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An Experimental Investigation of Heat Transfer in Forced 
Convective Boiling of R134a, R123 and R134a/R123 in a 

Horizontal Tube 
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School o f  Mechanical Engineering, Pukyong National UniversiO:, 
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This paper reports an experimental study on flow boiling of pure refrigerants R134a and R 123 

and their mixtures in a uniformly heated horizontal tube. The flow pattern was observed through 

tubular sight glasses with an internal diameter of 10 mm located at the inlet and outlet of the 

test section. Tests were run at a pressure of 0.6 MPa in the heat flux ranges of 5-50 k W / m  2, vapor 

quality 0-100 percent and mass velocity of 150-600kg/mZs. Both in the nucleate boil ing- 

dominant region at low quality and in the two-phase convective evaporation region at higher 

quality where nucleation is supposed to be fully suppressed, the heat transfer coefficient for the 

mixture was lower than that for an equivalent pure component with the same physical properties 

as the mixture. The reduction of the heat transfer coefficient in mixture is explained by such 

mechanisms as mass transfer resistance and non-l inear  variation in physical properties etc. In 

this study, the contribution of convective evaporation, which is obtained for pure refrigerants 

under the suppression of nucleate boiling, is multiplied by the composition factor by Singal et 

a1.(1984). On the basis of Chen's superposition model, a new correlation is presented for heat 

transfer coefficients of mixture. 
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N o m e n c l a t u r e  
a " Thermal diffusivity (m2/sl 

Bo 
Co 

Cp 
D 
g 

h 
hfg 

: Boiling number (=q/Ghfg)  

: Convection number ( =  (pv/pt)  o.s ( (1-fl) / 
/3) 0.8) 
Specific heat (J/kgk) 

Tube Diameter (m) 
Gravitat ional  acceleration (m/s 2) 

Specific enthalpy (J/kg) 

Latent heat of vaporization (J/kg) 

F r  : F r o u d e  n u m b e r  

G : Mass velocity (kg/mZs) 

k : Thermal conductivity (W/InK) 

P : Pressure (Pa) 
q : Heat flux (W/m 2) 

R e  : Reynolds number 

T : Temperature (K) 

X ~ Mole fraction in liquid 

Xtt  : Martinelli parameter 

Y ~ Mole fraction in vapor 

z : Axial distance (m) 
* Corresponding Author,  

E-mai l :  kyunlim @ hanmail.net 
TEL:  +82-51-620 1575; FAX:  +82-51-620-1574 
School of Mechanical Engineering, Pukyong National 
University, San 100, Yongdang-Dong,  Nam-Gu ,  Busan 
608-739, Korea. (Manuscript Received August 22, 2003: 
Revised December 4, 2003) A ToO~ 

Greek Letters 
ct : Heat transfer coefficient (W/mZK) 

/~ : Vapor quality 

0 : Contact angle (=35  ~ ) 
Boiling point range (K) 
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ATe: Ideal wall superheat (K) 

p : Density (kg/m 3) 

a : Surface tension (N/m) 

/2 : Viscosity (Pa-s) 

u : Kinematic viscosity (m2/s) 

Subscripts 
c : Critical 

i n  : Inlet of the heat transfer section 

[ : Liquid 

n b  : Nucleate boiling 

s : Saturation 

z: : Vapor 

I. Introduction 

In the past decade, a number of  experimental 

studies have been carried out to predict the heat 

transfer performance on refrigerants that substi- 

tute for CFCs that cause the ozone layer to delete. 

Of such new refrigerants, zeotropic mixtures at- 

tract the special attention because of their varia- 

ble temperature feature during phase change in 

evaporators or condensers, which leads to a re- 

duction in available energy loss in such heat 

exchangers. In spite of these advantages, mixtures 

generally show lower heat transfer performance 

during their phase change compared with pure 

fluids of the same physical properties as the 

mixtures. With zeotropic mixtures, an amount of 

data for heat transfer coefficient was obtained on 

horizontal in-tube flow boiling, and also various 

correlations from these data were developed. 

Webb and Gupte (1992) classified heat transfer 

correlations proposed until now into three groups 

of models:  the superposition, the enhancement 

and the asymptotic models. The superposition 

model was originated by Chen (1966), which was 

followed by Bennett and Chen (1980), Gungor 

and Winterton (1986), Jung (1989) and others. 

Typical correlations based on the enhancement 

model are those of Shah (1976), Gungor and 

Winterton (1987), and Kandlikar (1990, 1991). 

The asymptotic model was employed in Kuta- 

teladze (1961), Liu and Winterton (1988), and 

Klimenko (1988) in developing their correla- 

tions. 
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Chen divided the two-phase flow boiling heat 

transfer into the nucleate boiling contribution and 

the convective evaporation contribution, which 

include a suppression factor and an enhancement 

factor, respectively. The suppression factor is cor- 

related as a function of the two-phase Reynolds 

number and the enhancement factor as a function 

of the Martinelli parameter that does not depend 

on heat flux. 

Shah proposed the enhancement factor as a 

lhnction of the boiling number and the con- 

vection number that was used instead of the 

Martinelli parameter. The nucleate boiling con- 

tribution and the convective evaporation contri- 

bution are calculated first and the larger one is 

chosen as the two-phase heat transfer coefficient. 

Gungor and Winterton modified the Chen 

correlation based on a data base containing over 

4200 data points for seven fluids. They assumed 

that the enhancement factor is a function of both 

the Martinelli parameter and the boiling number, 

and a functional relationship between them was 

obtained tbr vertical tubes. They introduced the 

boiling number in order to consider the heat 

transfer improvement as a result of a disturbed 

liquid film due to the generation of vapor. 

Jung et al. developed a correlation for pure 

fluids (R22, R114) in the same tbrm as the Chen 

correlation. The correlation of Jung et al. showed 

a mean deviation of  7.2~o and 9.6% for pure 

fluid and mixture data more than 1200 data points 

they obtained. In order to consider the effect of 

heat flux in nucleate boiling region, the suppres- 

sion factor by Chen is alternated by the factor, 

which is expressed as a function of the Martinelli 

parameter and the boiling number. 

Kandlikar developed a correlation using the 

same parameters as Shah, and added an empirical 

fluid-dependent parameter. This parameter has to 

be determined experimentally for every fluid. For 

horizontal tubes with the Froude number more 

than 0.04, he divided flow boiling heat transfer 

into two regions: the nucleate boiling dominant 

and the convective boiling dominant regions. 

The objectives of the present study are to obtain 

the experimental data for pure refrigerants R134a 

and RI23, and their mixture in horizontal flow 
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boil ing and to estimate the heat transfer charac- 

teristics o f  pure refrigerants and their mixture due 

to mixing composi t ion,  and finally to propose  the 

correlat ions which are able to predict  not only 

heat transfer coefficients o f  pure refrigerants but 

also those reduced by mixtures. Especially, a 

transit ion cri terion to annular  flow is introduced 

in a new suppression factor, which is expressed in 

terms of  the boi l ing number  and the modif ied 

Froude  number.  In this study, the reason of  using 

zeotropic refrigerant mixtures of  R134a and R123 

as the test fluid is that these mixture have 

moderate  levels of  temperature and pressure in 

performing experiments,  large deviat ion between 

the dew and bubble point  curves, and due to the 

avai labi l i ty of  property data including both pure 

components .  

2. Experimental Apparatus and 
Procedure 

2.1 F low loop and test  sect ion 

The schematic o f  the experimental  apparatus is 

shown in Fig. 1. The  circulat ion loop of  test fluid 

consists of  a reservoir tank, pump, flow meters, 

mixing chambers,  preheaters, the sight glass sec- 

tions, the heat transfer section, condenser and 

other  accessories. 

Test fluid in the tank is pumped through a 

strainer and the 1 st preheater to the mixing cham- 

ber where temperature and pressure are measured 

o | 

II 

Putr 

Fig. 1 Experimental apparatus 
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in a subcooled l iquid state. Then the fluid is 

heated in the 2 nd preheater to a prescribed enth- 

alpy and enters the heated test section where the 

fluid evaporates on the tube wall heated at uni- 

form heat flux. F low patterns of  boil ing fluid are 

observed at the upstream and downstream of  the 

test section through glass tubes of  the same diam- 

eter as the test tube. F igure  2 shows the test 

section, a 3 m- long  stainless steel tube of  10 mm 

I.D. and 1.5 mm wall  thickness, the central 2 m of  

which is the heat transfer section and is heated by 

directly passing stabilized AC that is supplied 

from a low-vo l t age  and h igh-current  transformer. 

Electric heating is a l lowed so as to supply a 

constant  heat flux to the fluid f lowing inside a 

tube along a fixed tube length. Also,  we can 

obtain a desired quali ty at the inlet of  the test 

section by adjusting heat flux at 2 nd preheater. 

This method, however,  can bring upon burn -  

out  in case that the flow is stratified or  tube is 

part ial ly dried out. 

Heated tube wall temperature is measured at 

ten axial locations of  the heat transfer section by 

C r o m e l - A l u m e l  thermocouples  spo t -welded  on 

the tube outer  surface. The first locat ion is 10 mm 

downstream of  the inlet of  heated section, and 

succeeding nine locations are aligned at an equal  

interval of  200 mm. At each location,  the tube 

temperature is measured at six peripheral  posi- 

t ions at angles of  0~ 45 ~ , 90~ 135 ~ , 

180 ~ (bottom) and 270 ~ (another side) in the clock- 

wise direction. The  inside tube wall temperature 

and heat flux to fluid are calculated from the 

measured outside wall temperature assuming one-  

1 2 

5 
- - a n . . . .  

Pressure Electrodes Pressure 
tap tap 

Fig. 2 Test section 
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d imens iona l  heat  c o n d u c t i o n  and  accoun t ing  for 

un i fo rm heat  genera t ion  in the wall  and heat  loss 

to the su r roundings .  

T h o u g h  the heated  test section and  prehea ters  

are well insula ted  with glass f iber in order  to 

reduce heat  loss to the su r round ings ,  heat  loss is 

inevi table .  The  heat  loss was ca l ib ra ted  as a 

funct ion  of  the t empera tu re  difference between the 

tube wall  and  ambien t  air, and  used in ca lcu la t ing  

the tube  inside t empera tu re  and  heat  flux. 

F lu id  t empera tu re  and  pressure are measured  in 

the mixing  chamber s  at the inlet  and  exit of  the 

test section. Pressure  d rop  across the pressure taps 

are measured  us ing  different ial  pressure t rans-  

ducer. These  da ta  of  fluid t empera tu re  and  pres- 

sure are used to de te rmine  the local fluid temper-  

ature and  pressure a long  the test section,  as will 

be men t ioned  later. 

Ma jo r  parameters  tha t  affect heat  t ransfer  co- 

efficient in flow bo i l ing  are mass velocity, heat  

flux and vapor  quali ty.  In the present  experi-  

ment  the mass velocity is set at 150, 300 and  600 

kg/mZs, and  heat  flux is var ied at 5, 10, 20 and  50 

k W / m  2. Inlet  qua l i ty  of  the fluid en te r ing  the 

heated  section is var ied to realize a wide range  of  

v a p o r  qual i ty  in a l imited 2 m length of  the heated  

section. 

2.2 P h y s i c a l  property of  mixture  

Tab le  1 shows several  proper t ies  of  pure  refri- 

gerants  and  thei r  mix ture  used in the exper iment  

at the sa tu ra t ion  t empera tu re  and  at the b u b b l e  

poin t  t empera tu re  c o r r e s p o n d i n g  to 0 . 6 M P a .  

Mole  f ract ion of  the more  vola t i le  c o m p o n e n t  

(R134a) in mixture  is used in this  inves t iga t ion  

to express the mixture  compos i t ion .  The  mole  

f ract ions  presented in T a b l e  1 were, pr ior  to the 

test, d r awn  at mixing  c h a m b e r  before  the test 

sect ion and  checked with gas ch roma tog raphy .  In 

de t e rmin ing  the local t h e r m o d y n a m i c  cond i t i ons  

of  mixture  at an a rb i t ra ry  cross sect ion of  the 

heated tube, the t w o - p h a s e  equ i l i b r ium da ta  and  

t h e r m o d y n a m i c  proper t ies  of  mixtures  are requir-  

ed. Such da ta  was ob t a ined  using the modif ied  

Benedict  W e b b - R u b i n  equa t i on  of  state with fif- 

teen cons tan t  (1977). F igure  3 shows the phase  

d iag ram ob ta ined  in this  way for 0.6 MPa.  

P 

90 ' I ' I ' I ' I ' t ' I ' I ' I ' I ' 

80 R134 ,RI23 
P = 0 6 M P a  

60 I N _ I ] " ~ - - - - - - d e w  point 

bubble point ~ 

3O 

20 i I , I , I , I , I t I t t , I , i 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

R123 Composition [Mole fraction of R134a] R134a 

Fig. 3 Phase equilibrium diagram 

Table 1 Physical properties for the saturation oi- bubble-poin t  temperature at 0.6 MPa 

Property U nit 

Saturation or 
~ 

bubble-point [K~ 
temperature 

Density liquid kg/m 3 
vapor 

Viscosity liquid Pa.s 
vapor 

Specific heat 
kJ/kgK 

liquid vapor 

Latent heat kJ/kg 

Surface tension N/m 

Pure fluid Mixture (X1=0.275) Mixture (Xi=0.49) Mixture (X1=0.751) 

R 134a R 123 R 134a/R 123 R 134a/R 123 R 134a/R 123 

21.55 88.244 53.313 38.9 28.55 
[294.7] [361.3941 [326.46~ [312.11 [301.7] 

1218.76 1285.3 1313.73 1304.02 1267.89 
29.064 35.92 29.851 29.07 28.925 

2.102• -4 2.23• 4 2.53• 4 2.506• -4 2.324• 4 
1.227• -S 1.29• -s 1.288• -5 1.26X10 5 1.196• 

1.42 1.107 1.15 1.205 1.293 
1.005 0.847 1.033 1.022 0.869 

181.07 140.58 163.63 171.12 180.427 

8.378)<10 -3 8.03• -3 9.78• a 9.87• 9.259• 
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2.3 Definition of heat transfer coefficient 
Heat transfer coefficient at an axial distance, 

z, from the inlet of  the heat transfer section is 

defined as 

a = q / ( T w -  Tb) (l)  

where q is heat flux, Tw tube inside wall temper- 

ature, and T0 bulk fluid temperature. The  bulk 

temperature is determined so as to satisfy the 

tbl lowing heat balance equat ion from the inlet 

to the locat ion of  interest in the heat transfer 

section. 

4qz 
h=h~,q GD (2) 

Here hm is fluid enthalpy at the inlet, G mass 

velocity and D tube inside diameter. Assuming 

thermodynamic  equi l ibr ium, the specific enthalpy 

of  mixture, h, and the vapor  quality, fl, are ex- 

pressed as 

X *  
h = h , ( l - / ~ )  +h~f l ,  /3' ,.o, - X *  (3) 

II1" - Xl* 

Where the superscript * denotes the mass fraction, 

and the l iquid and vapor  enthalpies are a function 

of" pressure, temperature and composi t ion,  respec- 

tively, as 

ht=h~(P, To, XI),  hv=ho(P,  To, I11) (41) 

Fluid pressure, P ,  is determined from a linear 

interpolat ion of  measured pressure drop across 

the heated section. Hence, P ,  h and Xl*,in, are 

known at each cross section, so that the remai- 

ning four unknown variables, Tb, X l  and ]11, are 

uniquely determined from the Benedict Webb 

Rubin  equat ion of  state with fifteen constant  so as 

to satisfy the above Eqs. (3) to (4). 

Tube  wall temperature varies around a tube, so 

that heat transfer coefficient is defined at each 

peripheral  positions. Average heat transfer co- 

efficient around the tube is defined using an 

average wall temperature.  

Tw=[ To+2( T4s+ Tgo+ Tlas) + T,s]/8 (5) 

in the present test, the quantit ies measured direct- 

ly were flow rate, pressure and electrical power. 

Therefore,  the uncertainty in the heat transfer 

coefficient in eq. (1) is caused by uncertainties in 

the heat flux and the wall superheat. The uncer- 

tainty in heat flux due to the measurements of  

electrical current and voltage was estimated to be 

2--3,9/00. The uncertainty in the wall temperature 

measurement  was estimated to be 0.2~ judged 

from a cal ibrat ion of  thermocouple.  The bulk 

fluid temperature Tb was determined by the ac- 

curacies of  the refrigerant pressure measurement  

(1 kPa, corresponding to 0.12~ in saturation 

temperature) and flow rate measurement  (1%, 

corresponding to 0.1~ in saturation tempera- 

ture).  F rom these analyses, the uncertainty in the 

heat transfer coefficient in eq. (1) was estimated 

to be within __+ 10%. 

3. H e a t  T r a n s f e r  C h a r a c t e r i s t i c s  

In order to investigate heat transfer char- 

acteristics during horizontal  flow boiling, heat 

transfer experiments were accomplished at vari- 

ous condi t ions  of  heat flux and mass velocity at a 

constant pressure of  0.6 MPa. 

3.1 Temperature variation of pure and 
mixed refrigerants 

The circumferential  variat ions of  tile measured 

wall temperature at the top, side, and bot tom of  

the tube are plotted along the heated section 

together with axial variat ions of  the bulk fluid 

temperature. Figure 4(a) and (b) show such a 

plot for pure and mixed refrigerants. For  pure 

refrigerant, the wall temperature at the tube 

bot tom is higher than that at the top and side 

because the l iquid film at the bot tom due to 

gravity is thicker than that at the others. Accord- 

ingly, heat transfer coefficient at the bottom of 

the tube is lower than that at the top. In annular  

flow realized at moderate  mass velocities, the 

gravity force becomes more influential to the 

formation of  annular  l iquid film. Thus l iquid 

film is thinnest at the top of  tube and thickest 

at the bottom, so that the heat transfer coefficient 

at the top is expected to be higher than that at 

the bottom. As vapor  quali ty is increased, the 

decrease of  the saturat ion temperature of  pure 

refrigerant f lowing into the test tube is accom- 
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panied with the pressure drop in a tube dur ing 

flow boiling. However ,  The  refrigerant mixture 

represents an opposi te  var ia t ion compared  with 

pure refrigerant as shown in Fig. 4(b) .  It is clear 

that wall temperature varies around the tube 

periphery, with higher temperature at the tube top 

compared to the bot tom and side. The  opposite  

phenomenon in mixture, different from pure 

refrigerant, is explained by the composi t ion  vari- 

ation of  the l iquid film at the top and bot tom of  

the  tube. Jung et a1.(1989) measured that local 

l iquid composi t ions  at the top are always smaller  

than the ones at the bot tom in the test for R22/  

R I I 4  mixture. The  saturation temperature for 

mixture different from pure refrigerant increases 

as quali ty is increased as shown in Fig. 4(b) .  

This is explained by phase equi l ibr ium diagram 

shown in Fig. 3. In two-phase  region of  phase 

equi l ibr ium diagram, the increase of  quali ty is 

32 

30 

28 

['--'24 

22 

2O 

0.0 

8O 

75 

7O 

65 

55 

50 

45 

i �9 i , i �9 i , i , i ~ �9 i , t 

R134a Wall Temp. 
--m-- Top 

CF3CO kffrn"s , side 
q=20 kWhn" ~ Bottom 

t3d~le point temp 
- -V~ 

0.2 0.4 0.6 0.8 1.0 1,2 1.4 1.6 1.6 

Axial distance z, m 

(a) Pure refrigerant (R134a) 

X1=0.49 
c,,=3oo ~rn"s  
q=20 kW/m 2 

Wall Temp. 
4 - -Top  

�9 ~ Side 
--A-- Bottom 

Bubblc point t,m~p. 
- -v--  

2�9 

% o ' o 2  o', 0'6 o'.6 ?.o ;2 , . ,  4'6 46 2o 

Axial distance z, m 

(b) Mixture (X1=0.49) 

Fig. 4 Typical plots of wall and fluid temperature 
along the tube axial 

Copyright (C) 2003 NuriMedia Co., Ltd 

accompanied with the increase of  the saturation 

temperature,  which is called the gliding tempera- 

ture effect. 

3.2  E f f e c t s  o f  h e a t  f l u x  a n d  m a s s  v e l o c i t y  

Figure 5 shows heat transfer coefficient versus 

~ lO 
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Fig. 5 Heat transfer coefficient versus quality 

(Influence of heat flux) 
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quality for G = 3 0 0  kg/m2s with heat flux as para- 

meter. It is evident in this figure that, heat transfer 

coefficient is dependent on heat flux in the low 

quality region, with higher coefficients being at 

higher heat fluxes. This heat flux dependence of 

heat transfer coefficient indicates that nucleate 

10 
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Fig. 6 Heat transfer coefficient versus quality 
(Influence of mass flux) 

boiling dominates heat transfer in this region. 

As vapor quality is increased, however, the 

influence of heat flux becomes less significant and 

heat transfer coefficients at different heat flux 

tend to merge into a single curve and are depen- 

dent only on vapor quality. The independence of 

heat transfer coefficient on heat flux and the 

dependence only on quality mean that convective 

evaporation dominates heat transfer in the high 

quality region. 

Figure 6 shows the influence of mass velocity 

on heat transfer coefficient for q = 2 0  kW/m 2. 

Heat transfer coefficient increases in the whole 

quality region with an increase in mass velocity. 

Heat transfer characteristics obtained for mixture 

as mentioned above are qualitatively similar to 

those for pure fluids. 

4. Correlation Development for 
Pure Refrigerant 

4.1 Transition criterion from stratified to 

un-stratif ied flow 

Flow patterns in the present experiments are 

observed through the sight glass tube downstream 

of the heated section. Flow patterns observed in 

this study are simply classified into stratified 

flow (including intermittent, stratified and strati- 

fied-wavy flow) and unstratified flow (annular 

flow). Shah (1982) used the liquid Froude num- 

ber as the transition criterion between all wet 

and partially wet wall around the tube circumfer- 

ence during horizontal flow boiling. The liquid 

Froude number is given as 

G 2 
Fr~ - p2g D (6) 

when Frt<O.04 ,  Shah considered the tube wall 

as to be partially wetted. Also, Kandlikar (1990) 

obtained the same value of 0.04 based on a large 

experimental data bank. However, Wattelet et al. 

(1994) recommended a much higher value of 0.25 

than Shahs value of 0.04. These different liquid 

Froude number values were shown to be inade- 

quate for predicting the transition lu stratified 

to unstratified flow. It is necessary to exactly 

predict the transition criterion from stratified to 
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unstratified flow because it is strongly related to 

the heat transfer and pressure drop as well as flow 

pattern. 

It was found in the previous work (2003b) that 

the transit ion from the stratified to the annular  

flow occurred at lower quali ty when mass velocity 

was increased. Thus the transit ion is not a unique 

function of  the l iquid Froude  number  but it also 

depends on the vapor  quality. Accordingly,  the 

fol lowing modified parameter  is employed to es- 

tablish the transi t ion cri terion between the stra- 

tified and the annular  flow. 

6 2 
CFr, ~--0.25 ~ - ~  (1 --/~) 

p- g l J  
(7) 

F r o m  the analysis of  the present flow pattern 

3.0 

2.5i 

2.0 

1.5 

1.0 

0.5 

0.0 

�9 ~ . i . i . i . J �9 ~ . i , F , i 

R134a 

G=600 k~s 
...... FrL=0 04 
....... Fr,=0.25 

Stratified flow 
0 Umlratified flow 

o=3oo ~m~s 
~ ~ o ~  o 

~ _ . ~ _ . _ . ~ _ . _ ~ . _ ~ . _ . ~  .... 
�9 i . i , i . i . i = i . i . i . i 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Qu~ity, 13 

Fig. 7 Comparison between the two liquid froude 

number criterions and the experimental data 

3.0 

RI34a 
2.5 - - ' ~ ~ .  2 ,', Stratified flow 
2.0- \ G=600 kg/ms I --o-- Unratified flow I 

\ 
~- 1.01"5" ~---Fr1=0.25/13 

o,s ~ ~ o ~  o 
O=150 kg/~s 

/v~ . .~  r o 
0 . 0  I , / - I . l , i �9 t , I �9 I . I , I , 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Quality, p 

Fig. 8 Comparison of the experimental data against 
the modified liquid froude number calculated 

at the saturation temperature 
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data both for pure fluids and their mixtures, 

it was found that the stratified flow occurs if  

C F r z > F r ,  and the unstratified flow prevails if 

C F r l < F r l .  This cr i ter ion gives the condi t ion  for 

existence of  annular  flow as 

Fr~>- 0.25 (8) 

Figure 7 shows the compar ison between the 

two different l iquid Froude number  values and 

the experimental  data for R134a with three mass 

velocities during horizontal  flow boiling. As 

shown in this figure, it is found that the accuracy 

for predicting the transit ion from stra t i f ied-wavy 

to annular  flow decreases as mass velocity is in- 

creased. Figure 8 indicates the observed flow 

patterns on the l iquid Froude  number  versus 

quali ty map, where the transition boundary  from 

the s t ra t i f ied-wavy flow to the annular  flow is 

well predicted by eq. (8). 

4 .2  H e a t  t r a n s f e r  c o e f f i c i e n t  

Heat transfer for flow boi l ing in a tube can 

be basically thought  of  being governed by the 

nucleate boil ing and convect ive evapora tor  mec- 

hanisms. This tbrm called as superposi t ion model  

was originated by Chen, and can be written as 

a =  Sanb + F a l  (9) 

where a'z is the convective heat transfer coeffi- 

cient that is a function of  flow parameters,  and 

anb the nucleate boil ing heat transfer coefficient 

that is dependent  on heat flux. An enhancement  

factor, F ,  and a suppression factor, S, are em- 

pirical constants, which have been obtained by 

many authors from a curve fit to their heat 

transfer data, mostly of  pure fluids and partly of  

mixtures�9 

At a l imiting case that the nucleate boi l ing is 

fully suppressed, the influence o f  heat flux is no 

longer significant and heat transfer coefficient 

becomes a function of  the vapor  quality alone. 

Under  such a situation, Eq. (9) becomes 

Ct=F(l/X.) (10) 

Here, the convective heat transfer coefficient is 

that of  the Di t tus-Boel ter  (1930) which is used by 
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replacing G with G ( 1 - / 3 )  for l iquid only flow. 

J i,,> 

x,+= )~ ) ~ 

As indicated in the previous work (2003a), the 

resulting form for F factor obtained from a curve 

fit of  the present data under the assumption that 

nucleate boi l ing is fully suppressed, is expressed 

as 

F = a - - 0 . 7  + 3. I ( 1 / X , )  0.77 (13) 
lyz 

The results obtained from the measured data of  

this study will be predicted by taking an addit ive 

form of heat transfer coefficient as Eq. (9). As lo 

ment ioned earlier, the transit ion criterion from "E 

stratified to unstratified flow is used to derive the ~,, 

suppression factor, S, which becomes a function ~" 

of  heat flux, mass velocity, and quality. That  is, 1 

this factor can be expressed by employing the 

boil ing number  and modif ied Froude number,  t3o 

and Cvr o.0 

S = f ( C v r ,  Bo) (14) 

A regression analysis was carried out to correlate 

the present for pure component .  The resulting 

form is 

lO 
 =000+, + 

It should be noted that f o r / 3<0 .01 ,  S becomes 1. 

In this study, the nucleate boi l ing heat transfer 
1 

coefficient in Eq. (9) was calculated using that of  

Stephan and Abdelsa lam (1980), which can be 

expressed as 
o .o  

a " b = 2 0 7 \ k ~ ]  \ P z ]  \ a , ]  \ ~ 1  (16) 

where, d =0.0146 0~/2 d / g  (pz - pv) Fig. 9 

Table  2 gives compar isons  between the pre- 

dicted heat transfer coefficients and the experi- 

mental results for R134a and R123. The  present 

correlat ion proposed in this study predicts satis- 

factorily the present data for pure refrigerants 

within a mean deviat ion of  18,0/oo. 

Figure  9(a) and (b) show the compar ison 

between the present correlat ion and the R123 data 

obtained by Murata  et a1.(1993). They obtained 

the data using the hor izontal  tube of  10.3 mm I.D. 

with an electrical heating method. The  present 

correlat ion is found to satisfactorily predict the 

data of  Murata et a1.(1993) 

i ' i ' i , ~ i ' i , + , J , 

RL23 
P = 0.2 MPa �9 Murata el al+ data 
T ,=46.850C Predicted value 

G=200 kg/m:s 
q=10 kW/m 2 

, I , I , I + t , i , i , i , i , i , 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0,8 0,9 

Qu~ity, 13 
(a) 0 = 2 0 0  kg/m2s and q = 1 0  kW/m 2 

RI23 
P = 0.2 MPa �9 Murata et al. data 
T =46.85~ Predicted value 
G=300 kg/m:s 
q= I 0 kW/m 2 

1.0 

'01, '012 '013 01+ 015 01+ o17 018 019 10 
Quality, 13 

(b) G=300  kg/m2s and q = 1 0  kW/m z 

Comparison between the predicted heat 

transfer coefficient and the experimental data 

obtained by Murata et al. 

Table 2 Deviations between some correlations and the present data 

Refrigerants Shah (1976) Gungor et a1.(1987) Kandlikar (1990) This study 
Mean & Ave. Mean & Ave. Mean & Ave. Mean & Ave. 

R134a 32.8 4.4 48.6 24.6 38.2 --35.8 18.7 4.9 

RI23 31.5 22.6 38.4 32.3 22.1 --19.3 17.4 10.9 
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4.3 Correlation development for mixture 
Figure 10 shows the typical results comparing 

heat transfer coefficient of mixture with those of 

pure fluids in a a/az versus l / X u  plot. It is seen 

that, for mixture, the normalized heat transfer 

coefficient is less than those for pure fluids, both 

in the small 1/Xtt region and in the large 1/Xtt 
region. The reduced heat transfer coefficient in 

the small l /X t t  region is perhaps due to the re- 

duction of nucleate boiling heat transfer coeffi- 

cient in mixture as usual in pool boiling men- 

tioned above. On the contrary, at the large 1/Xtt 
region where flow pattern is annular flow and 

convective evaporation is prevailing, the reduc- 

tion of heat transfer coefficient is ascribed to the 

peripheral variation of mixture concentration in 

annular film. An annular liquid film is thinnest at 

the tube top so that evaporation is very intensive 

there. Intensive evaporation depletes the more 

volatile component, resulting in a rise of the 

bubble point temperature. In this way the annular 

film temperature is expected to vary around a 

tube, with the highest at the top and the lowest at 

the bottom. This non-uniformity of film temper- 

ature may be a main reason of heat transfer 

reduction in the high quality region. 

Mishra et a1.(1979) pointed out that the com- 

position factor (1--] ]~1-X1 [ )  w a s  a parameter 

aftecting the heat transfer behavior during flow 

boiling of binary mixture as indicated in Singal 

et a1.(1984). Singal et al. examined, based on 

experiments for R12/R13 mixtures, whether the 

100 

"~- 10 

P=0.6 MPa 

G=300kg/m"s 

q-~50kW/m 2 

t, 

~a 

~ ~  

[] RIMa 
,*, R123 
�9 X~= 0.75 

1 . . . . . . . .  i . . . . . . . .  i . . . . . . . .  

0.1 1 10 100 

Fig. 10 Normalized heat transfer coefficient for 
mixture and pure fluid 
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prediction of the heat transfer coefficient was 

improved by incorporating the composition factor 

into the form of Lavin-Youngs type (1965). 

In this study, the contribution of convective 

evaporation, which is obtained for pure refri- 

gerant under the suppression of nucleate boiling, 

is multiplied by the composition factor affecting 

the heat transfer characteristics of mixture as 

estimated by Singal et al. (1984). Therefore, Eq. 

(10), for the mixture, is given as follows : 

where 

a _ C~F (17) 

Cv=a(1--]  Y~--Xx I) b (18) 

A regression analysis was carried out to obtain 

the constants a and b in Eq. (18), and the 

resulting CF factor is 

CF=0.407(1--[  ~ - - X x  1) -1"398 (19) 

Fujita and Tsutsui (1994), to predict nucleate 

pool boiling heat transfer coefficients in binary 

mixtures, modified the Thome (1983) correlation 

as a function of heat flux, which was empirically 

determined for five different mixtures for the en- 

tire range of heat flux from the onset of nucleate 

boiling to the peak heat flux. The correlation is 

given as 

a _ l (20) 

a~a l + [ l _ 0 . 8 e x p { - - q ' ~ ] {  ATbp)  

where the unit of heat flux is W/m 2. Because this 

correlation has the dimension form, they later 

changed the influence of heat flux into a di- 

mensionless term as 

a = 1 (21) 
au I-II-exp{-60(~\, q tl P~ ]I/41] {ATbpl 

\ p~b;fg J L ~ J  /Jk~T~-~ / 

Equation (21) is used as the nucleate pool boi- 

ling heat transfer coefficient for mixture in this 

study. Based on the heat transfer correlation 

developed for pure refrigerants, the final form of 

that for mixtures becomes 

a= gOlF Z + FCl~aZ (22) 
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Table  3 Deviations between some correlations and the present data 

Refrigerants Shah (1976) Gungor et a1.(1987) Kandlikar (1990) This study 
Mean & Ave. Mean & Ave. Mean & Ave. Mean & Ave. 

X1:0.27 31.9 17.6 45.7 36.1 46.4 --39.7 20.6 6.2 

X1:0.49 58.4 33.3 45.1 15.7 35.1 --34.8 18.2 --4.4 

X1=0.75 26.3 34.2 53.8 53.1 43.7 31.6 16.1 7.8 

6 

10 

10 

6 

�9 u , i �9 ~ �9 u ' l �9 ~ ' ~ ' n �9 u 

R134a'rR123(X~=01) ] �9 Murata et al. data 
P=022 MPa [ Predicted value 
T =33.1~ 
G=-200 kg/m2s 
q=30 kW/m: 

�9 �9 

, i , i , I = i , i , t , i , i , i 

0 .0  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Quality, [3 

(a) Mixture (Xl=0.1) ,  

G=200  kg/m2s and q = 3 0  kW/m z 

�9 i , i , i , i , ~ �9 J , i , i , J 

R 134a/R123(X~=0. I) [ 
P~0.24 MPa �9 Murata et al. dam 

T= =33. I~ [ Promoted value 

G=-300 kg/m~s 
q=30 kW/m = �9 

i i 

, t . a , i , n �9 I . n . n . n i i 

0 . 0  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 9  1.0 

Qu~ity, p 

(b) Mixture (Xl=0.1) ,  
G=300  kg/m2s and q = 3 0  kW/m 2 

Fig. 11 Comparison between the predicted heat 

transfer coefficient and the experimental da- 

ta obtained by Murata et al. 

Table  3 lists the mean deviat ion and the avera- 

ge deviat ion obtained with a few correlations.  

The correlat ion of  Shah, Gungor  and Winter ton 

predicted the present data with a mean deviat- 

ion of  39% and 48~o, respectively. However ,  the 

correlat ion of  Kandl ikar  considerably underpre-  

dicted most of  the data, and showed the mean 

deviat ion of  42%. The present correlat ion pro- 

Copyright (C) 2003 NuriMedia Co, 

posed in this study predicts satisfactorily the 

present data for mixtures within a mean devia- 

tion of  18.3,%o. 

Figure 11 (a) and (b) show the compar ison  

between the correlat ion proposed in this study 

and the R I 3 4 a / R I 2 3  data obtained by Murata  

et a1.(1993). It is found from Fig. 11 that the 

present corre la t ion somewhat  underpredicted the 

data of  Murata  et al. 

5. Conclusions 

An experimental  study of  flow boil ing heat 

transfer for pure refrigerants R134a and R123, 

and their mixtures was performed in a uniformly 

heated horizontal  tube. Based on the measured 

data, the fol lowing conclusions were reached. 

(1) The  wall temperature o f  pure refrigerants 

was found to be higher at the tube bot tom com- 

pared with the top and side because the l iquid 

film at the bot tom is thicker than that at the 

top due to gravity. Their  mixture, however,  re- 

presented an opposite  var ia t ion to pure refri- 

gerants. This  is explained by the composi t ion 

variat ion of  the l iquid film at the top and bot tom 

of  the tube. 

(2) Heat transfer coefficients for both pure 

refrigerants, at low quality, are dependent  on heat 

flux, mass velocity and vapor  quality. Influence of  

heat flux on heat transfer coefficient is significant 

at low quality, with higher coefficient at higher 

heat flux. The suppression of  the nucleate boil ing 

heat transfer coefficient in this study was express- 

ed by modifying the l iquid Froude  number,  and 

also this modified l iquid Froude  number  was 

used as the transi t ion quality from stratified to 

unstratified flow. 

(3) Compared  with heat transfer coefficient of  

pure fluids compris ing mixtures, heat transfer 

Ltd 
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coefficients of mixtures are always low. This re- 

duction is large in the low quality region. This is 

because nucleate boiling heat transfer is highly 

reduced for mixtures. 

(4) The proposed correlation for pure refri- 

gerants, based on the superposition model of 

Chen, is a function of the modified liquid Froude 

and boiling number. It predicted the present data 

with a mean deviation of 18%. 

(5) For mixture, the contribution of convec- 

tive evaporation, which is obtained for pure 

refrigerant under the suppression of nucleate 

boiling, is multiplied by the composition factor 

by Singal et al. This correlated the data with a 

mean deviation of 18.3%. 
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