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Abstract-Experiments arc carried out on the boiling heat transfer of nonazeotropic refrigerant mixtures 
of HCFC22jCFCi 14 flowing inside a 7.9 mm ID horizontal smooth tube. Using a water-heated, doubie- 
tube type evaporator. &he local heat transfer coefficients are measured for both counter and parallel flows. 
An empirical correlation cyuation is proposed for the data in the annuiar-flop regime. taking into account 
the mixture effect in the authors’ previous correlation equation for pure refrigerants. The mean deviation 
between the calculated and measured heat transfer coefftcients is 8.9% for the present experimental data 
and 7. I o/o for thedata obtained by Jung. The equation reveals that the convection heat transfer is dominant 

due to the suppression of nucleate boiling for the mixtures. 

1. INTRODUCTION 

NONAZEOTROPIC refrigerant mixtures (NARMs) first 

attracted the attention of researchers on refrigeration, 
air conditioning and heat pump systems because the 
performance is expected to be improved by realizing 
the Lorenz cycle. The other merit of using NARMs is 
to select the best combination of refrigerants for given 
conditions, i.e. temperatures and pressures. The 
capacity control of the systems have also been tried 
by varying the composition of mixtures. In addition, 
under the situation that HCFC may be replaced by 
alternative stratospherically safe refrigerants in the 
future, mixture of limited kinds of available pure 
refrigerants is a candidate for a substitute. However, 
the heat transfer of mixtures is inferior to that of pure 
refrigerant. so that the enhancement of heat transfer 
in the evaporator and condenser is very important 
(see ref. [I] for instance). 

During the past decade. experiments on the hori- 
zontal flow boiling of refrigerant mixtures have been 
carried out and some correlation equations for the 
heat transfer coefficient have been proposed. The cor- 
relation of Hihara a al. [2] for HCFC;ZZ/CFCI 14, 
that of Mishra rt crl. 131 for HCFC22jCFC12 and 
that of Singal et ul. [4] for CFCI3/CFCI2 are purely 
empirical equations whose coefficients depend on the 
specific composition. The correlation equation of 
Hihara and Saito [5] for HCFCX?/CFCI 14, that of 
Jung ef ul. for HCFC22,CFCI I4 [6] and CFC12/ 
HFCl52a [7], and that of Murata and Hashizume 
for CFCI 14/CFCI 1 [S] and HFCl34a/HCFCl23 [9] 
are based on the idea of Chen [IO] and Bennett and 
Chen [I I], in which the flow boiling heat transfer 
coefficient has been expressed as the sum of nucleate 
boiling and forced convection. Most of these cor- 

relation equations except that of Jung et ul. [6, 71 are 
not applicable to the other mixtures because they also 
include some empirical relations or coeficients which 
can be used only for the specific co~nbination and 
composition of refrigerants. This is mainly due to the 
fact that few correlations for both pure components 
arc available in spite of a lot of earlier works on ffow 
boiling of pure refrigerants. 

In the previous paper [12], the authors have pro- 

posed a correlation equation for horizontal flow boil- 
ing of pure refrigerants. It is applicable to HCFC22, 
CFCI 14, HFCI34a, CFCl2, HFCl52a and CFCI 13. 
The objective of the present work is to propose a 
correlation equation for binary refrigerant mixtures. 
taking into account of the mixture effect in the above 
equation. The experimental data were obtained for 
forced convective boiling of refrigerant mixture in a 
horizontal smooth tube. Employing a water-heated, 
double-tube type evaporator, the local heat transfer 
coefficients were measured for both counter and 
parallel flows. We used HCFC22/CFCI I4 as the test 
fluid because accurate information about thermo- 
physical properties was available and the tempera- 
ture difference between boiling and dew points 
is relatively large : about 20-C at the pressure around 
0.5 MPa. 

2. EXPERIMENTS 

2.1. Experimental uppuratus 

The experimental apparatus and the procedure 
employed in this study were the same as those in the 

previous study (see ref. [12] for details). The refrigerant 
loop consists of a positive-displacement pump. a 
preheater, a test section, a rear heater and two 
condensers. The test section is made of a double-tube 
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NOMENCLATURE 

isobaric specific heat capacity ? mole fraction of HCFC22 
[Jkg-‘K ‘1 J mass fraction of HCFC22 
inside diameter of test tube [m] 1 normal distance from wall surface [ml. 
mass velocity [kg mm’ s- ‘1 
gravitational acceleration [m s ‘1 
latent heat of vaporization [J kg ‘1 

Greek symbols 

heat-flux-fraction factor, qnhlq 
2 heat transfer coefficient [W m ’ K ‘1 

Laplace constant. equation (16) 
i thermal conductivity [W mm ’ K ‘1 

pressure [MPa] I( viscosity [Pa s] 

Prandtl number P density [kg m ‘1 

heat flux [W m ‘1 surface tension [N rn-~ ‘1 

Reynolds number for liquid only flow, ;I, Lockhart+Martinclli parameter, 

G ( 1 - .u)cJ, i’p, 
((1 -.~)i_\.)““(p,;p,)“‘(~,/j(,)” ‘, 

suppression factor 
effective-temperature-difference factor Subscripts 
which expresses a decrease in b bulk 
convective heat transfer of mixture from cv convection 
that of pure refrigerant, equation (20) int vapor-liquid interface 
the factor which expresses a decrease in I liquid 
nucleate pool boiling heat transfer of IO liquid only 
mixture from that of pure refrigerant. m mixture 
equation (36) nb nucleate boiling 
temperature [ C] pb nucleate pool boiling 
refrigerant temperature calculated with r refrigerant 
the equation of state [ C] S heating water (heat source) 
measured refrigerant temperature [ C] Sat saturated 
vapor quality V vapor. 

,ype evaporator, in which the refrigerant flows inside 
the inner tube and a heating water flows in the outer 
annulus. The inner tube is made of a straight smooth 
copper tube 6 m long and 7.9 mm in inside diameter. 
The outer annulus is subdivided into twelve sub- 
sections to measure the local heat transfer rate. The 
etfective heated length of each subsection is 0.46 m. 

The bulk temperatures of the refrigerant were 
measured at the inlet and outlet of the test section. 
The wall temperatures were measured at the center of 
each subsection with four thermocouples 0.2 mm in 
diameter, which were attached at the top, both sides 
and bottom of the outside surface of the inner tube. 
The refrigerant temperatures were measured with thir- 
teen thermocouples which were inserted into the inner 
tube at the ends of subsections. The pressure at the 
inlet of the test section and the pressure drops during 
three serial subsections were measured with an absol- 
ute pressure transducer and four ditlerential pressure 
transducers. respectively. The heat transfer rate at 
each subsection was calculated from the temperature 
change and the flow rate of heating water. For each 
test run, the vapor sample was drawn at the exit of 
the rear heater and the overall composition of mixture 
was measured with a gas chromatograph. 

All data were taken under steady-state conditions. 
The overall compositions. which denote the mole frac- 

tion .)’ of more volatile component HCFC22, were 
0.12, 0.23, 0.5, 0.75 and 0.9, and the mass velocities 
were 100,200, 300 and 350 kg m ~’ s- ‘. The reduced 
pressure varied from 0.13 to 0.16 depending on the 
composition. The flow rate of the heating water was 
kept constant at 100 kg ha- ‘. In order to obtain data 
for different heat fluxes, three sets of experiments were 
carried out-namely (a) the refrigerant was a sub- 
cooled liquid at the inlet of the test section and a 
superheated vapor at the exit, (b) the vapor quality 
.Y 2 0.3 at the inlet and the refrigerant was a super- 
heated vapor at the exit, (c) the refrigerant was a 
subcooled liquid at the inlet and .Y z 0.7 at the exit. 
Most of the data were taken under a counter-flow 
condition, which may be employed in the real system. 
For the purpose of extending a heat-flux range. the 
data for a parallel-flow condition were also obtained 
for the condition (a). 

2.2. Data reduction 

Most of thermodynamic properties of the mixtures, 
i.e. temperatures, densities, enthalpies and fugacities, 
were calculated by the modified Benedict-Webb 
Rubin equation of state [ 13, 141. The other properties 
including transport properties were calculated from 
those of components HCFC22 and CFCll4 which 
were taken from refs. [I 51 and [l6], respectively : 
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the specific heat capacity was evaluated as the average 
of both components by mass fraction (see refs. [I 7, 181 

for further details), the surface tension by Macleod- 
Sugden correlation [19], the viscosities of liquid and 
vapor by the equation of Idoko et ul. [20] and the 
method of Wilke [21], respectively, and the thermal 
conductivity of liquid by the method of Chen rt rd. 
[22]. 

In the flow boiling of mixtures the fluid tempera- 
ture increases with the vapor quality. Assuming a 
thermodynamic equilibrium in the cross section, the 
fluid temperature r,, and the vapor quality s at each 
axial location were calculated by a heat balance equa- 
tion and the equation 

l:h -7, 
Y- 

.l;, -.P, 
(1) 

where J,, is the mass fraction of HCFC22 of the bulk 
fluid. The mass fraction of the vapor .P, and liquid 
J?, and the enthalpies of the vapor and liquid were 
estimated by using the equation of state. The pressure 
at each location was estimated by the measured pres- 
sure drops. The above calculations were proceeded 
backward from the exit of the test section if the 
refrigerant was a superheated vapor at the exit. 

The local heat transfer coefficient r was defined by 

x = (I/( r,,, - r,) (2) 

where q is the local heat flux calculated from the mass 
flow rate and the temperature drop of water in each 
subsection, and T,, the average inner wall temperature 
evaluated from the measured outside wall tempera- 
tures. The measured fluid temperature T,,,,, instead of 
the calculated temperature r,,, was used for the bulk 
fluid temperature r,, (the reason is discussed later). 
The inaccuracy of r,, is estimated to be 0.5 C. The 
error in wall temperature measurement is 0.1 ‘C 
judged from a calibration of thermocouples. The 
uncertainty in heat flux due to the errors in flow rate 
and temperatures of heating water is estimated to be 
445%. From these uncertainties, the accuracies of heat 
transfer coefficients are determined to be 15% for the 
counter flow and 25% for the parallel flow. 

2.3. E.~perinwntal results 

Figures l(a) and (b) show measured temperature 
distributions along the test tube for the counter flow 
and the parallel flow, respectively. Illustrated are 
the temperature of heating water r, the measured 
refrigerant temperature r,,,,. the refrigerant tem- 
perature calculated by using the equation of state T,, 
and the inner wall temperature r,,. The heat flux q 
and the vapor quality .Y are also plotted in Fig. I. 
Both in the counter- and parallel-flow conditions, T,, 
is about 3 C higher than T,,,, for higher quality. The 
deviation depended on the overall composition and 
was little affected by flow rates. When the fluid was 
saturated at the exit of the test section, the value of 
r,,,, at the exit of the last subsection was approxi- 

60 

r 
3 

40x 

Section Number 

(a) 

Section Number 

(b) 
FIG. I. Experimental results : (a) counter flow ; (b) parallel 

flow. 

mately equal to the bulk temperature measured at the 
exit mixing chamber; the difference was smaller than 
0.3 C. On the other hand, the vapor-liquid equi- 
librium data from literature on which the parameters 
in the equation of state in the present work were based 
show a scatter of about + 2 C [l8]. Therefore the 
difference between r, and T,,,, may be attributed to 
the uncertainty of the equation of state. For this 
reason, the measured temperature TV,,, was used as the 
bulk fluid temperature r,, in the present study. 

Figure I illustrates that y increases for the counter 
flow and decreases for the parallel flow with X. As 
compared to the results for pure refrigerants in the 
previous paper [12], the change in q with x is gentle 
for the counter flow and steep for the parallel flow, 
since the refrigerant temperature increases in the flow 
boiling of mixtures. 

Figure 2 shows a comparison between the measured 
heat transfer coefficients and the values which are 
calculated with the authors’ correlation equations for 
pure refrigerants [ 121 (following equations (3)-( 18)) 
by using thermophysical properties of the mixture. 
Figures 2(a) and (b) correspond to the results shown 
in Figs. l(a) and (b), respectively. The heat transfer 
coefficients aBWK which is defined by q/( T,, - T,,) is 
also plotted in Fig. 2. The measured values of z are 
much lower-about 50% in maximum deviation- 
than the calculated values. The values of x~~,( are 
higher than c(, and the deviation is much larger for the 



3558 H. TAKAMATS~! et ui. 

(a) 

pl0 1 8 t ’ 3 ~ 

7 

~lmoi%HCFCZ2/CFCl14 
poroilel flow 0 

(b) 
Fit;. 2. Variation of iicat transfer coefficicn! with ymlity : 

(a) counter How; (b) parallel flow. 

high-quality region. For the parallel Row shown in 
Fig. 2(b) xHWK is unreasonably higher than the cal- 
culated values because the temperature difference 
between wall and refrigerant is considerably small at 
the high-quality region. 

3. CORRELATION EQUATIONS FOR PURE 

REFRIGERANT 

III the present report, the application of the authors” 

correlation equations for pure refrigerant fl2] is 

extended, taking into account of the mixture effect. 
Hence WC first sum up the equations proposed in the 
previous paper [I?]. 

The heat transfer coefficient x is expressed as the 
sum of the convective heat transfer cocfftcient zVV and 
the nucleate boiling heat transfer coeflicicnt x,,~ : 

3 = XL, -I- X,,h. (3) 

The convective heat transfer coefficient x,, is given by 

I,, = F’x,,, (4) 

where 

xl<, = 0,023Kt$ s Pr:i -I i&f, (5) 

f'=: Fy z 1 +2X,;"-"H (6) 

Kr,,, = G( 1 -.rfc/,;pi. (7) 

Since the measurud heat transfer cocficient for a 
single-phase liquid Row has been slightly higher than 
the Dittus-3oeiter equation and the new empirical 

correlation was obtained in the previous paper [12]. 
equations (5) and (6) are replaced by the following 
equations in the evaluation of rcr for the present 
test evaporator : 

The nuclcatc boiiing hcdt transfer coefficient I,,~ is 
given by 

The heat-~~u~-fr~l~tion factor Kis the ratio of heat flux 
due to nucleate boiling to total heat flux, q,,Jg. The 
suppression factor S. which was originally introduced 
by Chcn [IO], represents the cff‘ect of fuid flow on the 
nucleate boiling heat transfer as compared to the pool 
boiling. These values are calculated with the following 
equations : 

(16) 

The nucleate pool boiling heat transfer coefficient xpb 

is obtained by 

%h = 1.35X,,& (17) 

whcrc zSA is the nucieatc pool boiling heat transfer 
coetfrcient calculated with the correlation of Stephan 
and Abdelsalam 1231 

It should bc noted that theexponcnt 0.745 in equation 
(IO) is identical with the exponent of heat flux in 
equation (18). 

4. CORRELATION EQUATIONS FOR 

MIXTURES 

The correlation equations for the annular-flow 

regime only will be proposed in the present work. 
since the equations (3)-( 18) for pure refrigerants are 
based on the data of that regime. Table 1 lists the 
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Table I. Experimental conditions for the correlated data 

3559 

Mole fraction of HCFC22 0.11 - 0.12 0.22 - 0.23 0.49 - 0.51 0.74 - 0.75 0.91 

Pressure [MPa] 0.40 - 0.47 0.50 - 0.52 0.47 - 0.59 0.54 - 0.81 0.61 - 0.81 
Mass velocity [kg m-’ s- ‘1 223 - 348 221 - 357 214 - 393 222 - 357 218 - 310 
Heat flux [kW m-‘1 1.2 - 53.9 0.7 - 64.6 1.8 - 72.8 I .O - 72.7 2.5 - 72.9 

experimental conditions of the data for the cor- 
relation. The data for the mass velocity 200 kg m- ’ 
S _ ’ and quality smaller than 0.2 are excluded because 
they arc considered to be in the stratified or wavy flow 
regime. 

A physical model of the flow boiling of mixtures in 
the annular flow is illustrated in Fig. 3(a). Also illus- 
tratcd are the distributions of temperatures and mole 
fractions of HCFC22 in the liquid film and the vapor 
core in Fig. 3(b), and the phase equilib~unl diagram 
in Fig. 3(c). The mole fraction in the liquid phase I’, 
and that in the vapor phasey, are those of equilibrium 
at the bulk temperature r,. The subscript int denotes 
the value at the vapor-liquid interface. The theoretical 
analysis of the evaporation in annular two-phase flow 
reported by Yoshida et crl. [24] confrmed that the 
temperature at the vapor-liquid interface r,, is higher 
than the bulk temperature. The heat fluxes iic, and 
linh arc those due to convection and nucleate boiling, 
respectively, and the sum of them is identical with the 
overall heat flux y. The heat transfer coefficient for 
mixtures is expressed bf 

m = %Vrn + %bn, 119) 

where SI,, ,,, is the convective heat transfer coefficient 

and %hm is the nucleate boiling heat transfer co- 
eficient. 

Since T,,, is higher than T,, as shown in Fig. 3. the 
effective tempe~dture difference for convective heat 
transfer in the fiquid film decreases. If we define the 
effective-temperature-difference factor S,,,,, by 

-___-- 
vapor 

(4 

(20) 

the convective heat 
can be written as 

transfer coefficient for mixtures 

The temperature difference AT,,, for the mixture 
corresponds to AT for the pure refrigerant. Hence 
q,,/AT,,,, in equation (21) is equivalent to the con- 
vective heat transfer coefficient tic, for the pure 
refrigerant, so that 

%In = ScvmCI,, (22) 

where SI,, is given by equation (4) using thermo- 
physical properties of the mixture. 

The convective heat transfer coefficient auvln is 
obtained experimentally with plotting a/a,, against 
l/X,, where cl,” is the single-phase heat transfer 
coefficient for liquid only flow given by equation (8). 
Figure 4 shows the result for both counter and parallel 
flows for 1’ = 0.5. The values of n/cc,, for l/X,, > 10 
can be expressed by a single line irrespective of the 
flow direction, showing that they are in the purely 
convective region, I.e. c( = oc,,,. The solid line in Fig. 
4 denotes the value of F = F: Hyl” ’ calculated with 
equation (9), which indicates the ratio rc./czIo for pure 
refrigerants. Using the data for l/X,, > 10 in the case 
of J’ = 0.5. the effective-temperature-diKerence factor 
S,,,,, for convective heat transfer is therefore cal- 
culated by 

The factor S,,,,, is evaluated in the same manner for 
the other compositions, and finally correlated in the 

center interface Wdl Y/i nt Yr Jb YvinlYv 
MOI~ fraction of HCFC22 y 

(cl 

FIG. 3. Physical model of the flow boiling of mixtures in annular flow : {a) physical model; (b) distributions 
of temperatures and compositions; (c) phase equilibrium diagram. 
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FIG. 4. Rclalion between a!~[,~, and I ix,,. 

form 

(24) 

Coefficients cl0 and L(, were evaluated with the least 
squares method for given exponent h varied from 0 to 
2. The best fitted coefficients which yielded minimum 
values of standard and maximum deviations were 
h = 0.39, ~l() = 0.30 and (I, = 5.20. Equation (24) cor- 
relates the measured S,,,, with a maximum deviation 
of about 10% as shown in Fig. 5. 

4.2. Nucleute boiling heut trumffrr co@icient ~l,,~~,, 

Similar to the correlation for pure refrigerant, the 
nucleate boiling heat transfer coefficient z,,,,,, for 
mixtures is expressed by 

%hm = K" 74rSmuphm (25) 

where the values for the mixture are distinguished 
from the pure fluid by subscript m. 

The effective superheat for the nucleate pool boiling 
is smaller than that of pure fluid due to the mass 
transfer resistance in the liquid near the bubble surface 
[25]. Stephan and Korner [26] have correlated the 
wall superheat for seventeen kinds of mixtures except 
refrigerants by 

0.6 0.7 0.8 0.9 1.0 

(ScvrnL_ll. 

FIG. 5. Correlation of S,,,,. 

AT= {I +.4”(0.88+0.12/1)]~~, -_v,])AT,~ (26) 

where p is the pressure in [bar] and 

AT,, = _v,AT, + (I -?j)AT!. (27) 

The temperature differences AT, and ATz arc those 
of pure components I and 2, respectively, for 
saturated pool boiling. They are evaluated for the 
pressure and the heat flux which arc the same as 
those of the mixture. Using the definition of heat 
transfer coefficients and substituting equation (27) 
into equation (26) lead to the following expression : 

(28) 

Heat transfer coefficients z,,,,, and I+,~ are those of 
pure components l(HCFC22) and Z(CFCl l4), re- 
spectively, for saturated pool boiling which are cal- 
culated with equation (17). Here in equation (28). the 
multiplier for composition difference in equation (26) 
is reduced to an empirically fitted coefficient A,. It 
should be noted that, since the heat transfer coefficient 
rphln for pool boiling of mixture is proportional to 
0.745 power of heat flux. the exponent of K in equation 
(25) has been 0.745. 

Next we consider the suppression of nucleate boil- 
ing in forced convective flow for the mixture based on 
the analysis of Bennett et al. [27] for pure fluids. We 
first approximate the liquid temperature profile near 
the wall surface by 

T(:) - L, = CT, - Tm,) cxp (29) 

where z is the normal distance from the wall surface. 
Equation (29) coincides with the expression for pure 
fluids if the interface temperature T,,, is replaced by 
T,,. Defining the superheat by T-T,,, the average 
superheat in the bubble layer becomes 

+ CT,,, - T,J (30) 

where b is the thickness of bubble growth region. The 

suppression factor S,,, is defined as the ratio of A?==(, 
to AT, so that 

S,,, = A%,IAT 

+(I -Sm). (31) 

Assuming that 6 is estimated by the same equation as 
for pure refrigerants, the resulting equation for S,,, 
becomes 
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ST” = S~,,,t(l-e-‘)+(~-S,,,) (32) 

where 5 is given by equation (14). 
The definition of Kin equation (25) is the same as 

pure refrigerants : defined as the ratio of heat flux due 
to nucleate boiling to total heat flux. It is therefore 
evaluated by equation (11) with the value ‘1 given by 
the following expression for mixtures : 

Finally, the heat transfer coefficient for mixtures 
can be calculated with equations (4) (7)-(9), (11). 
(14).-(19), (22) (24), (25), (28), (32) and (33) forgiven 
coefficient A,. The coefficient A, is determined to be 
4.8 from the comparison of measured heat transfer 
coefficients with those calculated for various values 
OfA,. 

5. COMPARISON BETWEEN CORRELATION 

EQUATIONS AND EXPERIMENTS 

5.1 C,“ompcrrison with the prc’sent r.uperinzent 

Figure 6 shows a comparison between measured 
heat transfer coefficients and those predicted by the 
correlation of Jung et rrl. [7]. While the experimental 
data for?% = 0.12-0.75 agree well with the correlation, 
those for 2‘ = 0.9 are more than 50% higher than 
calculated values. The mean deviation for all the data 
defined by 

is 19.1% and the average deviation defined by 

4 
N, 

?lU 

& 
Y 

45 

FIG 6. Comparison between measured heat transfer co- 
efficients and those calculated with the correlation of Jung 

f’t al. [7]. 

2 5 IO 
%a~. kW/(m2aK) 

FIN. 7. Comparison between the present correlation and the 
measured heat transfer coetkients. 

Figure 7 shows a comparison of the present cor- 
relation with measured heat transfer coefficients. Most 
of the data are correlated within a deviation of 20%. 
Table 2 lists the mean deviation MD and the average 
deviation AD. The average deviation varies with the 
mole fraction from negative to positive values, 
because the correlation for pure refrigerant over- 
predicts for CFCl14 and underpredicts for HCFC22. 
The mean deviation, however, is 8.9% for all the data 
and this is considerably smaller than the correlation 
of Jung et ul. 171. 

The measured and calculated heat transfer co- 
efficients are shown against the quality in Figs. 8(a) 
and (b) for the counter flow and the parallel flow, 
respectively. Also illustrated are changes in S,,,, and 

S r,,,,,. The factor Sphm is calculated by 

S p*n, = ~,hnll ph ‘u (36) 

where Ui’hrn is obtained by equation (28) for mixtures, 

and Q, is estimated by equation (17) for pure re- 
frigerants using thermophysi~al properties of the 
mixture. In the figures, the difference y, -7, is also 
shown for reference. For both flow directions Sphm is 
considerably smaller than S,,, : the pool boiling heat 
transfer coefficient decreases down to approximately 
one-half of that for pure refrigerant. It reveals that 
this severe degradation in pool boiling heat transfer 
causes considerably low heat transfer coefficient for 
mixtures as described in Fig. 2. As a result, the con- 
vective heat transfer is predominant for mixtures con- 
trary to the results for pure refrigerants [ 121. 

Table 3. Deviations between measured and calculated heat 
transfer coefficients 

~~ 

?’ 11 MD [Y&l AD [o/o] 
~._.. 

0.11 * 0.12 36 9.5 -9.1 
0.22 N 0.23 37 10.9 -9.7 
0.49 y 0.51 45 7.0 -6.2 
0.74 _ 0.75 48 6.4 2.3 

0.91 22 9.1 7.5 

all 188 8.9 -2.5 
_____. ~~ 
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P = 0.59 MPo 

0 0.2 0.4 x 0.6 0.8 1 

(a) 

Lr;)OW 

HCFC22/CFClt4 

acvm 

P = 0.50 MPo 

OOW 
(b) 

FIG. 8. Calculated results: (a) .r = 0.51, counter flow; (b) 
j’ = 0.22. parallel flow. 

5.2. Comparison n?tll thr otltcr e.~pcperiflwnt 

In Fig. 9, the present correlation is compared to the 
experimental data for the HCFC22jCFCI 14 mixture 
which are taken from the list in ref. [2X]. The ranges 

FIG. 9. Comparison between the present correlation and the 
experimental data obtained by Jung 1281. 

of the conditions are : inside diameter of the test tube 
9 mm, mole fractions of HCFC22 approximately 0.22, 
0.5 and 0.76. reduced pressures 0.08 (corresponding 
to around 0.3 MPd for 3% = 0.22 and 0.4 MPa for 
1’ = 0.76), mass velocities 350 to 520 kg m ’ s ‘, and 
heat fluxes 17 to 45 kW m ‘. The values taken from 
the list to calculate heat transfer coefficients with 
present equations are the overall colnposition, the 
pressure, the mass velocity of the refrigerant, the heat 
flux, the quality and the compositions of vapor and 
liquid phases. The thermophysical properties arc csti- 
mated by the method used in the present study, In the 
prediction with the present equations, as equations 
(8) and (9) for xc,, include some specific heat transfer 
characteristics of the present test section, they are 
replaced by equations (5) and (6). This revised set of 
correlation equations predicts most of the exper- 
imental data within a deviation of 20%. The mean and 
average deviations are 7. I % and - 6.1X, respectively. 
for all the data whose mass velocities arc larger than 
350 kg m ’ s ‘. 

6. CONCLUSIONS 

The locai heat transfer coefficients were mea’sured 
for the boiiing of HCFC22jCFCI 14 mixtures (mole 
fractions of HCFC22 were 0.12, 0.23. 0.5, 0.75 and 
0.9) flowing inside a 7.9 mm ID horizontal smooth 

tube. Using a water-heated, double-tube type cvap- 
orator, the test was carried out for both counter and 
parallel tlows. The conclusions are : 

(I) The refrigerant temperature calculated with the 
equation of state is approximately up to 3 C higher 
than the measured temperature. It is mainly attributed 
to the uncer~dinty of the cqllation of state, and there- 
upon a much more precise equation is needed for 
studies of heat transfer with mixtures. In the present 
study, the measured temperature is used for the bulk 
temperature of refrigerants. 

(2) The heat transfer cocflicient for mixtures is 
much lower-approximately 50% in maximum dcvi- 
ation-than the values which are estimated with our 
correlation equations for pure refrigerants by using 
thermophysical properties of the mixture. 

(3) Based on the correlation equations for pure 
refrigerants, a set ofcorrclation equations is proposed 
for refrigerant mixtures. It correlates the prcscnt data 
for the annular-flow regime (G g 200-300 kg m ’ 
s ‘, .Y > 0.2) with a mean deviation of 8.9%. 

(4) The experimental data of Jung 1281 can be cx- 
pressed with a mean deviation of 7. I ?41 by the revised 
set of equations in which the empirical correlation for 
convective heat transfer coetticient, equations (8) and 
(9), arc replaced by equations (5) and (6). These 
revised equations are recommended for the prediction 
of heat transfer coefficients in evaporators. 

(5) The present correlation reveals that the con- 

vection heat transfer is predominant due to the sup- 
pression of nucleate boiling for mixtures. 
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