l e s s  d i f f e r e n c e  i n  temperature than t h e  m i x t u r e s .  The 

c l o s e  approach temperature d i f f e r e n c e s  ( p i n c h  p o i n t s )  w i t h  pure  f l u i d s  

r e s u l t s  i n  g r e a t e r  changes i n  heat  t r a n s f e r  w i t h  sma l le r  changes i n  

condensing temperature than f o r  t h e  m i x t u r e s .  T h i s  method i s  n o t  e a s i l y  

e x t r a p o l a t e d  t o  o t h e r  s i t u a t i o n s  and i s  shown t o  g i v e  a genera l  i dea  o f  

t h e  e f f e c t .  T h i s  behav io r  would r e s u l t  i n  a decrease i n  power generated 

i n  t h e  t u r b i n e  as a r e s u l t  o f  h i g h e r  back pressure  f o r  t h e  h o r i z o n t a l  

condenser. A s  w i t h  t h e  p rev ious  comparison, as t h e  desuperheat ing 

f r a c t i o n  inc reases ,  t h e  d e v i a t i o n  between t h e  o r i e n t a t i o n s  decreases. As 
w i t h  t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  r e s u l t s ,  t h e  i n i t i a l  assumption 

was t h a t  t h e  v e r t i c a l  and h o r i z o n t a l  systems had t h e  same amount o f  

f o u l i n g .  T h i s  i s  p o s s i b l y  n o t  t h e  case. 

The behav io r  i s  somewhat dependent on t h e  f l u i d  w i t h  t h e  pure  

F i g u r e  12 shows a comparison o f  t h e  i n s i d e  condensing c o e f f i c i e n t s  o f  

t h e  v e r t i c a l  and h o r i z o n t a l  condensers. T h i s  comparison assumes t h a t  t h e  

e n t  i n  b o t h  measured cases was i d e n t i c a l ;  t h i s  shou ld  be a 

because o f  t h e  c o r r e c t i o n  a p p l i e d  t o  t h e  v e r t i c a l  

o u t s  

good 

de c o e f f i c  

assumption 
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measurement which shou ld  c o r r e c t  f o r  any d i f f e r e n c e  i n  o u t s i d e  ( w a t e r - s i d e )  

c o e f f i c i e n t .  

D i f fe rence i n  t h e  condensing c o e f f i c i e n t  o f  between 40 and 80% a r e  no ted .  

For  a p u r e l y  condensing load,  t h e  average va lue  i s  61%. Again, these 
r e s u l t s  assume t h e  same f o u l i n g  i n  t h e  v e r t i c a l  and h o r i z o n t a l  cases. I f  

t h e  h o r i z o n t a l  case has a f o u l i n g  0.001 h r  f t2 O F /  B t u  g r e a t e r  than t h e  

v e r t i c a l ,  t h e  dashed l i n e  rep resen ts  t h e  average t r e n d .  

d i f f e r e n c e  i n  condensing c o e f f i c i e n t s  f o r  a p u r e l y  condensing l o a d  i s  34%. 

Because t h i s  c a l c u l a t i o n  i s  made on t h e  b a s i s  o f  t h e  f i n n e d  area, t h e  

d i f f e r e n c e  i s  p robab ly  a r e s u l t  o f  t h e  f i n s  n o t  o p e r a t i n g  as e f f e c t i v e l y  i n  

t h e  h o r i z o n t a l  o r i e n t a t i o n  as i n  t h e  v e r t i c a l  o r i e n t a t i o n .  I n  t h e  v e r t i c a l  

o r i e n t a t i o n ,  t h e  f i n s  g i v e  e x t r a  v e r t i c a l  su r face  f o r  condensat ion  t o  occur  

upon. 

n a t u r a l  d ra inage  o f  f i l m  around t h e  c i rcumference o f  t h e  tube.  

The s o l i d  l i n e  i s  a c u r v e - f i t  as d iscussed f o r  F i g u r e  9. 

Note here  t h e  

I n  t h e  h o r i z o n t a l  o r i e n t a t i o n ,  t h e  f i n s  may be i n t e r r u p t i n g  t h e  

To summarize, i n  condensing: 

The o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  appears t o  be 33 t o  47% h i g h e r ,  on 
t h e  average, i n  t h e  v e r t i c a l  o r i e n t a t i o n  than i n  t h e  h o r i z o n t a l  

o r i e n t a t i o n  depending on t h e  change i n  f o u l i n g .  

T h i s  c o u l d  r e s u l t  i n  a decreased s i z e  f o r  a v e r t i c a l  condenser over  a 

h o r i z o n t a l  condenser o f  33 t o  47%. 

In t e r m s  o f  thermal  r e s i s t a n c e ,  t h e  d i f f e r e n c e  i n  o r i e n t a t i o n  g i v e s  an 

a d d i t i o n a l  thermal  r e s i s t a n c e  o f  between 0.0027 and 0.0037 h r  f t2 

OF/ B t u  f o r  t h e  m ix tu res  up t o  10% o f  t h e  h e a v i e r  component. A l though 

t h e  v e r t i c a l  and h o r i z o n t a l  da ta  was taken a t  d i f f e r e n t  t imes and some 

f o u l i n g  may have taken p l a c e  between t h e  t e s t s ,  i t  i s  d o u b t f u l  t h a t  i t  

c o u l d  have been o f  t h i s  o rde r . )  

The condensing hea t  t r a n s f e r  c o e f f i c i e n t  would be between 34 and 61% 

h i g h e r  i n  t h e  v e r t i c a l  o r i e n t a t i o n  than i n  t h e  h o r i z o n t a l  o r i e n t a t i o n ,  

depending on t h e  amount o f  f o u l i n g  i nc rease  between t h e  two t e s t s .  

l o w e r  va lue  i s  expected t o  be c l o s e r  t o  t h e  a c t u a l  d i f f e r e n c e  because 

t h e r e  was some f o u l i n g  d u r i n g  t h e  v e r t i c a l  t e s t s  and t h e  va lue  o f  0.001 

i s  l a r g e  r e l a t i v e  t o  t h e  asympto t ic  va lue  o f  c o o l i n g  tower  water  f o u l i n g  

f a c t o r .  

(The 
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5. I t  appears t h a t  t h e  f i n s  a re  t o t a l l y  e f f e c t i v e  i n  t h e  v e r t i c a l  

o r i e n t a t i o n  ( p o s s i b l e  w i t h  an a d d i t i o n a l  f i l m  t h i n n i n g  due t o  su r face  

t e n s i o n ) ,  w h i l e  t h e  f i n s  appear t o  be i n e f f e c t i v e  i n  t h e  h o r i z o n t a l  

o r i e n t a t i o n  and indeed may cause a r e d u c t i o n  i n  performance. 

ANALYTICAL RESULTS FOR THE CONDENSER IN THE HORIZONTAL 
ORIENTATION--~OMPARISON OF H T R I  CODE WITH EXPERIMENT 

Design o f  t h e  hea te rs  and condensers can be done u s i n g  computer codes 

l i k e  those o f  Heat T r a n s f e r  Research, I n c .  ( H T R I ) .  These codes a re  

g e n e r a l l y  known t o  t h e  A & E f i r m s  des ign ing  systems s i m i l a r  t o  b i n a r y  

geothermal p l a n t s  and t o  t h e  heat  exchanger manufac turers .  

The H T R I  code ST5 was developed t o  des ign  heat  exchangers w i t h o u t  

phase change, such as t h e  s u p e r c r i t i c a l  hea te rs  i n  a b i n a r y  p l a n t .  The 
main problem with this code i s  that it assumes constant thermophysical 

p r o p e r t i e s  and l i n e a r  temperature d i s t r i b u t i o n s  w i t h  en tha lpy  w i t h i n  t h e  

exchangers. I n  t h e  des ign  o f  t h e  

a b l e  t o  use ST4, t h e  fo re runner  t o  

u n i t s  i n  s e r i e s  and t h e  v a r i a t i o n  

A t  t h e  Heat Cyc le  Research Fac 

eber  p l a n t ,  F l u o r  Engineers, I n c .  was 

ST5, because t h e r e  were s i x  d i f f e r e n t  

n each was smal l  ( 1 3 ) .  

l i t y ,  t h e  hea te rs  have f i n n e d  tubes and 

t h e  o v e r a l l  l e n g t h  i s  s i g n i f i c a n t l y  reduced. To model t h e  hea te r ,  each 

u n i t  was d i v i d e d  i n t o  increments and t h e  code was used on each increment .  

Here end c o r r e c t i o n s  a u t o m a t i c a l l y  added i n  t h e  code had t o  be removed t o  

g i v e  t h e  c o r r e c t  r e s u l t .  

1 a long w i t h  t h e  exper imenta l  v e r i f i c a t i o n  o f  t h i s  model ing techn ique.  

D e t a i l s  o f  t h i s  procedure a re  g i v e n  i n  Reference 

The condenser a t  t h e  Heat Cyc le  Research F a c i l i t y  (and t h e  

c o n f i g u r a t i o n  recommended f o r  f u r t h e r  a p p l i c a t i o n )  has t h e  work ing  f l u i d  

condensing i n s i d e  t h e  tubes on an i n t e r n a l l y  f i n n e d  su r face .  

mentioned i n  t h e  p rev ious  sec t i on ,  t h e  H T R I  condenser code CST2 does n o t  

e x p l i c i t l y  hand le  such sur faces .  Th is  s e c t i o n  d iscusses  t h e  comparison o f  

t h e  exper imenta l  r e s u l t s  t o  t h e  two computa t iona l  models mentioned 

p r e v i o u s l y ,  t h e  e q u i v a l e n t  d iameter  model and t h e  p l a i n  tube model. 

A s  was 

46 



- - . . . - . . . . . - . . . . . . . 

The e q u i v a l e n t  d iameter  method - F i g u r e  13 shows t h e  r a t i o  of  c a l c u l a t e d  

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  p l o t t e d  a g a i n s t  t h e  f r a c t i o n  

o f  t h e  h e a t  l o a d  which i s  i n  desuperheat ing.  

t h e  t e s t s  i n  which t h e  heat  exchanger f l o w  was c o u n t e r c u r r e n t  and no tubes 

were plugged. I f  i t  i s  assumed t h a t  t h e  s i n g l e  phase heat  t r a n s f e r  can be 

c a l c u l a t e d  c o r r e c t l y ,  t h e  r a t i o  o f  heat  t r a n s f e r  c o e f f i c i e n t s  w i l l  
approach u n i t y  as t h e  e n t i r e  l o a d  becomes desuperheat ing.  

i s  a c u r v e - f i t  u s i n g  t h i s  assumption w i t h  a c u b i c  equat ion .  

i n d i c a t e s  t h a t  i f  t h e  d e v i a t i o n  r e s u l t s  f rom t h e  condensing s e c t i o n  o f  t h e  

exchanger, t h e  o v e r a l l  heat  t r a n s f e r  c a l c u l a t i o n  i s  2.135 t imes as  l a r g e  

as  t h e  e x p e r i m e n t a l l y  measured va lue.  

assuming t h a t  t h e r e  was no f o u l i n g  i n  t h e  exchanger. 

o f  0.001 h r  f t2 O F  / B t u  i s  i n t r o d u c e d  i n t o  t h e  c a l c u l a t i o n ,  t h e  

c u r v e - f i t  average would be d i s p l a c e d  t o  t h e  dashed curve .  

o r d e r  which t h e  asympto t ic  f o u l i n g  migh t  be i n  t h i s  u n i t .  

c a l c u l a t i o n s  u s i n g  t h e  HTRI c o o l i n g  tower  water  f o u l i n g  model i n d i c a t e  

t h a t  t h e  asympto t ic  c o o l a n t  f o u l i n g  should be i n  t h e  range 0.0005 t o  

.0007 h r  f t2 'F/Btu.) 

t o  c l o s e r  agreement, b u t  w i t h  pure condensat ion,  f r a c t i o n  o f  

desuperheat ing equal  t o  zero, t h e  c a l c u l a t e d  va lue  i s  s t i l l  85.8% g r e a t e r  

than t h e  measured va lue .  Another p o t e n t i a l  cause o f  d isagreement between 

t h e  c a l c u l a t e d  and measured va lues i s  t h e  u n c e r t a i n t y  i n  t h e  a c t u a l  f l u i d  

m i x t u r e  composi t ion.  C a l c u l a t i o n s  were c a r r i e d  o u t  w i t h  composi t ions o f  

t h e  l e s s e r  component ( t h e  heavy component) 10% g r e a t e r  and l e s s  than t h e  
measured va lue .  (That  i s  f o r  a 90%/10% isobutane hexane m i x t u r e ,  

c a l c u l a t e d  va lues  were determined f o r  91/9 and 89/11% m i x t u r e s . )  

d e v i a t i o n s  when p l o t t e d  on F i g u r e  13 were found t o  be o f  t h e  o r d e r  o f  t h e  

w i d t h  o f  a symbol and have, t h e r e f o r e ,  n o t  been shown. Note t h a t  t h i s  

change n o t  o n l y  changes t h e  c a l c u l a t e d  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 ,  

b u t  a l s o  changes t h e  desuperheat ing f r a c t i o n  and t h e  condensing range. 

The desuperheat ing f r a c t i o n  i s  changed between 0.005 and 0.006 and t h e  

condensing range i s  changed between 2.2 and 2.7 O F .  

The r e s u l t s  p l o t t e d  a r e  f o r  

The s o l i d  l i n e  

T h i s  

The c a l c u l a t i o n  was c a r r i e d  o u t  

I f  a f o u l i n g  f a c t o r  

T h i s  i s  o f  t h e  

( P r e l i m i n a r y  

T h i s  b r i n g s  t h e  c a l c u l a t e d  and measured va lues  

The 

F i g u r e  14 shows t h e  same d a t a  p l o t t e d  a g a i n s t  t h e  condensing range o f  

I f  m i x t u r e  e f f e c t s  a r e  t h e  cause o f  t h e  disagreement,  t h e  work ing  f l u i d .  

they  should show up i n  t h i s  t y p e  o f  p l o t .  A l though t h e  agreement i s  
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b e t t e r  f o r  t h e  near pure  substances, condensing range o f  zero, t h e r e  i s  no 
c l e a r  t r e n d  of  t h e  data.  

desc r ibed  i n  t h e  d i s c u s s i o n  o f  F igu re  13 are  shown here.  Note t h a t  t h e  

e r r o r  bands a re  marked on t h e  da ta  p o i n t  a t  3 7 . 3  O F .  

da ta  i s  r e p l o t t e d  i n  terms of t h e  abso lu te  d i f f e r e n c e  i n  thermal 

r e s i s t a n c e  between t h e  measured and c a l c u l a t e d  va lues ,  a d e f i n i t e  t r e n d  

develops. 

range ( m i x t u r e  compos i t i on ) .  F i g u r e  15 c o n t a i n s  a l l  o f  t h e  d a t a  f o r  runs  

i n  which t h e  condenser had no tubes plugged. 

t h e  c o o l a n t  f l o w i n g  c o c u r r e n t l y  w i t h  t h e  condensing work ing  f l u i d .  

Exc lus ion  o f  t h e  c o c u r r e n t  d a t a  d i d  n o t  change t h e  o v e r a l l  t r e n d  l i n e  as  

shown on t h e  graph. 

The movement o f  t h e  r e s u l t s  w i t h  changing compos i t ion  i s  somewhat p a r a l l e l  

t o  t h e  t r e n d  l i n e .  

app rec iab l y  e f f e c t  t h e  r e s u l t s  presented here.  

E r r o r  bands f o r  t h e  compos i t ion  changes 

However, i f  t h i s  

F i g u r e  15 shows t h i s  parameter p l o t t e d  w i t h  t h e  condensing 

Th is  i nc luded  some d a t a  w i t h  

The l i n e  rep resen ts  a l e a s t  squares f i t  o f  t h e  da ta .  

I t  i s  expected t h a t  e r r o r s  i n  compos i t ion  w i l l  n o t  

An i n t e r e s t i n g  comparison can be made between t h i s  f i g u r e  f o r  t h e  near 

h o r i z o n t a l  o r i e n t a t i o n  and F i g u r e  B-3,  t h e  cor respond ing  f i g u r e  f o r  t h e  

v e r t i c a l  o r i e n t a t i o n .  For t h e  pure f l u i d s ,  t h e  d i f f e r e n c e  i n  thermal 

r e s i s t a n c e  between t h e  h o r i z o n t a l  and v e r t i c a l  r e s u l t s  ( F i g u r e  15 and 8 - 3 )  
i s  about 0.006 h r  f t2 O F  / Btu.  Th is  i s  approx imate ly  t e n  t imes t h e  

expected asympto t ic  f o u l i n g  f o r  t h e  c o o l i n g  w a t e r .  Th i s  d i f f e r e n c e  i s  

p o s t u l a t e d  t o  be a combina t ion  o f  f o u l i n g  ( a  minor  p a r t )  and t h e  

d e t r i m e n t a l  e f f e c t  which t h e  f i n s  produce i n  t h e  h o r i z o n t a l  tube.  I n  t h e  

v e r t i c a l  tube, t h e  f i n s  add v e r t i c a l  su r face  f o r  condensat ion,  t he reby  

t h i n n i n g  t h e  condensing f i l m  and enhancing t h e  heat  t r a n s f e r .  Sur face  

e f f e c t s  may g i v e  some a d d i t i o n a l  f i l m  t h i n n i n g  as  a r e s u l t  o f  t h e  change 

i n  d i r e c t i o n  between t h e  f i n  and t h e  tube su r face .  I n  t h e  h o r i z o n t a l  

tube, however, t h e  f i n s  may be an impediment t o  t h e  n a t u r a l  d ra inage  o f  
t h e  l i q u i d  f i l m  f rom t h e  t o p  and s ides  o f  t h e  tube t o  t h e  bottom thus  

c r e a t i n g  l ower  condensat ion c o e f f i c i e n t s  than i n  a p l a i n  tube.  

The s lope o f  t h e  r e s i s t a n c e  curve  w i t h  condensing temperature range 

( d i f f e r e n c e  between bubble p o i n t  and dew p o i n t  tempera tures)  i s  q u i t e  

l a r g e .  

c o n f i g u r a t i o n  r e s i s t a n c e s  w i t h  i sobutane work ing  f l u i d s .  

The s lope i s  comparable i n  magnitude t o  t h e  s lope f o r  t h e  v e r t i c a l  
The propane 
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s e r i e s  appears t o  have a l o w e r  s lope f o r  t h e  v e r t i c a l  o r i e n t a t i o n .  

t h i s  t ime,  t h e  reason f o r  t h i s  i s  unknown. T h i s  dependence o f  d e v i a t i o n  

between c a l c u l a t e d  and exper imenta l  va lues  on condensing range i n d i c a t e s  

t h a t  some aspects  o f  t h e  m i x t u r e  condensat ion process a r e  n o t  b e i n g  

c a l c u l a t e d  c o r r e c t l y  i n  t h e  HTRI program. The reason f o r  t h i s  d e v i a t i o n  

i s  p o s s i b l y  m a g n i f i e d  by t h e  p a r t i c u l a r  process c o n d i t i o n s  f o r  t h i s  

exper iment .  The l i q u i d  l o a d i n g s  a r e  low and t h e  e f f e c t  o f  t h e  f i n s  i s  t o  

decrease t h e  e f f e c t i v e  d iameter  o f  t h e  tube. Each o f  these e f f e c t s  tends 

t o  decrease t h e  Reynolds Number. 

f i n s  w i l l  be r e g i o n s  o f  low v e l o c i t y  and perhaps w i l l  have s i g n i f i c a n t l y  

l e s s  macroscopic ( t u r b u l e n t )  m i x i n g  than i n  a normal p l a i n  tube.  For  

these reasons, mo lecu la r  d i f f u s i o n  may p l a y  a more i m p o r t a n t  r o l e  than f o r  

a p l a i n  tube.  I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  i t  w i l l  be necessary t o  use 

a combined heat  and mass t r a n s f e r  model such as  Colburn and Drew [14]  and 

K r i s h n a  and Standar t  [15]  r a t h e r  than an approximate method based on 
S i l v e r  [16] and B e l l  and Ghaly [ 1 7 ]  w i t h  mass t r a n s f e r  c o r r e c t i o n s .  ( A  

computat ional  methodology f o r  t h e  Col burn-Drew method was developed by 

P r i c e  and B e l l  [18] . )  
i n  which h a l f  t h e  tubes were plugged. Here, t h e  t r e n d  w i t h  i n c r e a s i n g  

condensing range i s  l e s s  pronounced than i n  F i g u r e  15. 
expected t h a t  t h e  h i g h e r  f l o w  r a t e  p e r  tube i n  t h e  plugged tube case would 

r e s u l t  i n  b e t t e r  m i x i n g  and l e s s  adverse c o n c e n t r a t i o n  g r a d i e n t s  and 

temperature g r a d i e n t s .  Indeed, t h e  H T R I  program, CST, uses d i f f e r e n t  

c o r r e l a t i o n s  f o r  t h e  condensing c o e f f i c i e n t  a t  h i g h e r  l i q u i d  l o a d i n g s .  

i s  es t imated  t h a t  d i f f e r e n t  f l o w  regimes a r e  encountered. 

however, does n o t  c o r r e l a t e  w i t h  work ing  f l u i d  f l o w  r a t e  as i s  i n d i c a t e d  

i n  F i g u r e  17.  

e f f e c t .  

A t  

The r e g i o n s  near  t h e  w a l l  between t h e  

F i g u r e  16 shows t h e  same t y p e  o f  d a t a  f o r  t h e  cases 

I t  might  be 

I t  

The da ta ,  

There may be some e f f e c t ,  b u t  i t  i s  n o t  t h e  predominant 

T h i s  same d a t a  can be presented i n  a number o f  o t h e r  ways. F i g u r e  18 

and 19 show t h e  i n s i d e  (condensing and desuperheat ing)  convec t ion  

c o e f f i c i e n t  p l o t t e d  as t h e  r a t i o  o f  c a l c u l a t e d  (by  t h e  computer program) 

t o  t h e  measured va lue .  

sur face i s  a c t i v e  ( t h e  f i n  e f f i c i e n c y  i s  loo%.)  Figures  20 and 21 show 

t h i s  d a t a  under t h e  assumption t h a t  t h e  area i s  o n l y  p a r t i a l l y  a c t i v e  and 

T h i s  comparison assumes t h a t  t h e  e n t i r e  i n n e r  
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t h e  heat  t r a n s f e r  c o e f f i c i e n t  i s  c a l c u l a t e d  c o r r e c t l y .  A s  w i t h  t h e  

o v e r a l l  c o e f f i c i e n t ,  no t r e n d  i s  e v i d e n t  w i t h  condensing range. The curve  

f i t  o f  t h e  d a t a  i s  s i m i l a r  t o  t h a t  i n  F i g u r e  13. 

i n d i c a t e s  t h e  t r e n d  w i t h  a f o u l i n g  o f  0.001 h r  ft2 O F  / Btu.  

The dashed l i n e  

F i g u r e  22 i s  a p l o t  s i m i l a r  t o  one i n  Reference 1. T h i s  shows t h e  

change i n  o u t l e t  temperature (bubble p o i n t  temperature)  necessary t o  make 

t h e  c a l c u l a t e d  and exper imenta l  d a t a  c o i n c i d e .  A r e c a l c u l a t i o n  o f  t h e  

v e r t i c a l  d a t a  can be seen i n  F i g u r e  B-7. 

o f  t h e  r e s u l t s  was between p l u s  and minus 2 O F .  For t h e  h o r i z o n t a l  d a t a  

t h e  d e v i a t i o n s  a r e  much g r e a t e r  and t h e r e  i s  a t r e n d  t o  h i g h e r  va lues a t  

m i x t u r e s  w i t h  l a r g e r  condensing ranges. 

f rom t h i s  p l o t .  

I n  t h e  v e r t i c a l  case, t h e  spread 

L i t t l e  g e n e r a l i z a t i o n  can be made 

F i g u r e s  23 and 24 compare t h e  r e s u l t s  f o r  t h i s  computat ional  model f o r  

t h e  d i f f e r e n t  f low d i r e c t i o n s  and i n d i v i d u a l  tube l o a d i n g  (p lugged/not  

plugged tubes) .  Both i n  t h e  case o f  t h e  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  

and t h e  condensing ( i n s i d e )  c o e f f i c i e n t ,  t h e  t r e n d s  a r e  t h e  same. Wi th no 

tubes plugged, l o w e r  f l o w  p e r  tube, t h e  c o u n t e r c u r r e n t  f l o w  d a t a  d e v i a t e d  

more than t h e  c o c u r r e n t  d a t a  w i t h  t h e  pure isobutane showing t h e  l e a s t  

d e v i a t i o n .  For  t h e  plugged tube data,  bo th  f l o w  c o n f i g u r a t i o n s  and a l l  

t h r e e  m i x t u r e s  appeared t o  f o l l o w  t h e  same t r e n d ,  

The r e s u l t s  o f  i n v e s t i g a t i n g  t h e  e q u i v a l e n t  d iameter  model may be 
summarized as f o l l o w s :  

1. T h i s  model o v e r p r e d i c t s  t h e  heat  t r a n s f e r  c o e f f i c i e n t  assoc ia ted  w i t h  

t h e  desuperheat ing and condensing t h e  work ing  f l u i d s  by 50 t o  100%. 

T h i s  i s  a much l a r g e r  d iscrepancy than can be e x p l a i n e d  by changes i n  

system f o u l i n g .  

2. There i s  a t r e n d  toward l a r g e r  disagreement between c a l c u l a t e d  and 

exper imenta l  r e s u l t s  when expressed as  a thermal r e s i s t a n c e  which i s  

n e a r l y  l i n e a r  w i t h  t h e  condensing range o f  t h e  work ing  f l u i d .  

t r e n d  i s  a l s o  e v i d e n t  i n  t h e  d a t a  which compares t h e  v e r t i c a l  

T h i s  
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3 .  

c a l c u l a t i o n  t o  t h e  v e r t i c a l  da ta .  The s lope i s  s i m i l a r  f o r  b o t h  

comparisons. T h i s  i n d i c a t e s  t h a t  t h e  computer program model f o r  

c a l c u l a t i n g  m i x t u r e  condensat ion i s  n o t  c o r r e c t l y  h a n d l i n g  a l l  o f  t h e  

m i x t u r e  e f f e c t s .  

t r a n s f e r / h e a t  t r a n s f e r  model even f o r  these m i x t u r e s  f o r  which t h e  

approximate method ( S i l v e r / B e l l - G h a l y )  has been thought  t o  g i v e  good 

agreement. 

I t  may be necessary t o  use a more complete mass 

For  pure  f l u i d s  t h e  d i f f e r e n c e  between t h e  c a l c u l a t e d  and exper imenta l  

r e s u l t s  (expressed as a thermal r e s i s t a n c e )  i s  much h i g h e r  than t h a t  

f o r  t h e  s i m i l a r  comparison f o r  t h e  v e r t i c a l  o r i e n t a t i o n .  T h i s  

i n d i c a t e s  t h a t  t h e r e  must be a d e t r i m e n t a l  e f f e c t  o f  t h e  i n t e r n a l  f i n s  

over  a p l a i n  i n t e r n a l  s u r f a c e  i n  t h e  h o r i z o n t a l  o r i e n t a t i o n .  I t  i s  

f e l t  t h a t  t h i s  i s  a r e s u l t  o f  t h e  f i n s  b l o c k i n g  t h e  normal d r a i n i n g  

mode o f  f i l m  f l o w  i n  h o r i z o n t a l  p l a i n  tubes. 

o r i e n t a t i o n ,  t h i s  i s  n o t  a problem because t h e  f i n s  o f f e r  a d d i t i o n a l  

v e r t i c a l  s u r f a c e  t o  t h i n  t h e  f i l m .  

I n  t h e  v e r t i c a l  

Plain Tube Model - For  t h e  second computat ional  model, t h e  r e s u l t s  have 

g e n e r a l l y  t h e  same t r e n d s  as  f o r  t h e  e q u i v a l e n t  d iameter  model. 

25 th rough 30 show s i m i l a r  r e s u l t s  f o r  t h e  p l a i n  tube model t o  F i g u r e s  13 

th rough 24  where t h e  e q u i v a l e n t  d iameter  model was used. 

apparent d isc repancy  among some o f  these r e s u l t s .  The 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  r e s u l t s  appear t o  g i v e  c l o s e  agreement between t h e  
model and t h e  exper imenta l  r e s u l t s ,  w h i l e  t h e  c o n v e c t i v e  heat  t r a n s f e r  

(condensing) r e s u l t s  show as much disagreement as do t h e  e q u i v a l e n t  

d iameter  comparisons. 

f a c t o r  r e s u l t i n g  f rom t h e  i n t e r n a l  f i n s  i s  n o t  accounted f o r  i n  t h e  

o v e r a l l  heat  t r a n s f e r  c a l c u l a t i o n s ,  b u t  i s  i n  t h e  i n s i d e  convec t ion  

c o e f f i c i e n t  d a t a  r e d u c t i o n .  That  i s ,  good agreement i s  o b t a i n e d  i f  t h e  

f i n s  a r e  n o t  accounted f o r .  When t h i s  model was used w i t h  t h e  v e r t i c a l  

o r i e n t a t i o n  data,  t h e  agreement was s i m i l a r  t o  t h e  e q u i v a l e n t  d iameter  

model. 

F i g u r e s  

There i s  an 

The reason f o r  t h i s  i s  t h a t  t h e  area enhancement 

I n  summary, t h i s  method appears t o  o f f e r  no advantages i n  a d a t a  

compari son. 
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CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  and conc lus ions  o f  t h i s  work can be summarized as f o l l o w s :  

There i s  no ev idence t h a t  t h e  condensat ion i n  t h e  n e a r l y  h o r i z o n t a l  

condenser d e v i a t e d  f rom i n t e g r a l  condensat ion.  T h i s  means t h a t  t h e r e  

would be no thermodynamic p e n a l t y  assoc ia ted  w i t h  o r i e n t i n g  t h e  

condenser i n  a n e a r l y  h o r i z o n t a l  p o s i t i o n .  

The heat  t r a n s f e r  performance o f  t h e  i n t e r n a l l y  f i n n e d  condenser i n  

t h e  n e a r l y  h o r i z o n t a l  o r i e n t a t i o n  i s  33 t o  47% worse than  t h e  same 

condenser i n  t h e  v e r t i c a l  o r i e n t a t i o n .  T h i s  means t h a t  a condenser i n  

t h e  v e r t i c a l  o r i e n t a t i o n  cou ld  be 33 t o  47% s m a l l e r  than one i n  t h e  

h o r i z o n t a l  o r i e n t a t i o n  t o  pe r fo rm t h e  same du ty ,  t h a t  i s ,  produce t h e  

same t u r b i n e  back pressure  w i t h  a g i v e n  c o o l i n g  water  tempera ture  and 

f l o w .  

The method o f  p r e d i c t i n g  t h e  performance o f  a condenser i n  t h e  n e a r l y  

h o r i z o n t a l  o r i e n t a t i o n  w i t h  i n t e r n a l l y  f i n n e d  tubes i s  n o t  w e l l  

e s t a b l i s h e d .  

i n  t h e i r  comparison. 

performance o f  t h e  heat  exchanger. 

condenser i n  t h i s  o r i e n t a t i o n  can now be approximated b u t  t h e  

u n c e r t a i n t i e s  a re  beyond t h e  p r a c t i c a l  l i m i t s  d e s i r e d .  I t  i s  expected 
t h a t  these u n c e r t a i n t i e s  would n o t  change t h e  conc lus ions  above. 

The two models developed here  do n o t  g i v e  good r e s u l t s  

They bo th  g r e a t l y  o v e r p r e d i c t  t h e  observed 

The des ign  o f  t h i s  t y p e  o f  

4 .  Based on r e s u l t s  t o  da te ,  i n t e r n a l  f i l l e d  tubes would n o t  be 

recommended f o r  near  h o r i z o n t a l  a p p l i c a t i o n s  because o f  t h e  apparent  

i n e f f i c i e n c y  o f  t h e  f i n s .  

The f o l l o w i n g  a d d i t i o n a l  a c t i o n s  a re  recommended t o  meet t h e  goa ls  o f  
be ing  a b l e  t o  p u t  t h i s  t y p e  o f  system i n t o  p r a c t i c e :  

1. A t  t h e  end o f  t h e  program, r e t u r n  t h e  condenser t o  i t s  v e r t i c a l  

o r i e n t a t i o n  and repea t  some o f  t h e  o r i g i n a l  t e s t s .  T h i s  w i l l  a l l o w  

t h e  amount o f  f o u l i n g  d u r i n g  t h e  t e s t i n g  p e r i o d  t o  be es t ima ted  w i t h  

7 1  



2.  

g r e a t e r  c e r t a i n t y  and w i l l  a l l o w  t h e  removal o f  some of t h e  

u n c e r t a i n t y  f rom t h e  conc lus ions  presented  i n  t h i s  r e p o r t .  

Develop a s imp le  computer program which w i l l  a l l o w  e x p l o r a t i o n  o f  t h e  

condensing process i n  d e t a i l .  

i n  t h e  h o r i z o n t a l  o r i e n t a t i o n  i s  o n l y  where g r a v i t y - c o n t r o l l e d  

condensat ion takes  p lace .  

t h i s  hypo thes i s  w i t h  t h e  H T R I  computer program. 

a r i s e s  concern ing  t h e  method used t o  des ign  w i t h  t h i s  t ype  o f  system. 

( I s  a combined mass t r a n s f e r / h e a t  t r a n s f e r  model needed?) Th is  c o u l d  

be exp lo red  w i t h  t h e  d a t a  a l ready  taken a n a l y t i c a l l y  o f  a computer 

program was avai  1 ab1 e. 

It i s  f e l t  t h a t  t h e  p e n a l t y  o f  t h e  f i n s  

I t  i s  imposs ib le  t o  a n a l y t i c a l l y  examine 

The ques t i on  a l s o  
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APPENDIX A 

EXPERIMENTS CONDUCTED AND SELECTED DATA 





The f o l l o w i n g  descr ibes  t h e  parameters t e s t e d  d u r i n g  t h e  phase o f  

t e s t i n g  b e i n g  r e p o r t e d .  

t h e  i n d i v i d u a l  t e s t s ;  r a t h e r  t h e  d i f f e r e n t  parameters t h a t  were v a r i e d  are  

i d e n t i f i e d .  Unless o therw ise  s ta ted ,  t h e  c o n d i t i o n s  l i s t e d  a r e  f o r  t h e  

work ing  f l u i d  h e a t e r  o u t l e t  vapor stream o r  t h e  work ing  f l u i d  condenser 

vapor i n l e t  stream. 
o f  t h e  geothermal resource  a r e  so i n d i c a t e d  w i t h  and ' I * " .  

S p e c i f i c  t e s t  c o n d i t i o n s  a r e  n o t  g i v e n  f o r  each o f  

Those c o n d i t i o n s  which were l i m i t e d  by t h e  temperature 

COUNTERCURRENT CONDENSER TESTS 

Isobutane Workinq F1 u i d  Fami  1 y: 

F l u i d s :  i sobutane 

95% isobutane, 5% hexane 

90% isobutane, 10% hexane 

Coo l ing  Water 

Flow Rate: 50000 l b / h r  

67000 l b / h r  

75000 l b / h r  

For  each o f  t h e  work ing f l u i d s ,  t e s t s  were conducted a t  t h r e e  c o o l i n g  

water  f l o w  r a t e s ;  50000,67000, and 75000 l b / h r .  The nominal f l o w  r a t e  

f o r  most o f  t h e  t e s t s  was 67000 l b / h r .  For  s e l e c t e d  c o n d i t i o n s ,  t e s t s  
were conducted w i t h  a l l  t h e  parameters h e l d  cons tan t  except  t h e  

c o o l i n g  water  f l o w  which was v a r i e d .  

Working F l u i d  

Flow Rate: 3700-11000 l b / h r  ( i sobutane)  

3700-9500" 1 b/hr (95% i sobutane 5 % hexane) 

3700-7000* l b / h r  (95% isobutane 10 % hexane) 

For  each o f  t h e  work ing f l u i d s ,  t h e  work ing f l u i d  f l o w  r a t e  was v a r i e d  
t/- 25% f rom t h e  p r e d i c t e d  f l o w  r a t e  th roughout  t h e  HCRF t u r b i n e  a t  

t h a t  h e a t e r  pressure.  

a t  50, 75, and 100% o f  t h e  s p e c i f i e d  f l o w  r a t e .  D a t a  f o r  b o t h  t h e  

For s e l e c t e d  t e s t  r u n  d a t a  was a l s o  c o l l e c t e d  
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condenser and heater were taken during these tests. 
specific tests unique to the condenser were run with each fluid. 
These condenser tests were run from 6600 to 9800 lb/hr. 
the brine temperature limitations at the time the particular test 
series were being conducted, it was not possible to obtain data on all 
of the desired conditions, particularly with the 90% isobutane, 10% 
hexane fluid. 

In addition, 

Because of 

In1 et 
Superheat: 80°F* 

6OoF* 
4OoF* 

20°F* 
10°F* 

The condenser test data taken i n  conjunction with the heater t e s t i n g  

did not attempt to maintain the level of the superheat entering the 
condenser. The tests unique to the condenser however did control the 
level of superheat in the working fluid entering the condenser to the 
values indicated for each of the fluids tested (with the exception o f  

the 90% isobutane, 10% hexane for which testing was limited due t o  the 
brine temperature). 
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COUNTERCURRENT CONDENSER TESTS 

Propane Workinq F l u i d  F a m i l y :  

F l u i d s :  propane 

95% propane, 5% isopentane 

90% propane, 10% i sopentane 

Cool i ng Water 

Flow Rate: 50000 l b / h r  

67000 l b / h r  

75000 l b / h r  

For  each o f  t h e  work ing f l u i d s ,  t e s t s  were conducted a t  t h r e e  c o o l i n g  

water  f l o w  r a t e s ;  50000,67000, and 75000 l b / h r .  The nominal f l o w  r a t e  

f o r  most o f  t h e  t e s t s  was 67000 l b / h r .  For s e l e c t e d  c o n d i t i o n s ,  t e s t s  

were conducted w i t h  a l l  t h e  parameters h e l d  cons tan t  except  t h e  

c o o l i n g  water  f l o w  which was v a r i e d .  

Working F l u i d  

Flow Rate: 3700-11600 

3700-11400 

3700-11000 

b/hr  (propane) 

b/hr (95% propane 5 % isopentane)  

b/hr  (95% propane 10 % isopentane)  

For  each o f  t h e  work ing f l u i d s ,  t h e  work ing  f l u i d  f l o w  r a t e  was v a r i e d  

t/- 25% f rom t h e  p r e d i c t e d  f l o w  r a t e  th roughout  t h e  HCRF t u r b i n e  a t  

t h a t  h e a t e r  pressure.  

a t  50, 75, and 100% o f  t h e  s p e c i f i e d  f l o w  r a t e .  Data f o r  b o t h  t h e  

condenser and heater  were taken d u r i n g  these t e s t s .  

s p e c i f i c  t e s t s  unique t o  t h e  condenser were r u n  w i t h  each f l u i d .  

These condenser t e s t s  were r u n  f rom 6000 t o  

For  s e l e c t e d  t e s t  r u n  d a t a  was a l s o  c o l l e c t e d  

I n  a d d i t i o n ,  

9000 l b / h r .  

I n l e t  

Superheat: 4OoF* 
3OoF* 

20°F* 

10°F* 
5OF* 
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The condenser test data taken in conjunction with the heater testing 
did not attempt to maintain the level of the superheat entering the 
condenser. The tests unique to the condenser however did control the 
level of superheat in the working fluid entering the condenser to the 
values indicated for each of the fluids tested 

Inteqral Condensation Tests: 

Fluids: propane 
90% propane, 10% i sopentane 
80% propane, 20% isopentane 
75% propane, 25% isopentane 
70% propane, 30% isopentane 
65% propane, 35% isopentane 
60% propane, 40% isopentane 

Fluids used for this test series ranged in composition from a pure 
(technical grade) propane fluid to a mixture of 60% propane, 40% isopentane 
for the purpose of attempting to identify the deviation from the assumption 
of integral condensation in the condenser performance model. Testing to 
examine the performance of fluids with higher levels of isopentane was 
limited due to the low brine temperatures. 

Working Fluid 
Flow Rate: 6400 lb/hr 

7700 lb/hr 
9000 lb/hr 

Performance data was collected for each of the fluids tested at 
working fluid flow rates of 6400 to 9000 lb/hr. 

Cool i ng Water 
Flow Rate: 50000 lb/hr 

67000 lb/hr 
75000 lb/hr 
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A t  a nominal work ing  f l u i d  f l o w  r a t e  (7700 l b / h r )  f o r  each f l u i d ,  t h e  

c o o l i n g  water  f l o w  r a t e  was v a r i e d  f rom 50000 t o  75000 l b / h r .  

I n 1  e t  

Superheat: 3OoF* 
10°F* 

was v a r i e d  f rom 30 t o  10°F a t  each o f  t h e  work 

water  f l o w  r a t e s  t e s t e d  f o r  a l l  ( o f  t h e  work ing  

s e r i e s .  

The amount o f  superheat i n  t h e  work ing  f l u i d  vapor e n t e r i n g  t h e  condenser 

d and coo l  i n g  

used i n  t h i s  t e s t  

ng f l u  

f l u i d s  

The f o l l o w i n g  t a b l e s  i d e n t i f y  t h e  f l u i d s  t e s t e d  (nominal chemis t r y )  and 

t h e  t e s t  c o n d i t i o n s  t h a t  were i n i t i a l l y  eva lua ted .  Note t h e  alphanumeric 

d e s i g n a t i o n  g i v e n  t o  each o f  t h e  t e s t  c o n d i t i o n s ;  t h e  a lpha d e s i g n a t i o n  

i d e n t i f i e s  t h e  nominal chemis t r y  o f  t h e  f l u i d  be ing  t e s t e d .  

( g i v i n g  t e s t  c o n d i t i o n s )  l i s t s  t h e  approximate va lues  o f  t h e  c o n t r o l l e d  

parameters f o r  t h e  h e a t e r  and condenser t e s t s  i n i t i a l l y  eva lua ted .  

da ta  sheets  and work ing  f l u i d  chemis t r y  f o r  each r u n  have been compi led i n  a 

separa te  d a t a  r e p o r t .  

The second t a b l e  

The t e s t  
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T a b l e  A - 1 .  A ser ies tes ts  with no tubes plugged 

CONDENSER ORIENTATION: 10 degrees o f f  horizontal w: isobutane 
TUBES PLUGGED: none 

CW FLOU 
D I R E C T  I O N  

countercurrent 

I 1  I 1  

I t  I 1  

countercurrent 7 4  
contercurrent 

countercurrent 

--I contercurrent 
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T a b l e  A - 2 .  A series tests w i t h  plugged tubes 

CONDENSER O R I E N T A T I O N :  10 degrees o f f  horizontal w: isobutane 
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Table A-3. B ser ies tes ts  wi th  no tubes plugged 

CONDENSER ORIENTATION:  10 degrees o f f  horizontal w: 95% isobutane, 5% hexane 
UBES PLUCCED~: none 

TEST HEATER HEATER CONDENSER WF FLOW CW FLOW CU FLOW 
NO. PRESSURE OUTLET SUPERHEAT RATE RATE D I RECT I ON 

TEMP. 
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Table A-4.  B s e r i e s  t e s t s  w i t h  plugged tubes 

CONDENSER ORIENTATION: 10 degrees o f f  horizontal - FLUID: 95% isobutane, 5% hexane 

A - 1 1  



Table  A - 5 .  C series tests w i t h  no tubes plugged 

CONDENSER ORIENTATION:  10 degrees o f f  horizontal 
FLUID: 9oX isobutane, 10% hexane 
TUBES PLUGGED: none 
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Table A-6. C series tests with plugged tubes 

CONDENSER ORIENTATION:  10 degrees o f f  horizontal 
w: 90% isobutane, 1oX hexane 

A- 13 



Table A - 7 .  D series t e s t s  

CONDENSER ORIENTATION: 10 degrees o f f  horizontal 
w: propane 
TUBES PLUGGED: none 
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Table A-8. E ser ies t e s t s  

CONDENSER ORIENTATION:  10 degrees o f f  horizontal 
w: 95% propane, 5%isopentane 
TUBES PLUGGED: none 
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Table  A - 9 .  

TEST HEATER HEATER CONDENSER 
NO. PRESSURE OUTLET SUPERHEAT 

TEMP. 

F series tests 

UF FLOU CU FLOU CU FLOU 
RATE RATE 0 I RE CT I ON 
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Table A-10. H s e r i e s  t e s t s  

TEST HEATER HEATER CONDENSER WF FLOW CU FLOU 
NO. PRESSURE OUTLET SUPERHEAT RATE RATE 

TEMP. 

CU FLOW 
D I R E C T  ION 
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T a b l e  A-11. I series tests  

TEST HEATER HEATER CONDENSER U F  F L O W  
NO. PRESSURE OUTLET SUPERHEAT RATE 

TEMP. 

CU F L O W  CU F L O W  
RATE D I R E C T  ION 
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Table  A-12. J series t e s t s  

CONDENSER ORIENTATION: 10 degrees o f f  horizontal w: 70% propane, 3oX isopentane 
TUBES PLUGGED: none 
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Table A-14. K series t e s t s  

CONDENSER ORIENTATION:  10 degrees o f f  horizontal w: 65% propane, 35% isopentane 
TUBES PLUGGED: none 
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T a b l e  A-15. L series tests 

CONDENSER ORIENTATION: 10 degrees o f f  horizontal w: 60% propane, 40% isopentane 

I 1  I 1  I 1  I 1  L224 TBD 10 F I 1  I 1  I 1  I 1  
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APPENDIX B 

I 

I 

COMPARISON O F  CALCULATIONAL METHODS 
FOR V E R T I C A L  CONDENSER 

I I 

I 





The r e s u l t s  o f  t h e  component and c y c l e  performance found w i t h  t h e  
s u p e r c r i t i c a l  c y c l e  t e s t i n g  w i t h  t h e  condenser i n  t h e  v e r t i c a l  p o s i t i o n  

a re  desc r ibed  i n  d e t a i l  i n  a p rev ious  work [ l ]  and i n  t h e  s e c t i o n  

d e s c r i b i n g  t h e  a n a l y t i c a l  model s .  (Equ iva len t  Diameter  Model ) . The H T R I  
code u s i n g  t h e  o r i g i n a l  method p r e d i c t e d  t h e  condenser performance q u i t e  

w e l l .  

p r o p e r t y  code and t h e  method desc r ibed  p r e v i o u s l y ,  t h e  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 

w i t h i n  l 0 F  o f  t h a t  p r e d i c t e d  by t h e  code [ l ] .  

t h e  computer program CST had changed, i t  was f e l t  t h a t  t h e  d a t a  shou ld  be 

r e c a l c u l a t e d  u s i n g  t h e  l a t e s t  ve rs ion ,  CST2 MOD 0.0-1.01. 

I f  t h i s  code was used f o r  des ign  i n  c o n j u n c t i o n  w i t h  t h e  NBS 

Because t h e  v e r s i o n  o f  

The r e s u l t s  of t h i s  r e c a l c u l a t i o n  a re  summarized i n  F igu res  B1 th rough 

B7. 
heat  t r a n s f e r  c o e f f i c i e n t .  

f r a c t i o n  o f  t h e  heat  d u t y  i n  desuperheat ing.  

20% o f  u n i t y  (where t h e  two va lues are  equa l ) ,  and 93% i s  w i t h i n  30%. 
There i s  no t r e n d  w i t h  desuperheat ing f r a c t i o n .  

no f o u l i n g  r e s i s t a n c e .  

i s  no b i a s  t o  t h e  r e s u l t s .  

t h e  condensing range. Here d i f f e r e n t  m i x t u r e  compos i t ions  a re  s o r t e d  

o u t .  

range (nea re r  t o  pure  f l u i d s )  and t o  Uc > Um f o r  h i g h e r  va lues .  

F igu res  B1 and B2 show t h e  r a t i o  o f  c a l c u l a t e d  t o  measured o v e r a l l  

I n  F igu re  B1 i t  i s  p l o t t e d  a g a i n s t  t h e  

84% o f  t h e  da ta  l i e s  w i t h i n  

The c a l c u l a t i o n  assumed 

Th is  assumption appears t o  be good because t h e r e  

F igu re  B2 shows t h e  same da ta  p l o t t e d  a g a i n s t  

Here t h e r e  seem t o  be a t r e n d  o f  Uc < Um a t  l ow  va lues  o f  condensing 

The t r e n d  w i t h  work ing  f l u i d  i s  more e v i d e n t  i f  t h e  d i f f e r e n c e  between 

t h e  measured and c a l c u l a t e d  c o e f f i c i e n t s  i s  s t a t e d  i n  terms o f  an 

inc rementa l  thermal  r e s i s t a n c e  as was done i n  t h e  t e x t .  F i g u r e  B3 i s  

s i m i l a r  t o  a p l o t  comparing t h e  near  h o r i z o n t a l  da ta  i n  t h e  t e x t .  

if a l l  o f  t h e  da ta  i s  cons idered,  t h e  e f f e c t  o f  m i x t u r e  compos i t ion  i s  

l e s s  than f o r  t h e  h o r i z o n t a l  case. A l eas t - squares  f i t  o f  a s t r a i g h t  l i n e  

i s  shown by t h e  s o l i d  l i n e .  (For  a pure  f l u i d ,  t h e  d i f f e r e n c e  i s  -0.00158 
i n d i c a t i n g  t h a t  t h e  c a l c u l a t e d  heat  t r a n s f e r  c o e f f i c i e n t  i s  l ower  than t h e  

measured va lue,  b u t  w i t h  a 40 O F  condensing range, s l i g h t l y  g r e a t e r  t h a t  

Here, 
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F i g u r e  B1. Condenser performance and t h e  o r i g i n a l  p r e d i c t i v e  
method i n  t h e  v e r t i c a l  o r i e n t a t i o n  ( o v e r a l l  hea t  
t r a n s f e r  c o e f f i c i e n t ) .  
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10% o f  t h e  h e a v i e r  component, t h e  va lue  i s  t0 .00106) .  

i sobutane m i x t u r e  p o i n t s  ( t h e  s o l i d  symbols) a re  considered,  t h e  s lope  i s  

more l i k e  t h a t  f o r  t h e  h o r i z o n t a l  o r i e n t a t i o n  w i t h  a much l a r g e r  

dependence on m i x t u r e  composi t ion.  The dashed l i n e  shows t h i s  t r e n d .  

There i s  a t r e n d  w i t h  i n c r e a s i n g  condensing range, b u t  w i t h  t h e  smal l  

amount o f  d a t a  reduced a t  l a r g e  condensing range and t h e  d isc repancy  

between t h e  isobutane and propane m ix tu res ,  t h e  problem cannot  be r e s o l v e d  

a t  t h i s  t ime .  

c l a r i f y  any dependence on ac tua l  f o u l i n g ,  a d d i t i o n a l  v e r t i c a l  t e s t s  shou ld  

be per formed a t  t h e  end o f  t h e  t e s t  s e r i e s .  

I f  o n l y  t h e  

More da ta  must be reduced a t  l a r g e  condensing range. To 

A more b a s i c  v a r i a b l e  i s  t h e  condensing heat  t r a n s f e r  c o e f f i c i e n t  ( t h e  

i n s i d e  c o e f f i c i e n t .  Assuming t h a t  t h e  w a t e r - s i d e  c o e f f i c i e n t  ( s h e l l - s i d e )  

i s  c o r r e c t ,  t h e  condensing c o e f f i c i e n t  can be determined.  F igu res  B4 and 

B5 show t h e  r a t i o  o f  c a l c u l a t e d  t o  a c t u a l  c o e f f i c i e n t  p l o t t e d  a g a i n s t  
desuperheat i ng r a t  i o  and condensing range r e s p e c t i v e l y  . The r e s u l  t s  1 ook 

q u i t e  s i m i l a r  t o  those f o r  o v e r a l l  c o e f f i c i e n t  (F igu res  B1 and B2). Here, 

74% o f  t h e  d a t a  i s  w i t h i n  20% o f  t h e  l i n e  which rep resen ts  Uc = Urn, and 

92% i s  w i t h i n  30%. There i s  no t r e n d  w i t h  desuperheat ing r a t i o ,  b u t  w i t h  

condensing range, a s i m i l a r  t r e n d  i s  shown as w i t h  t h e  o v e r a l l  

c o e f f i c i e n t .  

For  completeness as presented  i n  re fe rence  1, t h e  d i f f e r e n c e  between 

t h e  c a l c u l a t e d  condensing temperature (assuming t h a t  t h e  c o e f f i c i e n t s  were 
c o r r e c t l y  c a l c u l a t e d )  minus t h e  measured o u t l e t  temperature i s  p l o t t e d  i n  

F igu res  B6 and B7 a g a i n s t  t h e  same v a r i a b l e s  as i n  t h e  p r e v i o u s  s e t s .  

Here, t h e  da ta  shows a b i a s  w i t h  49% o f  t h e  da ta  between 0 and 1 O F  and 

32% between -1 and 0. There appears t o  be a dependence on condensing 

range w i t h  t h e  pure  f l u i d s  a t t a i n i n g  g r e a t e r  p o s i t i v e  va lues .  

most e v i d e n t  f o r  t h e  isobutane s e r i e s  ( t h e  s o l i d  symbols. 

Th i s  i s  

I n  summary, t h e  c a l c u l a t i o n  does q u i t e  w e l l  i n  p r e d i c t i n g  t h e  heat  

t r a n s f e r  w i t h  t h e  condenser i n  t h e  v e r t i c a l  o r i e n t a t i o n .  The b u l k  o f  t h e  

d a t a  was w i t h i n  30% o f  t h e  measured va lue  o f  condensing hea t  t r a n s f e r  

c o e f f i c i e n t  and a l s o  t h e  o v e r a l l  c o e f f i c i e n t .  The temperature d i f f e r e n c e  
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showed g r e a t e r  d ivergence and more dependence on m i x t u r e .  

expected because o f  t h e  changes i n  p i n c h  p o i n t  (minimum approach 

temperature d i f f e r e n c e )  w i t h  compos i t ion  changes. 

T h i s  m igh t  be 

A d d i t i o n a l  da ta  i s  needed t o  r e s o l v e  t h e  dependence o f  t h e  heat  

t r a n s f e r  on m i x t u r e  compos i t ion .  Some f i n a l  da ta  w i t h  t h e  condenser 

r e t u r n e d  t o  t h e  v e r t i c a l  o r i e n t a t i o n  would answer t h e  ques t i on  about t h e  

amount o f  t h e  d e v i a t i o n  r e s u l t i n g  f rom f o u l i n g .  

t h e  h i g h e r  heavy component concen t ra t i ons  should be reduced t o  determine 

i f  t h e r e  i s  a s t r o n g  dependence on m i x t u r e  compos i t ion  o r  n o t .  

A d d i t i o n a l  d a t a  taken a t  

B-12 


	ABSTRACT
	ACKNOWLEDGMENTS
	SUMMARY
	Background
	Experiments Conducted
	Results
	Summary of Conclusions and Recommendations

	INTRODUCTION
	Previous Analyses of Advanced Plants
	Experimental Approach
	Scope of Present Effort

	DESCRIPTION OF HEAT CYCLE RESEARCH FACILITY
	Condenser

	EXPERIMENTAL APPROACH
	Experiments Conducted
	Assessment of Data and Thermodynamic Property Consistency

	METHOD OF ANALYSIS
	Introduction
	Description of the "HTRI" Method
	Methods of Comparison of Experimental and Analytical Results

	RESULTS
	Experimental Evidence of Integral Condensation
	Compared to the Vertical Orientation
	Analytical Results for Condenser in Horizontal Orientation

	CONCLUSIONS AND RECOMMENDATIONS
	REFERENCES
	A Experiments Conducted and Selected Data
	Site with the Condenser Oriented Vertically
	Site with the Condenser Oriented Near-horizontally

	3 Schematic of the Heat Cycle Research Facility
	4 Sketch of the Counterflow In-Tube Condenser
	5 Temperature Deviation Under Integral Condensation Assumption
	6 Pressure Deviation Under Integral Condensation Assumption
	7 Temperature Deviation Under Differential Condensation Assumption
	8 Temperature Deviation Under Integral Condensation Assumption
	Vertical to Horizontal Comparison
	Vertical to Horizontal Comparison

	Vertical to Horizontal Comparison'
	Vertical to Horizontal Comparison
	Overall Heat Transfer Coefficient
	Overall Heat Transfer Coefficient
	Thermal Resistance (No Tubes Plugged)
	Thermal Resistance (Half Tubes Plugged)
	Thermal Resistance Dependence on Mass Flow Rate
	Convection Coefficient Ratio
	Convection Coefficient Ratio
	Area Effectiveness
	Area Effectiveness
	Outlet Temperature
	Cocurrent/Countercurrent P1 ugged/Not P1 ugged
	Cocurrent/Countercurrent Plugged/Not Plugged
	Overall Heat Transfer Coefficient
	Overall Heat Transfer Coefficient
	Convective Heat Transfer Coefficient (Inside)
	Convective Heat Transfer Coefficient (Inside)
	Cocurrent/Countercurrent Plugged/Not Plugged
	Cocurrent/Countercurrent Plugged/Not Plugged
	Vertical Orientation (Overall Heat Transfer Coefficient
	Vertical Orientation (Thermal Resistance)
	Orientation (Condensing Heat Transfer Coefficient)

	A.1 A series tests with no tubes plugged
	A.2 A series tests with tubes plugged
	A.3 B series tests with no tubes plugged
	A.6 6 series tests with tubes plugged
	A.7 D series tests
	A.8 E series tests
	A.10 H series tests
	A.11 I seriestests
	A-12 J seriestests
	A.14 K series tests



