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BASELINE DATA ON FILM COEFFICIENT FOR 
HEATING ISOBUTANE I N S I D E  A TUBE AT 4.14 MPa (600 P S I A )  

B.W. T le imat ,  A.D.K. L a i r d ,  I . C .  Hsu, and H. R ie 

Sea Water Conversion Laboratory  
U n i v e r s i t y  o f  C a l i f o r n i a  

Berkeley,  Cal i f o r n i a  94720 

ABS TRACT 

Research designed t o  o b t a i n  heat  t r a n s f e r  base- 
l i n e  da ta  on work ing  f l u i d s  i n  geothermal b i n a r y  c y c l e  
systems i s  descr ibed.  The exper imenta l  apparatus has 
the  c a p a b i l i t y  o f  p r o v i d i n g  da ta  under c lean  cond i -  
t i o n s  t o  de termine i n s i d e  and o u t s i d e  f i l m  c o e f f i c i e n t ,  
r e s p e c t i v e l y ,  f o r  hea t ing  and condensat ion  o f  pure  
f l u i d s  o r  m ix tu res  o f  pure  f l u i d s  be ing  cons idered f o r  
b i n a r y  systems. The work ing  f l u i d  loop s imu la tes  the  
b i n a r y  c y c l e  w i t h  steam as the  hea t ing  f l u i d  and a 
t h r o t t l i n g  va l ve  i ns tead  of t h e  t u r b i n e .  

i ng  isobutane i n  t h e  s u p e r c r i t i c a l  reg ion  ( c r i t i c a l  
p ressure  3.65 MPa) i n s i d e  a tube a t  4.14 MPa (600 p s i a )  
and a t  va r ious  temperatures and f l o w  ra tes  a r e  p re -  
sented, The isobutane was heated i n  a h o r i z o n t a l ,  
t ype  316 s t a i n l e s s  s t e e l ,  ins t rumented tube by steam 
condensing on t h e  o u t s i d e .  The tube was f i t t e d  w i t h  a 
t o t a l  o f  f i f t e e n  thermocouples imbedded i n  the  w a l l  o f  
t he  tube a t  45 deg r a d i a l l y  above a h o r i z o n t a l  p lane  
th rough t h e  a x i s  a t  f i v e  s t a t i o n s  l oca ted  e q u a l l y  
a long t h e  l e n g t h  o f  t h e  tube. The i n s i d e  and o u t s i d e  
w a l l  temperature o f  t he  tube a t  each o f  t he  f i v e  
s t a t i o n s  was c a l c u l a t e d  f rom the  l o c a t i o n  o f  the  im- 
oedded thermocouples and t h e i r  temperatures.  The heat 
r a t e  was determined by measuring t h e  r a t e  o f  condensing 
steam on t h e  o u t s i d e  o f  t h e  tube under each o f  f o u r  
sec t i ons  by means o f  s p e c i a l l y  designed vapor - t raced 
meters .  The temperature o f  t he  isobutane i n s i d e  the  
hea te r  tube was measured by means o f  a t r a v e l i n g  
p l a t i n u m  res i s tance  thermometer equipped w i t h  a m ix ing  
head a t  i t s  t i p  and the  temperature o f  t he  steam i n  
the  steam chest o u t s i d e  o f  the tube was measured by 
means o f  a p l a t i n u m  r e s i s t a n c e  thermometer. 

the  range o f  0.6 t o  2.5 kW/mZC ( 1 1 5  t o  400 Btu /h  
were ob ta ined  f o r  Reynolds number between 3 x IOG t o  
2 x 105. 
t h a t  they  a r e  c o r r e l a t e d  by the  e m p i r i c a l  equa t ion  

I n  t h i s  paper ,  da ta  on f i l m  c o e f f i c i e n t  f o r  heat -  

F i l m  c o e f f i c i e n t s  f o r  t he  hea t ing  o f  isobutane i n  
f t 2 F )  

A p l o t  o f  these da ta  on l og - log  paper showed 

Nu = 0.022 

I NTRODUCT ION 

I n  a geothermal power p l a n t  us ing  the  b i n a r y  cyc le ,  
t h e  cos t  o f  heat  t r a n s f e r  equipment, p r i n c i p a l l y  t o  
heat  and condense the  work ing  f l u i d ,  accounts f o r  
approx imate ly  h a l f  t he  c a p i t a l  c o s t  ( I ) .  Inexac t  
es t ima te  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  f o r  hea t ing ,  
c o o l i n g  and condensing t h e  work ing  f l u i d s  can have 

. se r ious  consequences. I f  t he  es t imated  c o e f f i c i e n t s  
a r e  t o o  h i g h ,  t he  p l a n t  may f a i l  t o  meet i t s  p e r f o r -  
mance guarantee; i f  much t o o  low, t h e  p l a n t  w i l l  be 
overdesigned and w a s t e f u l .  

I n  s p e c i f y i n g  heat  t r a n s f e r  equipment f o r  a 
process, t he  des igner  u s u a l l y  has i n f o r m a t i o n  on the  
performance o f  equipment under s i m i l a r  o r  i d e n t i c a l  
c o n d i t i o n s .  I n  s p e c i f y i n g  heat  t r a n s f e r  equipment f o r  
a b i n a r y  c y c l e  geothermal power p l a n t  u s i n g  isobutane 
as t h e  work ing  f l u i d ,  t h e  eng ineer  must o b t a i n  the  
needed i n f o r m a t i o n  f rom l i t e r a t u r e .  I n  t h e  absence o f  
da ta  s p e c i f i c a l l y  a p p l i c a b l e  t o  t h e  des ign  a t  hand, 
eng ineers  r e f e r  t o  heat t r a n s f e r  c o e f f i c i e n t  p r e d i c t i o n  
methods. These genera l  c o r r e l a t i o n s  a r e  based on f l u i d  
t r a n s p o r t  p r o p e r t i e s  and g i v e  t h e  mean, o r  most p rob-  
a b l e  va lue  o f  a l a rge  a m u n t  o f  r e l i a b l e  exper imenta l  
da ta .  However, because o f  t h e  i n f l u e n c e  sometimes ex- 
e r t e d  on heat  t r a n s f e r  by minor  and f r e q u e n t l y  unrecog- 
n i z e d  v a r i a t i o n s  i n  c o n d i t i o n s ,  a des igner  can o n l y  be 
reasonably sure  t h a t  t h e  performance o f  an i n d i v i d u a l  
heat  exchanger w i l l  be w i t h i n ,  p l u s  o r  minus, 35 pe r -  
cen t  o f  t h e  mean. A l s o ,  t h e  c o r r e l a t i o n  equat ions  f o r  
t he  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  need 
accu ra te  and r e l i a b l e  da ta  on the  t r a n s p o r t  p r o p e r t i e s  
o f  t h e  work ing  f l u i d s  a t  t he  o p e r a t i n g  c o n d i t i o n s .  
Lack o f  da ta  a t  these c o n d i t i o n s  makes the  d e s i g n e r ' s  
t a s k  d i f f i c u l t  a t  bes t .  T h i s  l a c k  o f  da ta  i s  e s p e c i a l l y  
t r u e  f o r  designs i n  wh ich  t h e  work ing  f l u i d  i s  heated 
i n  the  s u p e r c r i t i c a l  reg ion ,  where computer s tud ies '  (2)  
i n d i c a t e  t h a t  h e a t i n g  o f  t h e  isobutane r e s u l t s  i n  h i g h  
c y c l e  e f f i c i e n c y .  Consequent ly,  the  most e f f e c t i v e  and 
r e l i a b l e  method f o r  s p e c i f y i n g  heat  t r a n s f e r  equipment 
f o r  a geothermal p l a n t  i s  t o  de termine e x p e r i m e n t a l l y  
t h e  va lue  o f  t he  heat  t r a n s f e r  c o e f f i c i e n t  a t  t he  pro-  
posed o p e r a t i n g  c o n d i t i o n s .  

Th is  exper iment i s  a p a r t  o f  an o v e r a l l  program 
supported by the  D i v i s i o n  o f  Geothermal Energy o f  t h e .  
U. S .  Department o f  Energy t o  o b t a i n  da ta  f o r  t h e  de- 
s i g n  o f  heat  t r a n s f e r  equipment f o r  geothermal p l a n t s  
us ing  the  b i n a r y  c y c l e  system. The o b j e c t i v e  o f  t h i s  
exper iment was t o  p r o v i d e  da ta  under c o n t r o l l e d  cond i -  
t i o n s  w i t h  c lean  sur faces  t o  determine heat  t r a n s f e r  
f i l m  c o e f f i c i e n t s  o f  va r ious  cand ida te  work ing  f l u i d s  
f o r  hea t ing ,  b o i l i n g  and condensat ion.  Because o f  t he  
c o n d i t i o n s  o f  t h e  exper iment,  t he  c o e f f i c i e n t s  deduced 
f rom t h e  measurements can be cons idered as b a s e l i n e  
numbers f o r  t h e  des ign  o f  heat  t r a n s f e r  equipment u s i n g  
t h e  same f l u i d  and o p e r a t i n g  a t  t h e  same c o n d i t i o n s .  
T h i s  paper p resents  da ta  on the  h e a t i n g  o f  i sobutane 
i n s i d e  an instrumented tube i n  the  s u p e r c r i t i c a l  
reg ion ,  c r i t i c a l  p ressure  3.65 MPa (529 p s i a ) ,  a t  an 
abso lu te  p ressure  o f  4.14 MPa (600 p s i a )  w i t h  heat 
f l u x  rTng inq  from 5.8 t o  159 kw m-2 (I850 t o  50,000 
Btu h- f t -  ) i n  Reyno ld 's  number range o f  2.5 x IO4 
to 2.3 105.  

EXPERIMENTAL APPARATUS AND PROCEDURE 

F i g u r e  1 i s  a schematic f l o w  diagram o f  the  

I 
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F ig .3  Heater c ross  s e c t i o n  showing tube,  condensate 
t r a y ,  d r i p  s h i e l d  and o u t e r  s h e l l  

w i t h  water  and i t s  c a l i b r a t i o n  was checked w i t h  an 
i n - s i t u  c a l i b r a t i o n  system, no t  shown i n  F i g .  1 ,  
p laced upstream f rom the  h i g h  pressure  pump. 

the  system approached steady s t a t e ,  t h a t  i s ,  when 
c y c l i c  v a r i a t i o n s  i n  the  isobutane f l o w  meter read- 
ings,  caused by f l u t t e r i n g  o f  t h e  expansion va l ve ,  
were repea tab le  and o f  smal l  ampl i tudes .  The amp l i -  
tudes were observed t o  be about one percent  a t  h i g h  
f l u i d - f l o w  ra tes  and as h i g h  as t e n  pe rcen t  a t  low- 
f l o w  r a t e s .  Time average values o f  the  da ta  were 
used i n  the  computat ions.  The b u l k  temperature o f  
t he  f l u i d  a t  d i f f e r e n t  l o c a t i o n s  i n s i d e  t h e  hea te r  
tube was measured by t h e  t r a v e l i n g  probe a f t e r  a l l  
q t h e r  de ta  were taken so t h a t  t h e  f l o w  p r o f i l e  o f  t he  
f l u i d  i n s i d e  t h e  tube, upstream f rom t h e  probe, was 
n o t  a f f e c t e d  by t h e  movement o f  t h e  probe. 

RESULTS 

Data were taken and recorded when c o n d i t i o n s  i n  

The r e s u l t s  repo r ted  i n  t h i s  paper were ob ta ined  
f o r  t he  h e a t i n g  o f  isobutane, i n  t h e  s u p e r c r i t i c a l  
reg ion ,  a t  an average pressure  o f  4.14 2 0.14 MPa 
(600 2 20 p s i a )  and a t  temperatures rang ing  between 
50 t o  160 C (120 t o  320 deg F) and f o r  t he  p o s i t  ions 
o f  t he  imbedded thermocouples a t  45 deg f rom v e r t i c a l ,  
as shown i n  F i g .  3 .  I t  was observed t h a t  as the  tem- 
p e r a t u r e  o f  t h e  isobutane i n  the  tube were c l o s e  t o  
the  p s e u d o c r i t i c a l  temperature,  142.5 C (228.5 deg F ) ,  
a decrease occur red  i n  t h e  va lue  o f  the  heat t r a n s f e r  
f i l m  c o e f f i c i e n t .  Consequent ly,  i n  t h e  p r e s e n t a t i o n  
o f  t he  r e s u l t s ,  t he  da ta  were d i v i d e d  i n t o  two s e t s :  
A and B ;  Set A away from t h e  p s e u d o c r i t i c a l  reg ion  
and Set B c l o s e  t o  t h e  p s e u d o c r i t i c a l  p o i n t .  F igu res  
4 and 5 represent  the  r e s u l t s  o f  Set A ,  w h i l e  F i g .  6 
represents  the  r e s u l t s  f rom Set B .  

t r a n s f e r  f i l m  c o e f f i c i e n t ,  h i :  as a f u n c t i o n  o f  t he  
Reynolds number, Re, where m I S  t he  we igh t  f l o w  r a t e  
o f  i sobutane i n s i d e  the  tube, UI i s  t h e  v i s c o s i t y  o f  
t h e  isobutane a t  t h e  b u l k  f l u i d  temperature and D i s  

F i g u r e  4 shows a p l o t  o f  t h e  average i n s i d e  heat 
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F i g . 4  I n s i d e  heat t r a n s f e r  f i l m  c o e f f i c i e n t  f o r  
h e a t i n g  isobutane a t  4.14 MPa V s  Reynolds number f o r  
da ta  Set A away f r s m  the p s e u d o c r i t i c a l  temperature 

x 

1 
II 

9 

'a' 
z' 

MJ = 0.022 Re0." 

4 

4m Re =- 
WDf i  

XBL 793-9011 

F i g . 5  Dimensionless p l o t  of  da ta  on h e a t i n g  isobutane 
a t  4.14 MPa vs Reynolds number f o r  da ta  Set A away 
f rom t h e  p s e u d o c r i t i c a l  temperature 

t h e  i n s i d e  d iameter  o f  t he  tube. The average f i l m  
c o e f f i c i e n t  h i ,  f o r  each s e c t i o n  was c a l c u l a t e d  from 
t h e  equa t ion  

A ATm 

where Q i s  t he  heat r a t e  f o r  each s e c t i o n  as d e t e r -  
mined f rom measurement o f  steam condensate r a t e .  A i s  
t he  i n s i d e  sur face  area o f  t h e  tube per  s e c t i o n  and 
AT i s  t he  l o g a r i t h m i c  mean temperature d i f f e r e n c e  
beTween the  i n s i d e  w a l l  temperature o f  the  tube and 
the  f l u i d  b u l k  temperature a t  t h e  i n l e t  and o u t l e t  t o  
t h e  s e c t i o n .  

h i  = 

F i g u r e  5 shows a dimensionless p l o t  o f  

2 
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F i g  i B ina ry  f l u i d  exper iment ,  schematic f l o w  diagram 

o f  the  apparatus.  The exper imenta l  equipment c o n s i s t s  
o f  a s t a i n l e s s  s t e e l  loop s i m u l a t i n g  a b i n a r y  system 
w i t h  steam ins tead o f  b r i n e  as the  h e a t i n g  f l u i d  and 
a t h r o t t l i n g  va l ve  i ns tead  o f  t he  t u r b i n e .  The pres-  
s u r i z e d  secondary f l u i d  ( i sobutane)  i s  heated i n s i d e  
a s i n g l e  instrumented tube w i t h  steam condensing on 
the  o u t s i d e  o f  t he  tube.  A f t e r  hea t ing ,  t he  f l u i d  
expands through a t h r o t t l i n g  va lve  and i s  in t roduced 
i n t o  a d i r e c t  con tac t  desuperheater o r  a su r face  de- 
superheater  by means o f  two three-way va l ves .  A f t e r  
desuperheat ing,  t h e  vapor en te rs  the  condenser, con- 
denses on the  o u t s i d e  o f  a s i n g l e  ins t rumented tube 
i d e n t i c a l  t o  t h a t  i n  the  hea te r  b u t  c o n t a i n i n g  coo l -  
i n g  water  i n s i d e .  The condensed f l u i d  i s  c o l l e c t e d  
i n  the  h o t w e l l  and en te rs  the  boos te r  pump where i t  
i s  s i i g h t l y  p ressu r i zed  b e f o r e  e n t e r i n g  the  h i g h  
pressure  v a r i a b l e  c a p a c i t y  diaphragm-type pump. 
A f t e r  l eav ing  the  pump, the  p ressu r i zed  f l u i d  passes 
through a t u r b i n e  f l o w  meter ,  and then i n t o  a steam 
p rehea te r  b e f o r e  e n t e r i n g  t h e  main hea te r  t o  c l o s e  
t h e  c y c l e .  Dur ing  o p e r a t i n g  w i t h  the  d i r e c t  con tac t  
desuperheater ,  a p o r t i o n  o f  t h e  l i q u i d  i s  d i v e r t e d  t o  
t h e  d i r e c t  con tac t  desuperheater and the  excess i s  
re tu rned  t o  the  s u c t i o n  s i d e  o f  t he  boos te r  pump. 

The tubes i n  each o f  t he  hea te r  and condenser 
were made f rom a 31.8 nun (1.25 i n . )  O.D. and 19.1 m 
(0.75 i n . )  I D.-type 316 s t a i n l e s s  s t e e l  tube t h a t  
was c u t  i n t o  two p ieces ,  about 2 .7  m (IO6 i n . )  long, 
and honed t o  an i n s i d e  d iameter  o f  19.2 mn (0.756 in.). 
I n  o rde r  t o  o b t a i n  u n i f o r m  w a l l  t h i ckness ,  t he  two 
p ieces  were machined and ground t o  an o u t s i d e  d iameter  
o f  30 2 mm (1.189 i n . ) .  The c o n c e n t r i c i t y  was then 
checked by u l t r a s o n i c  measurement o f  t h e  tube  w a l l  
t h i ckness  a t  101.6 mm ( 4 . 0  i n . )  i n t e r v a l s  a long  the  
a x i s .  A t  each l o c a t i o n ,  t he  w a l l  th ickness  was , 
measured a t  f o u r  p o i n t s  90 deg a p a r t .  These measure- 
ments were used t o  i n d i c a t e  the  p r e c i s e  l o c a t i o n s  o f  
thermocouples imbedded i n  the  w a l l  o f  each tube. 
F i f t e e n  thermocouples were imbedded i n  t h e  w a l l  o f  
t h e  tube a t  f i v e s t a t i o n s ,  609.6 m (24 i n . )  a p a r t ,  
w i t h  th ree  thermocouples l oca ted  a t  each s t a t i o n ,  as 
shown i n  F i g .  2. The i n s i d e  and o u t s i d e  su r face  
temperatures o f  t he  tube a t  each o f  the  f i v e  s t a t i o n s  
were c a l c u l a t e d  f rom r a d i a l  heat  conduc t ion  th rough 
t h e  tube w a l l  by measuring t h e  temperatures a t  t h e  
known loca t i ons  o f  t he  thermocouples. 

hea te r  tube was measured by a t r a v e l i n g  probe which 
cons is ted  o f  a 6.35 mn ( 0 . 2 5  i n . )  d i a .  x 2.54 m 
(100 i n . )  long  s t a i n l e s s  s t e e l  sheathed p l a t i n u m  re-  
s i s tance  thermometer (RTD) equipped w i t h  a m i x i n g  
head a t  i t s  t i p .  Mechanisms and sea ls  were p rov ided  

The b u l k  temperature o f  t he  f l u i d  i n s i d e  the  

Type K thermocouple 
( 3 e a c h  ) 

I 

I 
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F i g . 2  Tube c ross  s e c t i o n  showing l o c a t i o n  o f  
thermocouples 

t o  move and l o c a t e  t h e  probe p r e c i s e l y  i n s i d e  the  tube 
and p reven t  f l u i d  leakage. 

The temperature o f  t h e  condensing vapor o u t s i d e  
t h e  tube i n  each o f  t h e  hea te r  and the  condenser was 
measured by means o f  a c a l i b r a t e d  RTD and t h r e e  c a l i -  
b r a t e d  type  K thermocouples l oca ted  i n  the  vapor space. 
The RTO was loca ted  a t  t h e  o p p o s i t e  end f rom t h e  vapor 
i n l e t ,  w h i l e  one thermocouple was loca ted  a t  the  vapor 
i n l e t ,  the  second ha l f -way  a long  the  l e n g t h  o f  t he  
s h e l l ,  and the t h i r d  c l o s e  t o  t h e  RTD. These t h r e e  
thermocouples were used t o  check t h e  read ing  o f  t he  
RTD and a l s o  t o  i n d i c a t e  t h e  presence o f  superheat i n  
t h e  vapor. The pressure  in t he  vapor space was meas- 
u red  by means o f  c a l i b r a t e d  p ressu re  t ransducers  and 
h i g h  accuracy Bourdon-type pressure  gauges. 
p ressure  measurement was used as a check on t h e  s a t -  
u r a t e d  temperature o f  t h e  vapor and a l s o  t o  d e t e c t  t h e  
presence o f  noncondensable gases i n  t h e  vaoor space. 

The r a t e  o f  heat  i npu t  t o  the  isobutane hea te r  and 
the  r a t e  o f  heat  re leased by  t he  condensing isobutane 
vapor i n  t h e  condenser was determined by measur ing t h e  
r a t e  of condensing vapor on t h e  o u t s i d e  o f  t he  tubes a t  
t h e  f o u r  s e c t i o n s .  Th is  was done by p l a c i n g  a f o u r -  
s e c t i o n  pan under each tube w i t h  t he  f i v e  ends o f  t he  
sec t i ons  l oca ted  j u s t  underneath t h e  f i v e  thermocouple 
s t a t i o n s .  The condensate formed on the  o u t s i d e  o f  t he  
tube d r ipped  i n t o  t h e  separa te  sec t i ons  o f  t h e  pan and 
d ra ined  i n t o  f o u r  s p e c i a l l y  designed vapor - t raced con- 
densate f l o w  meters.  The meter cons is ted  o f  a c a l i -  
b r a t e d  volume, a pneumat i ca l l y  opera te$  va l ve ,  and a 
t i m e r  t o  measure t h e  t i m e  requ i red  t o  f i l l  t he  c a l i -  
b r a t e d  volume. Th is  t i m e r  was opera ted  by p h o t o c e l l s  
t o  d e t e c t  t h e  r i s i n g  condensate su r face  between two 
predetermined l e v e l s  i n  the  meter .  F i g u r e  3 shows a 
c ross  s e c t i o n  o f  t h e  hea te r .  I t  shows t h e  e x t e r n a l  
s h e l l ,  t h e  ins t rumented tube w i t h  thermocouples a t  
45 deg f rom v e r t i c a l ,  t he  pan and a hood p laced above 
the  tube t o  p reven t  any condensate fo rm ing  on t h e  i n -  
s i d e  su r face  of the  s h e l l  f rom d r i p p i n g  i n t o  t h e  pan. 

by a t u r b i n e  f l o w  meter p laced downstream from the  h i g h  
pressure  pump. 

The 

The vo lumet r i c  f l o w  r a t e  o f  t he  f l u i d  was measured 

The t u r b i n e  f l o w  meter was c a l i b r a t e d  

3 
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F i g . 6  Dimensionless p l o t  o f  da ta  on h e a t i n g  isobutane 
a t  4.14 MPa vs Reynolds number f o r  da ta  Set B c l o s e  
t o  the  p s e u d o c r i t i c a l  temperature 

the  da ta  i n  Set A where k and cP represent  t h e  thermal 
c o n d u c t i v i t y  and s p e c i f i c  heat  o f  i sobutane a t  t he  
average b u l k  f l u i d  temperature i n  t h e  sec t i on .  The 
dashed l i n e  shows the  O i t t u s - B o e l t e r  c o r r e l a t i o n  ( 3 )  
w i t h  values o f  t r a n s p o r t  p r o p e r t i e s  taken from 
Hanley ( 4 ) .  The s o l i d  l i n e  represents  t h e  bes t  f i t  
f o r  t he  da ta  u s i n g  t h e  l e a s t  square method a l s o  w i t h  
values o f  t r a n s p o r t  p r o p e r t i e s  taken f rom Hanley.  

F i g u r e  6 shows a d imens ion less  p l o t  o f  t h e  da ta  
i n  Set 8. The s o l i d  l i n e  represents  t h e  c o r r e l a t i o n  
f o r  t he  d a t a  i n  Set A shown i n  F i g .  5 .  The s c a t t e r  
i n  t h e  da ta  i s  p r i n c i p a l l y  due t o  t h e  h e a t i n g  of  
i sobutane near the  p s e u d o c r i t i c a l  p o i n t .  

0 ISCUSS ION 

F i g u r e  7 shows a p l o t  o f  some o f  t he  p r o p e r t i e s  
o f  isobutane a t  4 .14  MPa (600 p s i a )  as a f u n c t i o n  o f  
temperature.  These p r o p e r t i e s  were p l o t t e d  f rom a 
computer orogram developed by Hanley (4 ) .  The 
p s e u d o c r i t i c a l  temperature o f  a f l u i d  a t  a g i v e n  
pressure  i s  d e f i n e d  as the  temperature a t  wh ich  t h e  
s p e c i f i c  h e a t ,  cp ,  reaches a maximum va lue .  F i g u r e  7 
shows t h a t  f o r  isobutane, t he  p s e u d o c r i t i c a l  tempera- 
t u r e  a t  4 .14  MPa (600 p s i a )  occurs  a t  142.5 C (288.5 
deg F ) .  

o p e r a t i o n  near the  p s e u d o c r i t i c a l  reg ion ,  and show 
a l s o  t h a t  the  f i l m  c o e f f i c i e n t  i s  lower than t h a t  
p r e d i c t e d  f rom the  c o r r e l a t i o n  o f  da ta  Set A repre-  
sented by t h e  s o l i d  l i n e .  I n  p rev ious  work on heat  
t r a n s f e r  t o  f l u i d s  a t  s u p e r c r i t i c a l  p ressure  under 
cons tan t  heat  f l u x  (5 ,6 ) ,  i t  was found t h a t  t he  f i l m  
c o e f f i c i e n t  was a f u n c t i o n  o f  q/m near t h e  pseudo- 
c r i t i c a l  p o i n t ,  where q i s  t he  heat  f l u x  and + i s  the  
we igh t  r a t e  o f  f l o w .  I n  t h i s  work,  q/+ v a r i e d  a long  
the  l eng th  o f  tube because o f  h e a t i n g  w i t h  sa tu ra ted  
steam. Under the  c o n d i t i o n s  o f  t h i s  work, i t  was 
observed t h a t  the  f i I m  c o e f f i c i e n t  decreased near t h e  
p s e u d o c r i t i c a l  p o i n t .  The degree o f  decrease o f  f i l m  
c o e f f i c i e n t  would appear t o  be  r e l a t e d  t o  the  d r i v i n g  
temperature d i f f e r e n c e  between t h a t  o f  t he  w a l l  and 
t h e  b u l k  f l u i d  and, a l s o ,  how c l o s e  t h e  b u l k  f l u i d  
temperature i s  t o  the  p s e u d o c r i t i c a l  temperature,  
tp .c . .  
from F i g .  5 and a l l  t h e  r e s u l t s  f rom F i g .  6 ,  showing 

The r e s u l t s  shown i n  F i g .  6 represent  da ta  f o r  

F i g u r e  8 i s  a r e p l o t  o f  some o f  t h e  r e s u l t s  

F i g . 7  Se lec ted  p r o p e r t i e s  o f  i sobutane a t  4.14 MPa 
as a f u n c t i o n  o f  temperature ( r e f .  4) 
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F i g . 8  P l o t  o f  Nu Pr-0'4/0.022 as a f u n c t i o n  
o f  E f o r  some r e s u l t s  f rom da ta  Set A ,  and a l l  r e s u l t s  
f rom data  Set B 

t he  r a t i o  B = Nu Pr-0 '4/0.022 Re0'82as a f u n c t i o n  o f  
tb - t 

the  r a t i o  E '  = 

(51, i n  which t 
a t u r e s ,  respec tYve ly .  

The t r i a n g l e s  show the  r a t i o  8 f o r  some o f  t he  
runs f rom Set A ,  w h i l e  the  c i r c l e s  show t h i s  r a t i o  f o r  
t h e  runs i n  Set 8. I t  can be seen t h a t  t h i s  r a t i o  has 
an average va lue  o f  u n i t y f o r  t h e  runs from Set A where 
E' i s  less  than -0.5. A t  values o f  E '  between -0.5 and 
-0.1,  t he  da ta  from Set B e x h i b i t  an average va lue  o f  
@ equal  t o  I ,  however, a t  E '  between -0.1 and 0.1 the  
r a t i o ,  9, decreases sha rp l y  reach ing  a va lue  c l o s e  t o  
0.5 and then increases g r a d u a l l y  approaching u n i t y  as 
E '  i nc reases .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  
l a r g e s t  decrease o f  B occurs when E '  < 10.1 I . T,his 
can be i n t e r p r e t e d  t o  mean t h a t  the  average isobutane 
b u l k  temperature,  t b ,  i s  c l o s e  t o  the  p s e u d o c r i t i c a l  
temperature when the  heat  f l u x  i s  low, i . e . ,  tw - t b  
i s  r e l a t i v e l y  s m a l l ,  o r  t h a t  t he  average f l u i d  b u l k  
temperature was r e l a t i v e l y  f a r  away from the  pseudo- 
c r i t i c a l  temperature when the  heat  f l u x  i s  h igh .  I t  
must be no ted  here  t h a t  the  c a l c u l a t e d  f i l m  

, a mod i f i ed  Ecke r t  Number p .c .  

tw - tb 
and tb are  the  w a l l  and b u l k  temper- 

1 
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c o e f f i c i e n t s  a r e  average values f o r  609.6 mn (24 i n . )  
long sec t i ons  o f  t he  tube and a r e  no t  l o c a l  va lues .  

t he  imbedded thermocouples i n  the  ins t rumented tubes .  
They were the  e f f e c t s  o f  angu la r  v a r i a t i o n  o f  conden: 
s a t i o n  f i l m  th i ckness  on t h e  condensat ion  f i l m  co- 
e f f i c i e n t ,  and t h e  e f f e c t s  o f  f l u i d  buoyancy on t h e  
temperature p r o f i l e  i n s i d e  the  tube. Consequent ly,  
t h e  imbedded thermocouples a t  t h r e e  s t a t i o n s  were 
l oca ted  90 deg a p a r t  f rom the  o t h e r  two s t a t i o n s .  

Adeb iy i  and H a l l  (7) on h e a t i n g  carbon d i o x i d e  i n  t h e  
s u p e r c r i t i c a l  reg ion  and by  Petukhov e t  a l  (8) on 
h e a t i n g  a i r  w i t h  u n i f o r m  heat  f l u x  i n  h o r i z o n t a l  

f rom s t a r t  o f  h e a t i n g  and f l o w  regime, l a r g e  v a r i a -  
t i o n s  o f  w a l l  temperatures f rom top  t o  bo t tom can 
occur  caus ing  enhancement o f  heat  t r a n s f e r  a t  t he  
bo t tom and r e d u c t i o n  a t  t he  top .  

t h i ckness  on t h e  o u t s i d e  o f  t he  tube can a l s o  con- 
t r i b u t e  t o  t h e  v a r i a t i o n  of  w a l l  temperature around 
the  tube. B o e l t e r  e t  a1 (9) showed t h e o r e t i c a l l y  
t h a t  t h e  condensate f i l m  th i ckness  on t h e  o u t s i d e  o f  
a h o r i z o n t a l  tube decreases t o  a minimum between i o  
t o  I5 degrees from the  top  and then increases u n t i l  i t  
reaches a maximum a t  t he  bottom. Th is  d i s t r i b u t i o n  
o f  condensate tends t o  enhance the  heat  t r a n s f e r  a t  
t he  top  and decrease i t  a t  t he  bo t tom p a r t i a l l y  
c o u n t e r a c t i n g  t h e  e f f e c t s  o f  buoyancy i n s i d e  t h e  tube. 

Because t h e  main o b j e c t i v e  o f  t h i s  exper iment 
was t o  p r o v i d e  b a s e l i n e  c o e f f i c i e n t s  f o r  t h c  des ign  
o f  heat  t r a n s f e r  equipment u s i n g  t h e  same f l u i d  a t  
t h e  same o p e r a t i n g  c o n d i t i o n s ,  t h e  da ta  were pre-  
sented as shown on F i g .  4 f o r  d i r e c t  use. A l s o  
because o f  t h i s  o b j e c t i v e ,  t h e  s imp les t  fo rm o f  
c o r r e l a t i o n  equa t ion  t h a t  can adequate ly  p resen t  t h e  
exper imenta l  da ta  was sought.  However, regard less  o f  
t h e  type  o f  c o r r e l a t i o n  equa t ion  used t o  d i s p l a y  the  
r e s u l t s  i n  a conven t iona l  manner, r e l i a b l e  da ta  on 
the  t r a n s p o r t  p r o p e r t i e s  must be used. Comparison o f  
t r a n s p o r t  p r o p e r t i e s  o f  i sobutane from th ree  d i f f e r -  
e n t  sources (4 ,  I I ,  12) showed t h a t  some o f  t h e  pub- 
l i s h e d  values o f  t h e  p r o p e r t i e s  can d i f f e r  by a 
f a c t o r  o f  t h ree  t o  f o u r .  Consequent ly,  comparison 
o f  t he  c o r r e l a t i o n  o f  t h i s  work w i t h  o t h e r  c o r r e l a -  
t i o n s  (8,  13)  must be used w i t h  the  same source o f  
i n fo rma t ion  on t r a n s p o r t  p r o p e r t i e s  (4 )  used i n  t h i s  
work.  

h e a t i n g  o f  isobutane, Nu = 0.022 Reoea2 Pro.', as 
shown by t h e  s o l i d  l i n e  i n  F i g .  5 ,  produces values o f  
f i l m  c o e f f i c i e n t s  c o n s i s t e n t l y  h i g h e r  than those pre-  
d i c t e d  f rom the  D i t t u s - B o e l t e r  c o r r e l a t i o n ,  shown by 
t h e  dashed l i n e  i n  F i g .  5 ,  w i t h  values o f  f l u i d  
p r o p e r t i e s  taken f rom t h e  same sources. T h i s  i s  con- 
s i s t e n t  w i t h  p r e l  im inary  r e s u l t s  found e a r l i e r  i n  
t h i s  exper iment (IO). Because o f  the  c o n d i t i o n s  o f  
t he  exper iment ,  and the  r e l a t i v e l y  c lean  c o n d i t i o n s  
under which i t  was conducted, t he  f i l m  c o e f f i c i e n t  
f o r  h e a t i n g  isobutane c a l c u l a t e d  f rom t h e  r e s u l t i n g  
c o r r e l a t i o n  can be cons idered the  maximum va lue  t h a t  
can be a t t a i n e d  under a c t u a l  p l a n t  c o n d i t i o n s .  

DEVIATION OF RESULTS FROM CORRELATION 

Two f a c t o r s  were cons idered i n  the  placement o f  

The e f f e c t s  o f  buoyancy have been observed by 

a tubes .  They observed t h a t ,  depending on t h e  d i s t a n c e  

The e f f e c t s  o f  v a r i a t i o n  o f  condensate f i l m  

The p r e s e n t  c o r r e l a t i o n  f r o m  t h i  work n the  

. 
a 

The c o r r e l a t i o n  equa t ion  f o r  t h e  r e s u l t s  o f  da ta  
Set A represents  t h e  bes t  f i t  u s i n g  the  l e a s t  squares 
method. The degree o f  s c a t t e r  f rom the  c o r r e l a t i o n  
represents  a d e v i a t i o n ,  t he  degree o f  which i s  im-  
p o r t a n t  f o r  des igners  o f  heat  t r a n s f e r  equipment f o r  
t h i s  type  o f  s e r v i c e .  F i g u r e  9 represents  a s t a t i s -  
t i c a l  g raph,  p l o t t e d  on a r i t h m e t i c  p r o b a b i l i t y  paper,  
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F i g . 9  P l o t  o f  r e l a t i v e  d e v i a t i o n ,  i n  pe rcen t ,  o f  
r e s u l t s  o f  da ta  Set A from c o r r e l a t i o n  as a f u n c t i o n  
o f  cumu la t i ve  percentage o f  da ta  p o i n t s .  Outer l i n e s  
show the  upper and lower l i m i t  o f  95 pe rcen t  c o n f i -  
dence envelope 

o f  t h e  r e l a t i v e  d e v i a t i o n ,  A ,  o f  the  exper imenta l  
r e s u l t s  f rom t h e  c o r r e l a t i o n  equa t ion  where A i s  

0.82 g i v e n  by: 
(Nu Pr-0*4)awn - 0.022 Re 

-,.v 
A =  

0.022 R 0 a a 2  

F i g u r e  9 shows the  normal d i s t r i b u t i o n  o f  4 f o r  da ta  
Set A (148 da ta  p o i n t s ) .  The mean va lue ,  A ,  i s  0, 
and t h e  s tandard  d e v i a t i o n  i s  6.9 pe rcen t .  The i n t e r -  
cep t  o f  t he  d i s t r i b u t i o n  l i n e  and t h e  va lue  o f  A o f  
IO percent  shows the re  i s  o n l y  8 percent  p r o b a b i l i t y  
t h a t  A w i l l  be l a r g e r  than IO percen t .  T h i s  f i g u r e  
a l s o  shows t h e  upper and lower l e v e l s  o f  a 95 percent  
conf idence envelope, i n d i c a t i n g  t h a t  t he  mean va lue  o f  
A can va ry  between 51 percen t .  Fur thermore ,  w i t h  95 
percent  conf idence,  t h e r e  i s  no more than 13 oe rcen t  
p r o b a b i l i t y  f o r  A t o  be h i g h e r  than IO percent .  
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