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Prediction of Forced Convective Boiling Heat Transfer Coefficient 
of Pure Refrigerants and Binary Refrigerant Mixtures Inside a 

Horizontal Tube 
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Forced convective boiling heat transfer coefficients were predicted for an annular flow inside 

a horizontal tube for pure refrigerants and nonazeotropic binary refrigerant mixtures. The heat 

transfer coefficients were calculated based on the turbulent temperature profile in liquid film 

and vapor core considering the composition difference in vapor and liquid phases, and the 

nonlinearity in mixing rules for the calculation of mixture properties. The heat transfer 

coefficients of  pure refrigerants were estimated within a standard deviation of 14,%o compared 

with available experimental data. For nonazeotropic binary refrigerant mixtures, prediction of 

the heat transfer coefficients was made with a standard deviation of 18%. The heat transfer 

coefficients of refrigerant mixtures were lower than linearly interpolated values calculated from 

the heat transfer coefficients of pure refrigerants. This degradation was represented by several 

factors such as the difference between the liquid and the overall compositions, the conductivity 

ratio and the viscosity ratio of both components in refrigerant mixtures. The temperature change 

due to the concentration gradient was a major t:actor for the heat transfer degradation and the 

mass flux itself at the interface had a minor effect. 
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Greek symbols 
a : Thermal diffusivity 

an : Equivalent laminar-film thickness for heat 

transfer 

aM : Equivalent laminar-film thickness for mass 

transfer 

eM : Eddy diffusivity for momentum transfer 

eu : Eddy diffusivity for heat transfer 

tc : Mixing length constant 

/.t ; Dynamic viscosity 

u : Kinematic viscosity ( u = l z / p )  

p : Density 

r : Shear stress 

Subscripts 
1 ; More volatile component 

2 : Less volatile component 

c ; Center of the vapor core 

G : Vapor phase 

i : Vapor-liquid interface 

L : Liquid phase 

m i x  : Mixture 

s : Saturation 

t : Total quantity in refrigerant mixture 

W : Inner wall 

1. Introduction 

The phase-out of chlorofluorocarbon (CFC) 

and hydrochlorofluorocarbon (HCFC) refriger- 

ants which have strong influence on global war- 

ming and ozone depletion drives a shift to use 

new alternative refrigerants in thermal systems 

including heat pumps and refrigerators. As alter- 

natives, refrigerant mixtures are also suggested 

since they have a potential for a higher efficiency 

(Kruse, 1981 ; Domanski and Didion, 1993 ; Di- 

dion and Bivens, 1990). Since the first develop- 

ment of these refrigerants, the application to ther- 

mal systems has been an issue to achieve required 

capacity and higher efficiency. Major and minor 

modifications of refrigeration and heat pump sys- 

tems have been made in the long history of tech- 

nology development. However, the system with 

new alternative refrigerants is found to have some 

problems and is sometimes reported to have a 

lower efficiency when the refrigerant is used as a 

drop-in replacement in CFC or HCFC machines. 

The performance rating is not always good be- 

cause the system is not optimized. A new system 

design should be assisted by precise estimation of 

thermodynamic, transport and other chemicophy- 

sical properties of new refrigerants. In order to 

redesign heat exchangers, heat transfer charac- 

teristics of new alternative refrigerants are also 

needed. 

The main objective of this study is to present 

the analytical method to predict a horizontal flow 

boiling heat transfer coefficients of pure refri- 

gerants and binary refrigerant mixtures. It has 

been reported by many researchers that the evap- 

orative heat transfer coefficient of binary refri- 

gerant mixtures are lower than linearly inter- 

polated value based on the pure component data 

(Collier and Thome, 1994: Hihara et al., 1989; 

Jung et al., 1989: Hong et al., 1995). The heat 

transfer degradation of refrigerant mixtures has 

been analyzed with a simplified method in this 

paper. 

2. Representation of Evaporative Heat 
Transfer Coefficient 

In commercial heat pumps and refrigerators, 

subcooled liquid refrigerant is expanded through 

an expansion device. The refrigerant after an 

expansion process is normally in two phase. 

Evaporator inlet quality is about 0.1--0.2, above 

which convective boiling develops and nucleate 
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boiling is known to be suppressed. 

In this work, a focus was put on the forced 

convective boiling heat transfer during the evap- 

oration process because it is a dominant mec- 

hanism of  heat transfer for conventional evapora- 

tors. Annular  flow model is introduced in this 

work since it is a well-known flow pattern in the 

evaporator over the quality ranges from about 0.1 

up to almost unity (Collier and Thome, 1994). 

For  pure refrigerants, most of the vapor and 

liquid phases during evaporation remain at the 

same saturation temperature if the pressure drop 

is neglected. The liquid close to the tube wall is 

superheated above the saturation temperature 

when the tube wall is heated. In the case of binary 

nonazeotropic refrigerant mixtures, it should be 

noted that the saturation temperature (or equilib- 

rium temperature) changes during evaporation. 

In numerous experimental researches, the evap- 

orative heat transfer coefficient is defined as 
Ir  

h =  qw (!) 
t w -  ts 

where the saturation temperature, ts, is calculated 

from the energy balance and the equation of state 

at the measured pressure. Inner wall temperature, 

tw, is normally measured in the experiment. It is 

conjectured that the vapor- l iquid  interface tem- 

perature and the vapor temperature are same as 

the saturation temperature of the pure refrigerants 

(see Fig. l) .  

For  radial heat transfer across a turbulent liq- 

uid film at a given quality neglecting axial heat 

transfer, we can write 

, d t  
R~ qw = q  " =  Pz CL ( a + d r  (2) 

vapor 

Fig. 1 

interface 

center line 

ts tw 

Schematic temperature profile during evapo- 
ration of pure refrigerant 

where eddy diffusivity for heat transferis defined 

as e n = e u / P r t .  Prt is set to 0.9 throughout the 
considered region (Kays and Crawford, 1993). 

Eddy diffusivity for momentum is calculated ac- 

cording to the empirical equation proposed by 

Reichardt for the entire region outside the viscous 

sublayer (Kays and Crawford, 1993). Introducing 

a dimensionless temperature expressed by 

t+ = ( t w - - t ) , / ( r w I p z )  (3) 
q'~ / mcL  

and integrating Eq. (2), temperature distribu- 

tion is derived for liquid layer in an annular flow 

inside a horizontal tube in Eq. (4). Non-dimen-  

sional distance of the viscous sublayer in the 

temperature field is selected as 13.2, and the yon 

Karman mixing length constant, K, is set as 

0.4 for turbulent wal l -bounded flow. 

t+=i3.2 prL_~j_{ in I 'rL+/RL+)6 

' * ' '  "1'  . ( 1 )  
in F (,Rz -13.,),'RL. / 

- l ( l _ ( ( R z + 1 3 . 2 ~ ~ + i 3 . 2 ) / R L + ) Z ) z J l  

From the definition of the dimensionless temper- 

ature in Eq. (3) and the conjecture that the the 

interface temperature is same as the saturation 

temperature of the pure refrigerants, the evap- 

orative heat transfer coefficient is represented as 

follows ; 

q~, cL r,S~m (5) 
h = t w -  ts -- ti + 

Once the shear stress at the inner tube wall and 

the liquid film thickness of liquid layer at a given 

quality are known, the heat transfer coefficient 

can be obtained. In order to calculate these shear 

stress and liquid film thickness, the relations be- 

tween the mass flow rates and the velocities of the 

refrigerant in liquid and vapor phases are used 

(Hashizume et al., 1985), which are shown in 

Eqs. (6a) and (6b), respectively. 

G ( 1 - x ) R  "'" yL + "~ 
212z --,1"( 1--~+z+ ] uL+dyL + (6a) 

0 

G x R  m- \ 
-- 1 - - ~ S +  ) uc+dyc + (6b) / (  _o,Y°+ 

m C  



938 Eul Cheong Hong, ,lee Young Shin, Min Soo Khn, Kyungdoug Min and Sung Tack Ro 

\ / ': r 
vapor !u, I R 

Tin," U ~  

Fig. 2 Annular flow model of an forced convective 
boiling process 

Annular  flow model in this work is illustrated 

in Fig. 2. The entrainment of  liquid droplets 

into the vapor core is neglected and the vapor 

liquid interface is assumed to be smooth. It is 

also assumed that the circumferential liquid film 

thickness at any location is constant. Fully de- 

veloped turbulent velocity profile is used to 

describe radial velocity distribution. Introducing 

the mixing-length theory for a single-phase flow 

(Kays and Crawford, 1993), dimensionless tur- 

bulent velocity, u +, is expressed for three different 

regions. 

For viscous sublayer in the liquid film, the 

dimensionless turbulent velocity is represented by 

(YL+)2 (7) + + 
UL =YL 2RL+ 

for O<--yL+<--bL + and dimensionless thickness of 

viscous sublayer, bL + is chosen as 11.6. For  fully 

turbulent region in the liquid film for bL+<-yL +< -- 

f n L  + , 

UL+=UL +] +2.5in[yL ~ I ' 5 (2 -yC/RJ)  I 
>,'=,,~ [ + 2(I--yL+/RL+): J 

(8) 
_2.5 in [bL + I'5(2--bL+/RL*)] l + ~ 2 J  

For fully turbulent region in the vapor core, the 

same nondimensional turbulent velocity profile is 

used for mc+ <- yc+ ~ R c  +. 

uc+ =uc.,+ + 2.5 In Iyc+ 
1.5 (2-  yc+ / Rc +) ] 

~ ~ ) 2  J (9) 
F 1.5(2-mc+/Rc +) 1 -2.5 In lmc+ 1 + 2 ~ ) 2 J  

Using the velocity profiles expressed in Eqs. 

(7)-  (9), we can find both the shear stress at the 
wall and the liquid film thickness which satisfies 

Eq. (6) and the heat transfer coefficient can be 

calculated by Eq. (5). The velocity profile at the 

vapor core is proport ional  to the logarithm of 

dimensionless distance (Gill et al., 1964) (see Eq. 

(9)).  

For refrigerant mixtures, the same procedure is 

applied to calculate the heat transfer coefficients. 

In this case, transport properties of refrigerant 

mixtures are calculated by using nonlinear mixing 

rules (Reid et al., 1987). 

3. Calculation of Heat  Transfer 

Coefficient and Discussion 

3.1 Verification of the calculation of evap- 
orative heat transfer coefficients 

Calculated local heat transfer coefficients are 

compared with several experimental data sets 

(Hihara et al., 1989: Jung et al., 1989: Murata 

and Hashizume, 1993; Ross et al., 1987). For  

pure refrigerants (R22, RI2, RI I4 ,  R123, and 

R152a), average root-mean-square  deviation of 

the calculated heat transfer coefficients from the 

experimental data is 14%. For  binary refrigerant 

mixtures (R-22/114, R-22/12, R-134a/123, and 

R-32/134a),  the average deviation is 18%. In this 

work, the experimental data of which the qualities 

are over 0.2 are selected because nucleate boiling 

effect for low quality region is not taken into 

account in this analysis. 

3.2 Evaporation of nonazeotropic binary 
refrigerant mixture 

When a nonazeotropic binary refrigerant mix- 

ture evaporates, the composition in the vapor 

phase is different from that in the liquid phase. In 

this section, the effect of this composition differ- 

ence on heat transfer is analyzed quantitatively by 

using appropriate mixing rules for the calculation 

of mixture properties. 
For  a given overall composition, Yo, the com- 

positions of both phases are YL and Ye. In order 
to figure out the effect of composition difference 

on the prediction of heat transfer coefficients, 

two methods to estimate mixture properties are 

considered:  one method using the overall com- 

position, Yo, and the other using the compositions 
of each phase. Although the first method is not 
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realistic, it is introduced in order to investigate 

the effect of  the composi t ion difference in both 

T a b l e  1 Four cases to calculate properties of refri- 
gerant mixtures 

Case Composition Mixing rule 

I y0 linear 

11 y0 nonlinear 

Iii YL, yG linear 

IV yL, ya nonlinear 

phases (YL and Yc). 

The effect of  nonl inear  mixing rules of  trans- 

port properties on the heat transfer coefficients 

are also considered in this study. For  the calcula- 

tion of  dynamic viscosity of  mixtures for liquid 

and vapor  phases, Grunberg  & Nissan's equat ion 

and Wilke 's  equat ion are used respectively (Reid 

et al., 1987). The thermal conduct ivi ty  of  mixtures 

is calculated by Fi l ippov ' s  equat ion (Reid et al., 

1987). Four  cases to calculate the mixture prop- 

erties are summarized in Table  1. 

10.0 • Murata & Ha~hizume q It)93 l / /  
* Hihara et al. (1989) --// ~:, 
O Jl.lng el al. (I 9~g) / /  ~_~ 

Ro~,s et al. 19871 / ~ 7" 7.5 / -,~-~ e ~' / 
,/ ~-~ / 

E +20°"%//2~.~' / 

'a / /  
.C u , • • 

2.5 / / ~ ~ /  

0.0 i t J 

0.0 2.5 5.0 7.5 10.0 

h~x p, k W / m 2 K  

(a) Hihara et al. (1989): R-22, R-12, R - I I 4 :  

Murata & Hashizume (1993): R-123 ; Jung et al. 

(1989): R-22:  Ross et al. (1987): R-152a 

6.0 / 
~ J t t n g c t  al. I lqb;9) " / 
tJ Hlhara et al. t l q~,:.l) ,-£'! / 

Mtl la la  & Ha: ,h lzume ,,2.// +20°b  

4.5 11993) - S'*" / ' /  

3.0 0% 

e -  

t , 5  , 

0 .0  i I f 
0.0 1.5 3,0 4.5 6.0 

hex p, k W / m 2 K  

(b) Hihara et al. (1989): R 22/12, R 22/'114: 

Murata & Hashizume ( 1993): R-134a/123 ; Jung 

et al. (1989): R-22i'114 

Fig. 3 Comparison of the predicted heat transfer 

coefficients with experimental data from vari- 
ous sources 

3 . 3  H e a t  t r a n s f e r  d e g r a d a t i o n  

Heat transfer coefficients of  R-22 /114  and R-  

22/12 are shown in Fig. 4 as a function of  mole 

fraction of  the more volati le component ,  R-22. 

The heat transfer coefficients of  refrigerant mix- 

tures are lower than a linearly interpolated value 

of  those of  both pure refrigerants (straight line in 

Fig. 4), which is often used as a reference without 

.=- 

Fig. 4 
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CASE I J 

6.0 C A S ~  

, , o  

~ CASE IV 

4.0 t I I t 
0.0 0.2 0.4 0,6 0.8 1 .O 

Mole fraction of R22 

(b) R-22/12 

Predicted heat transfer coefficients for binary 

refrigerant mixtures with respect to composi- 

tion for G =  300kg/m-~s, P=300 kPa, x =  0.7, 

and tube diameter= 10 mm 
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any physical background. The heat transfer deg- 

radation is defined as the difference between the 

linearly interpolated value and the predicted or 

experimental heat transfer coefficient. The degra- 

dation for R-22/12 mixture is small compared 

with that for R-22/114. 

Because the major heat transfer resistance exists 

in the viscous sublayer in a turbulent flow, heat 

transfer coefficient shown in Eq. (5) can be re- 

written as follows neglecting the contribution of 

the second term in Eq. (4). 

h -  c ~  ~ c~ r ~ o ~  _ k~ r,/Tw~o~ (10) 
ti + 13.2PrL 13.2,uL 

In Eq. (10), it is acknowledged that the heat 

transfer coefficient is affected mainly by thermal 

conductivity, dynamic viscosity, density of the 

liquid phase and the shear stress at the wall. In 

order to look into the heat transfer degradation, 

the property, ¢(such as thermal conductivity or 

dynamic viscosity) of case 1 (using yo), and case 

11I (using YL) with linear mixing rules are re- 

presented in Eq. (11) and the heat transfer co- 

efficients of cases 1, 1II are expressed in Eq. 12) 

for binary refrigerant mixtures. 

¢ c ~ 1  = ¢,yo + Cz ( l -- Yo), 
11) 

¢ca~e m = ¢lyL + ¢2 ( 1 - yL ) 

- ~ I k~ ,c~  
13.2 [ }' hcAs~ I 

[JL,CASE I 
12) 

,/~wpL { k,.cnsEu~ } 
hcAse m =  13.2 lZL.CASE m 

Considering only the cases of  smaller liquid 

mole fraction than overall mole fraction (YL< 
YO), the degradation of heat transfer relative to 

the case I is represented as follows. 

h~,-hc~,,,_ ~ kS-u,;/\ y , - ~ /  
(13) 

Relative degradation of heat transfer is affected 

by the liquid conductivity ratio, the liquid vis- 
cosity ratio of two components in the binary 

refrigerant mixture and the difference between Yz 

and Yo. By differentiating Eq. (13) with respect to 
the above quantities, it could be derived generally 

that the heat transfer degradation becomes greater 

with larger kzl/kt2, smaller ,Uta//Zt2 and bigger 

difference between Yt and Yo in any binary refri- 

gerant mixtures. As pointed out by Kedzierski et 

al., the difference between the vapor and liquid 

mass fraction represents the potential of  concen- 

tration gradients within the liquid phase, which 

will affect the temperature distribution (Kedzi- 

erski et al., 1992). 

For example, the thermal conductivity ratios 

for R-22/114 and R-22/12 mixtures are 1.35 

and 1.25, respectively for G = 3 0 0  kg/mZs, P = 3 0 0  

kPa, x=0 .7 ,  and yo--0.5. The dynamic viscosity 

ratios are 0.442 for R-22/114 mixture and 0.815 

for R-22/12 mixture, respectively. The difference 

between the overall composition and the liquid 

composition is bigger for R-22/114 mixture. Con- 

sequently, the heat transfer degradation for R-22/  

114 is larger than that for R-22/12. 

3.4 E f f e c t  of m a s s  t rans fer  

When a nonazeotropic binary refrigerant mix- 

ture evaporates, concentration gradients exist near 

the vapor- l iquid interface due to the preferential 

evaporation of  more volatile component from 

the liquid phase close to the interface. This 

phenomenon makes the liquid composition near 

the interface, Yzi, less than the composition of 

liquid phase, yL. Also the concentration gradients 

in the vapor phase exist in a similar way. This 

concentration gradient induces a motion of  fluid 

/ vapo, 

: I ! 
n , , " - ' ~  ~ interface " ""  Yt; ,  7 ~ 

liquid i 
yL, J t yL~ _ t  

: : : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : : : : : '  ? : : : : : : ! : "  i : ! : ! : :  ! i : ! : i 2 ~ ! 2 ~ - : ! : : : ~ . ~  1 
mole fraction mole fraction 

J,YG, D u-~G dyG' ~ dy~ ..... , '  dy vapor J,Y~2 D~.~CG,'-~" 

A A T interface j 

i dye., liquM J,YL:~ U~,LCL,-'~ J, Yt' - O . . L C , , ~  __ ~ dye. 

(a) more volatile (b) less volatile 
component component 

Fig. 5 Typical concentration gradient near liquid 
vapor interface 
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to obtain the equilibrium. This mass transfer has 

an effect on the temperature distribution which 

has a direct influence on heat transfer (Kedzierski 
et al., 1992). As a result, interracial temperature 

changes above the vapor temperature and this 

situation is illustrated in Fig. 5 and 6. 

Total mass flux over the tube length L should 

be known. If the qualities and enthalpies are 

assigned at locations 1 and 3 in Fig. 7, the tube 

length is calculated according to the energy bal- 

ance equation (14) and then the total mass flux at 

the interface, m~', is obtained by the mass balance 

equation (15) in the liquid phase for the control 

volume in Fig. 7. 

zD ~ 
G ~ ( i ~ - i ~ )  =zcDLq'(v 

G ~ -  {(1-xl) - (1 -x~)}=zc(D-2m~)  Lm7 

(14) 

(15) 

The molar flux of component 1 in a binary 

refrigerant mixture passing through the vapor-  

liquid interface shown in Fig. 5 is represented by 

(Price and Bell, 1974) 

vapor 

Fig.  6 

interface 

center line 

tcti tw 
Typical temperature profile of binary refri- 
gerant mixture during evaporation 

liquid 

interface 

vapor center line 

i. ,x, ~( D -  2rn~ )Lm; ia,x3 
KD 2 A t 

G ~ - ( 1 - x , )  " V rn, liquid Tin2 ma; ~D2 

Fig. '7 Control  volume for mass transfer analysis in 
l iquid layer 

where 

ja=jtyel_ Dezr, cgo,t dye1 
dy 

=jtYm-- Dezr, LCL,t ~V 1 
(16) 

• mi'i m~'i ( 17 ) 
j t  =j~ +jz,  .]1 = 2~1-' j 2=  Mz 

The total mass flux in Eq. 15) is rewritten in 

terms of molar flux as 

roT=jiM1+ (jr- j l )  M2 (18) 

The following relation is derived using the 

equivalent- laminar-f i lm model (Butterworth and 

Hewitt, 1977) where the concentration gradient is 

limited within the equivalent layer of thickness of 

C~m and the other vapor core region has the same 

composition with no concentration gradient. 

Ycl,c--jl/jt jr3,,  in (19) 
De::.cgc,~ Ycl.i --j~/jt 

where 

Def f ,  c 
& -  ho (20) 

In order to apply Eq. (16) at the vapor- l iquid 

interface, the following molar transfer by concen- 

tration gradient is used with known velocity pro- 

file in the liquid film. 

ay,1 ayL1 ['m 
Deii, L &.t t = & ' t  0 z - - A  udy (21) 

derivative, --,0~1 is calculated from the The 

change of equilibrium concentration in the liquid 

phase over the length L shown in Fig. 7. Solving 

Eqs. (18), (19), and (16) simultaneously, the 

molar fluxes, jl, jr, are obtained and mass fluxes 

at the interface, m~i, m~, are easily calculated 
from Eq. (17). 

Temperature profile of" binary refrigerant mix- 

ture will be different from that of pure refrigerant 

because of the interfacial mass transfer as shown 
in Fig. 5. Sensible heat flux into the vapor core 

from the interface is represented as the sum of;  

a) the vapor sensible heat flux from the interface 

due to the bulk flow, b) the heat conducted 

through the equivalent- laminar  film (Price and 
Bell, 1974). 
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"- -  k d t  q c - ( t ~ - t ) {  m { ~ c c ~ + m ~ c c 2 } -  c, ~ (22) 

Integration of this equation through the equiv- 

alent-laminar film in the vapor phase gives 

C 
q~--  l _ e _  c h c ( t i - t ~ )  =h 'c( t~- t~)  (23) 

where 

m;icc l+m~'ccz  he- -  kc.t (24) 
C = hc ' ~3n 

The heat transfer coefficient of binary refri- 

gerant mixture with mass transfer effect, he//, is 

represented as follows using the heat transfer 

coefficient without mass transfer effect, hL, ob- 

tained in the previous section (Collier and 

Thome, 1994). 

1 1 q ~ / q ' [  
+ (25) 

h e / / -  hL h~ 

where q~/q~v is calculated from the energy ba- 

lance for the control volume shown in Fig. 7. 

Modified heat transfer coefficients with mass 

transfer effect of R-22/114 are shown in Fig. 8. 

It is shown that heat transfer is degraded by the 

effect of mass transfer. The major influence on the 

heat transfer degradation is attributed to the tem- 

perature change due to the concentration gradient 

near the interface. 

Figure 8 also shows the predicted heat transfer 

coefficients and the experimental data of Jung et 

al. (1989). The deviations in this case are about 

16% without mass transfer consideration and 

around 10,%o when mass transfer effect is taken 

3.0 , i l i i i 

I I  experimental data [6] 
- -  w/o mass transfer effect 

2,5 . . . .  w /mass  transfer effect ~ 

~ ~ 1 . 5  ~:=0.4 - -  . - "  .1= 

""" , " J , 1 .0 - i 
0.1 0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  

Quality 
(a) R-22/114, y0=0.480, G=246.5 kg/mZs, q~,= 10 

kW/m z 

S.O • ' experi[-'ental,,, d'̂ taca [6] ' ' J 
- -  - wto mass transfer effect 

. . . .  w /mass  transfer e f f e c t . . - "  ~ - 

4.0 , -'1; •" 

• ~ . ~ . .  - ~ - K = 0 . 3  

# I I I I i 

.E 3 .0  

2 .0  
0.1 0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  
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Fig. 8 Comparison of the predicted heat transfer 
coefficients with experimental data for R-22/ 
114 mixture by Jung et al. [6] with respect to 
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Fig. 9 Comparison of the predicted heat transfer 
coefficients with experimental data for R-32/ 
134a mixture by Shin el al. [17~ with respect 
to quality 
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into account. For low mass and heat flux condi- 

tion, the heat transfer coefficients are well pre- 

dicted. As the mass and heat flux increase, the 

heat transfer coefficients are overpredicted. This 

phenomenon can be explained by the entrainment 

of droplets into the vapor core. As stated by Gill 

et al. (1964), the velocity profile is changing due 

to the suppression of turbulent eddies by the 

droplets of entrained liquid and they found that 

the reduced mixing length is expected when the 

entrainment is not negligible (Gill et al., 1964). If 

the reduced mixing length constant in the vapor 

core is used, the temperature difference between 

the interface and the vapor core is expected to 

increase, thus the predicted heat transfer co- 

efficients will be smaller as in Figs. 8 and 9. This 

study could be evidence that the entrainment is 

not negligible as the mass flow rate increases in 

the real experiment. For another set of experi- 

mental data given by Shin et al. (1997), this can 

be figured out in Fig. 9. 

4. Concluding Remarks 

Forced convective boiling heat transfer coeffi- 

cients have been predicted for an annular flow of 

pure refrigerants and nonazeotropic binary refri- 

gerant mixtures based on the turbulent tempera- 

ture profile in liquid film and vapor core. Com- 

position difference between vapor and liquid 

phases, and nonlinear mixing rules in the calcu- 

lation of mixture properties are also taken into 

account. 

For pure refrigerants, average root-mean-sq- 

uare deviation of the predicted heat transfer co- 

efficients from the available experimental data 

is --+ 14% for quality range over 0.2. For binary 

refrigerant mixtures without consideration of 

mass transfer effect, average deviation is cal- 

culated as -+-18~. 

It is shown that the heat transfer coefficients of 

binary refrigerant mixtures are lower than those 

obtained from a linear interpolation based on the 

data of both pure refrigerants. This degradation is 

analyzed by several factors such as the deviation 

of liquid composition from overall composition, 

conductivitv ratio and viscosity ratio of two nure 

refrigerants. Heat transfer degradation becomes 

greater with larger conductivity ratio and smaller 

viscosity ratio of more and less volatile com- 

ponents. Larger difference between YL and Yo in 

any binary refrigerant mixtures will give lower 

heat transfer coefficients. 

It is also found that the temperature change due 

to the concentration gradient is an important 

factor for the degradation. At low mass and heat 

flux conditions, the heat transfer coefficients are 

well predicted, but the heat transfer coefficients 

are overpredicted as the mass and heat flux 

increase. 

Acknowledgments 

This work was supported by the Micro Ther- 

mal System Research Center at Seoul National 

University, and the BK21 program of the Mini- 

stry of Education. The support by the BK21 

program at Dong-Eui University is also greatly 

appreciated. 

References 

Butterworth, D. and Hewitt, G. F., 1977, Two- 

phase Flow and Heat Transfer, 1st ed. Oxford 

University Press. 

Collier, J.G. and Thome, J.R., 1994, Con- 

vective Boiling and Condensation, 3rd ed. Mc- 

Graw-Hill .  

Didion, D. A. and Bivens, D. B., 1990, "Role of 

Refrigerant Mixtures as Alternatives to CFCs,'" 

Int. J. Refrig., Vol. 13, pp. 163--175. 

Domanski, P.A. and Didion, D.A.,  1993, 

"Thermodynamic Evaluation of R-22 Alterna- 

tive Refrigerants and Refrigerant Mixtures," 

A S H R A E  Trans., Vol. 99, Part 2. 

Gill, L. E., Hewitt, G. F. and Lacey, P. M. C., 

1964, "'Sampling Probe Studies of the Gas Core 

in Annular  Two Phase Flow:  11, Studies of the 

Effect of Phase Flow Rates on Phase and Velocity 

Distribution," Chem. Eng. Sci.. Vol. 19, pp. 665-- 

682. 

Hashizume, K., Ogiwara, H. and Taniguchi. H., 

1985, "Flow Pattern, Void Fraction and Pressure 

Drop of Refrigerant Two-phase Flow in a Hori- 



944 Eul Cheong Hong, ,lee Young Shin, Min Soo Kim, Kyungdoug Min and Sung Tack Ro 

zontal Pipe-l: Analysis of Frictional Pressure 
Drop," Int. J. Multiphase Flow, Vol. 1 I, pp. 643-- 
658. 

Hihara, E., Tanida, K. and Saito, T., 1989, 
"Forced Convective Boiling Experiments of Bi- 
nary Mixtures," Int. J. JSME,  Vol. 32, pp. 98-- 
106. 

Hong, E.C., Kim, M. S. and Ro, S.T., 1995, 
"Prediction of Evaporative Heat Transfer Co- 
effiecient of Pure Refrigerants and Binary Refri- 
gerant Mixtures in a Horizontal Tube," Proc. o f  

the 19th International Congress o f  Refrigeration, 

August 20-25, The Hague, The Netherlands, Vol. 
IVa, pp. 313--320. 

Jung, D.S., McI_inden, M., Radermacher, R. 
and Didion, D.A., 1989, "Horizontal Flow 
Boiling Heat Transfer Experiments with Mixture 
of R22/RII4,'" Int. J. Heat Mass Transfer, Vol. 
32, pp. 131--145. 

Kays, W. M. and Crawford, M. E., 1993, Con- 
vective Heat and Mass Transfer, 3rd ed. Mc- 
Graw Hill, Ch. I1. 

Kedzierski, M. A., Kim, J. H. and Didion, D. 
A., 1992, "Causes of the Apparent Heat Transfer 
Degradation for Refrigerant Mixtures," A S M E  

HTD Two-Phase Flow and Heat Transfer, Vol. 

197, pp. 149--158. 
Kruse, H., 1981, "The Advantages of Non-az- 

eotropic Refrigerant Mixtures for Heat Pump 
Application," Int. J. Refrig., Vol. 4, pp. 119-- 
125. 

Murata, K. and Hashizume, K., 1993, "Forced 
Convective Boiling of Nonazeotropic Refrigerant 
Mixtures Inside Tube," J. Heat Transfer, Vol. 
115, pp. 680--689. 

Price, B.C. and Bell, K.J., 1974, "Design of 
Binary Vapor Condensers Using the Colburn- 

Drew Equations?' AIChE Syrnp. Series, Vol. 70, 
No. 138, pp. 163--171. 

Reid, R. C., Prausnitz, C. A. and Poling, B. E., 
1987, The Properties o f  Gases and Liquids, 4th ed. 
McGraw Hill. 

Ross, H., Radermacher, R., Di Marzo, M. and 
Didion, D. A., 1987, "'Horizontal Flow Boiling of 
Pure and Mixed Refrigerants," Int. J. Heat Mass 
Transfer, Vol. 30, pp. 979--992. 

Shin, J.Y., Kim, M.S. and Ro, S.T., 1997, 
"Experimental Study on Forced Convective 
Boiling Heat Transfer of Pure Refrigerants and 
Refrigerant Mixtures in a Horizontal Tube," Int. 
J. Refrig., Vol. 20, No. 4, pp. 267--275. 




