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-.--.-- Abstract 

heat t ransfer f o r  working f l u i d s  i n  geothermal 
binary cycle systems i s  described. The working 
f l u i d  loop i n  the experimental apparatus simulates 
the binary cycle w i t h  steam as the heating f l u i d  
and a t h r o t t l i n g  valve Instead of the turbine. I n  
t h i s  paper, data on f i l m  coe f f i c ien t  f o r  the con- 
densation of 90/1D and 80/20 mixtures o f  isobu- 
tane-isopentane on a horizontal tube a t  various 
temperatures and condensation rates are presented. 
Data indicate that  mixtures o f  isobutane-isopen- 
tane have lower condensatlon f i l m  coeff ic ients 
than tha t  of the pure isobutane under equivalent 
conditions o f  temperatures and condensation ra te l .  
Depending on the mass condensation rate, the f i l m  
coeff icient f o r  the 80/20 mixture can be as l o w  a 
30 percent of the f i l m  coef f i c ien t  f o r  pure iso- 
butane a t  the same mass condensation rate. 

res has been analyzed5, re l i ab le  
thermodynamic and transport properties are needed 

l ished data6 on condensation o f  binary mixtures 
showed as much as 80 percent variat ion. The lack 
o f  re l i ab le  data7 on transport properties, as wel l  
as the need f o r  r e a l i s t i c  condensation coef f i -  
c ients f o r  the design o f  condensers in.binary 
cycle plants, made i t  expedient t o  obtain data f o r  
the des i re t  mixture a t  the anticipated operating 
conditions o f  the plant. 

The binary' f l u i d  experiment was designed t o  
provide laboratory qua l i t y  experimental data on 
heat-transfer f i l m  coeff ic ients for heating and 
condensation o f  various candidate working f l u ids  
and t o  study the ef fects of contaminants on Per- 
formance. This experiment 1s par t  o f  an overal l  
program supported by the Div is ion o f  Geothermal 
Energy of the U.S. Oepartment o f  Energy t o  obtain 
data f o r  the design o f  heat-transfer equipment f o r  
geothermal plants using the binary cycle systems. 

Introduction A The objective o f  t h i s  experiment was t o  provide 
data under contrct led conditions wi th clean sur- 
faces t o  determine heat-transfer f i l m  coeff ic ients 
of various candidate worklng f l u ids  fo r  heating, 
b o i l  ing and condensation. This paper presents 
data on the condensation o f  mixtures o f  isobutane- 
isopentane on a horizontal tube a t  temperatures 
ranging from 50 t o  105C, and condensation rates 

4 Research designed t o  obtain baseline data on t o  evaluate f i l m  coeff ic ient .  Comparison o f  pub- 

e r  plants using the binary 
cycle, the cost of heat-transfer equipment ac- 
counts for approximately h a l f  the cap i ta l  cost1. 
Inexact estimate ,of the heat-trgnsfer coefficients 
can have serious consequences. I f  the estimated 
Coefficients are too high, the plant 
meet i t s  performance guarantee; i f  m 
the plant w i l l  be 

erature brines i nd i  
use of mixtures o f  l i g h t  hydrocarbon 
ing f l u i d  can resu l t  i n  higher e f f i c  
can be obtained t h  
alone. I n  studies , sponsored by the E lec t r  

n plants two mixtures o f  l i g h  
hydrocarbons were i den t i f i ed  as the most tu i t ab  

h thn use of pure cmponents 

te, o f  geothermal binary 

4th the deplet ion o f  geothermal 
he Imperial Valley, Calj fornia. 
the p lan t  would s t a r t  w i th  pure I .  

lsobutane and then add propane gradually so that  
the mixture would be 65 percent lsobutane and 35 
percent propane a t  the e@. I n  the second study4, 
a 90/10 percent isobutane-isopentane was found t o  
be'optimum f o r  the l i f e  o f  the plant. 

During the condensation of binary mixtures, t 
more vo la t i l e  component acts as a noncondensable 
gas and decreases the dif fusion ra te  o f  the less 
vo la t l l e  component. Although condensation of 

"Envi rotech-Sephton Development 
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Emeryville, Ca l i f .  Fig. 1 Binary f l u i d  experiment, 
Member A I M  schematic f l o w  diagram. 
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a stainless steel loop simulating a binary system 
w i th  steam instead o f  geothermal br ine as the 
heating f l u i d  and a t h r o t t l i n g  valve instead o f  
the turbine. The pressurized working f l u i d  i s  
heated inside a tube by steam condensing on the 
outside o f  the tube. The f l u i d  then expands 
through a t h r o t t l i n g  valve and i s  introduced i n t o  
a d i  rec t  contact desuperheater. Af ter  desuper- 
heating the vapor enters the condenser and conden- 
ses on the outside o f  a s ingle instrumented tube 
ident ical  t o  tha t  i n  the heater but having cool ing 
water f lowing inside. The condensed f l u i d  i s  
col lected i n  the hotwell and enters the booster 
pump where i t  i s  s l i g h t l y  pressurized before enter 
ing  the high pressure variable capaci ty diaphragm- 
type pump from which i t  f lows throu h a turbine 
f l o w  meter and preheater (not shown! and then I 

enters the heater tube t o  close the cycle. llhen 
the expanded f l u i d  i s  superheated, a port ion o f  
the l i q u i d  i s  diverted t o  the d i rec t  contact desu- 
perheater and the excess i s  returned t o  the 
suction side o f  the booster pump. 

The condenser tube was made from a 31.8 m 
(1.25 in.) 0.0. and 19.1 mn (0.75 in.) 1.D.-t pe 
316 stainless steel  tube about 2.7 m (106 in.T 
long, and honed t o  an inside diameter of 19.2 mn 
(0.756 in.). I n  order t o  obtain uniform wal l  
thickness, i t  was machined and ground t o  an out- 
side diameter o f  30.2 mn (1.189 in.). The concen- 
t r i c i  ty was then checked by ul t rasonic measurement 
of the tube w a l l  thickness a t  101.6 mn (4.0 in.) 
intervals along the axis. A t  each location, the 
w a l l  thickness was measwed a t  four points 90' 
zpart. These measurements gave the precise loca- 
t ions o f  thermocouples imbedded i n  the wal l  o f  the 
tube. Fi f teen thennocouples were imbedded i n  the 
wall  o f  the tube a t  f i v e  stations, 609.6 tnn 
(24 in.) apart, w i th  three thennocouples located 
a t  each station. The ins ide  and outside surface 
temperatures of the tube a t  each o f  the f i v e  sta- 
t ions were calculated fran rad ia l  heat conduction 
through the tube wall  from the measured tempera- 
tures a t  the known locations o f  the thennocouples. 

The temperature pro f i le  o f  the condensing vapor 
outside of the condenser tube was determined by 
means o f  a cal ibrated RTO and seventeen cal ibrated 
type K thermocouDles located i n  the vapor space. 
The RTD was located a t  the opposite end from the 
vapor in le t ,  while the seventeen thennocouples 
were located a t  six- inch intervals spanning the 
f ive stat ions along the length o f  the tube. 

vapor i n  the condenser was determined by measuring 
the ra te  of condensing vapor on the outside o f  the 
tube along each of the four sections. This was 
done by placing a four-section pan under the tube 
w i t h  the f i ve  ends of the sections located j u s t  
underneath the f i v e  thermocouple stations t o  catch 
the condensate as i t  dripped o f f  the outside o f  
the tube. The separate sections o f  the pan 
drained In to  a special ly designed vapor-traced 
condensate flow meter. Each meter consisted o f  a 
cal ibrated volume, a pnewnatical l y  operated valve, 
and a timer t o  measure the time required t o  f i l l  
the cal ibrated volume. This timer was operated by 
photocells t o  detect the r f s i  ng condensate surface 
between two predetermined levels i n  the meter. A 
sampling valve a t  each o f  the four meters was pro- 
vided so that  composition o f  the condensate from 
each o f  the four sections could be determined. A 

The ra te  o f  heat released by the working f l u i d  

cross section o f  the external shel l ,  the instru- 
mented tube w i th  thermocouples a t  45" from ver- 
t i c a l  plane, the condensate pan and the hood 
placed above the tube t o  prevent condensate fom- 
ing on the inside surface o f  the shel l  from dr ip -  
p ing i n t o  the pan are shown i n  Fig. 2 f o r  the con- 
denser. 

Fig. 2 Condenser cross section showing 
tube, condensate tray, 

d r i p  shield and outer shel l .  

Results and Discussion . 

The resul ts reported i n  t h i s  paper were 
obtained f o r  the condensation o f  two mixtures: 
90/10 and 80/20 mole percent isobutane/isopentane. 
The data were obtalned a t  saturation temperatures 
ranging from 50 t o  l05C (122 t o  220'F) and f o r  
c ndensatfon f luxes ran ing  from 45 t o  450 Kg/hr s (10 t o  100 lbs/hr tt 9 ). 

Figures 3 and 4 show the condensation f i l m  
coeff ic ient ,  h, f o r  the 90/10 and 80/20 mixtures, 
respectively, as a function of the dimensionless 
number 2I'/p. 
u n i t  length o f  tube and u i s  the v iscosi ty o f  pure 
l i q u i d  isobutane a t  the f i l m  temperature tf = 
t - 0.75 (tv - , where t i s  the vapor temper- 

The average f i l m  coeff ic ient ,  - h ,  f o r  each section 
was calculated from the equation 

I' i s  the condensate q s r  ra te  per 

a h  and i s  k' t e outside lube wa l l  temperature. 

where Q i s  the heat ra te  for each section as de- 
termined from measurement o f  the mixture conden- 
sate ra te  and i t s  l a ten t  heat, A, i s  the outside 
surface area of the tube per section, and ATm i s  
the logarithmic mean temperature di f ference 
between the vapor temperatures and outside w a l l  
temperatures a t  both ends of each section. 

2 



as calculated from the Nusselt correlat ion using 
the transport properties given by Hanleylo. 3 
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Fig. 3 Fi lm coef f ic ient  for  condensa 

90/10 mol-percent mixture o f  
Fig. 5 Dimensionless p l o t  of data on condensation 

o f  90/10 mol-percent mixture o f  
isobutane/isopentane on a horizontal 
tube. Sol id l i n e  shows the Nusselt 

isobutane/isopentane on a horizontal 
tube as a funct lon of Reynolds Number. 
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Fig. 6 Dimensionless p l o t  o f  data on condensation 
o f  80/20 mol-percent mixture o f  

isobutanef Isopentane on a horizontal 
tube. Sol id  l i n e  shows the Nusselt 

t i o n  f o r  pure substances. 

scatter i n  the data a t  medium and high values of 
Reynolds number. This scatter could be due t o  a t  
least  two factors: carryover of l i q u i d  droplets 
from the d i r e c t  contact desuperheater i n t o  the 
condenser and var ia t ion  o f  composition of conden- 

g the length o f  the condenser 

served during runs w i th  medium and 
high Condensation rates that the time required t o  
fill the cal ibrated volume of the condensate f l o w  
meter under the f i r s t  and second sections o f  the 
tube became e r r a t i c  and unrepeatable. The higher 
the eondensate rate, the more er ra t i c  the behav- 
ior,' Visual observatlon of the vapor space 
through the Sight glasses above and below the 
Calibrated volume revealed f a l l i n g  l i q u f d  drop- 
le ts .  Because o f  the construction of the meter, 
t h i s  cannot occur except i n  the case of high 
carryover of l i q u i d  droplets wl th  the vapor 
stream. When the droplets were f i ne  and d i d  not 

tube. Here h Is the condensation f i l m  coefficient 
as determined from the data for the two mixtures 
and hN i s  the f i l m  coeff ic ient  for pure isobutane 
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SECTION A B C D 
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Due t o  budget and time l imi tat ions,  i t  was not 
feasible t o  take samples during a l l  mns t o  deter- 
mine compositions t o  correlate a l l  the f i l m  coef- 
f i c i en ts  w i th  composition. 

Based on the resu l ts  shown, one can conclude 
the condensation f i l m  coe f f i c ien t  i s  s ign i f i can t l y  
less than predicted by Nussel t 's  equation, par t i c -  
u l a r l y  a t  lower values o f  Reynolds number, and 
tha t  composition and temperature difference be- 
tween the vapor and the outside wal l  of the tube 
have very strong inf luence on f i l m  coeff icient. 
The l ines  through the experimental resu l ts  i n  
Figs. 3 through 7 glve average values f o r  conden- 
sation f i l m  coe f f i c ien t  found i n  t h i s  study. 

Acknowledgment 

thermal Energy o f  the U S .  Department o f  Energy, 
under Contract IN-7305-ENG-48, wi th C1 i f t o n  
McFarl and, Program Manager. 

Fig. 7 Ratio o f  f i l m  coe f f i c ien t  f o r  mixtures 
t o  f i l m  coeff ic ient  f o r  pure substances 
(Nusselt correlat ion) as a function o f  
temperature difference between vapor 

and 80/20 ml-percent isobutane/ 

This work was supported by the Div is ion of Geo- 

and outside w a l l  o f  tube f o r  90/10 

isopentane mixtures. 
References 

1 "10 W Experimental Geothermal Power Plant 
Conceptual Design; PRE-TITLE 1 REPORT," pre- 
pared by Rogers Engineering Co., Inc., and 
Benham-Blair & A f f i l i a tes ,  San Francisco, 
C a l l f . ,  f o r  U.S. Atomic Energy Carmission/ 
Lawrence Berkeley Laboratory, Sept. 17, 1974. 

2 Starl ing. K.E. e t  a l ,  "Development of Geo- 
t h e n a l  Binary Cycle Working FTuid Properties 
Information and Analysis o f  Cycles ,'I Annual 
Report OU/I0-1719-2, Universi ty o f  Oklahoma, 

a f fec t  the repeatabi l i ty  o f  t iming measurements, 
they caused an apparent increase o f  the f i l m  coef- 
f i c i en t  of the f i r s t  two sections. 

The var iat ion o f  composition along the length 
o f  the condenser tube affected the condensation 
f i l m  coeff ic ient  because the vapor entering the 
condenser i s  a t  the dew-point o f  the mixture and 
the condensate that forms f i r s t  on the tube i s  
r icher i n  the higher bo i l i ng  point  isopentane Norman, Oklahoma 73069 
than the or ig ina l  composition. As the condensa- 
t i o n  continues along the tube, the compositions 
of both the vapor and condensate Q"cme leaner i n  Economics - Case Studies, E lec t r i c  Power 
isopentane. Sparrow and Marschall predicted that, Research I n s t i t u t e  Report 
f o r  binary mixtures o f  methanol water vapor. the , 

f i l m  coeff icient for a constant temperature d i f -  
ference between the vapor and the wal l  approaches 
that o f  the pure substance as the composition o f  
the less v o l a t i l e  component increases. Because 1979. 
the condensate from each o f  the four pans was ~ 

metered and sampled separately. i t  was possible t o  
determine the average condensation coef f i c ien t  and- 
composition f o r  each of the four two-foot sections 
of the horizontal condenser tube. As an example 
of t h i s  effect, the resul ts from a typ ica l  
the 80/20 mixture were: Edition, McGraw-Hill, 1954, 353 p. . 

3 Hol t  / Procon, "GeothermalnEnergy Conversion and . 

4 Fluor Engineers and Constr 
Geothermal Demonstration P ant," E lec t r i c  
Power Research I n s t i t u t e  R 

5 Sparrow, E. M. and E. Mars 
Gravity-Flow Fi lm Condensation," Journal of 
Heat Transfer, May 196 

Y 

6 HcAdams, #. H., "Heat 

4 



7 HSU, I .  C., "Heat Transfer t o  Isobutane Flowing 
Inside a Horizontal Tube a t  Supercr i t ical  
Pressure," Ph.D. Thesis i n  Mechanical Engineer- 
ing,  Universi ty o f  California, Berkeley, 1980, 
160 p. 

Hsu and R. A. Seban. "Hydrocarbon Heat Transfer 
Coefficients: Preliminary Isobutane Results ,'I 

L6L-8645, UC-66d, prepared f o r  the U.S. Depart- 
ment o f  Energy under Contract No. W-7405-Eng- 
48, February 1979, 25 p. 

9 Tlelmat, 6. W., A. 0. K. Laird, 1. C. HSU, H. 
Rie, Vasel ine Data on Fi lm Coeff ic ient  f o r  
Heating Isobutane Inside a Tube a t  4.14 MPa 
(600 PSIA) ,'I ASME Publication 79-HT-14, August 
1979, 7 p. 

10 Hanley, H. J. M., "Prediction o f  the Viscosity 
and Thermal Conductivity Coefficlents o f  
Mixtures," Cryogenics, Nov. 1976, pp. 643-652. 

8 Tleimat, 6. W,, A. D. K. Laird, H. Rie, I .  C. 




