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Abstract--Based on the two-phase separated model, a detailed one-dimensional model for binary mixtures 
had been proposed to study the in-tube evaporation in a horizontal tube. The present model can predict 
the detailed variation of the composition, temperature, heat transfer rate and pressure drop of various 
binary mixtures under constant heat flux, counter-flow, or parallel-flow conditions. The predicted results 
agree favorably with the Takamatsu et al. lint. J. Heat Mass Transfer 36, 3555--3563 (1993)] and Jung 
et al. [Exp. Heat Transfer 2, 237-255 (1989)] experimental data. Also, it is found that the full evaporation 
of the non-azeotropic refrigerants may require a corresponding temperature higher than the saturation 
temperature of the less volatile component. The non-linear variation of the property plays an important 
role in the heat transfer and pressure drop characteristics of the refrigerant mixtures. Copyright © 1996 
Elsevier Science Ltd. 
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N O M E N C L A T U R E  

Cp specific heat at constant pressure, kJ/kg.°C 
D~ inner diameter of the shell tube, m 
Doh shell-side hydraulic diameter, m 
d~ tube-side inner diameter, m 
& tube-side hydraulic diameter, m 
do tube-side outer diameter, m 
dA local area, m 2 
dP pressure drop, Pa 
dZ local tube length, m 
E parameter 
F parameter 
f friction factor 
Fr Froude number 
G mass flux, kg/m2.s 
g gravity acceleration, m/s 2 
H parameter 
h heat transfer coefficient, W/m2.°C 
i enthalpy, J/kg 
J diffusion mass flux, kg/m2.s 
k thermal conductivity, W/m.°C 
L parameter 
Le Lewis number (mass diffusivity/thermal diffusivity) 
M mass flow rate, kg/s 
Q heat flow rate, W 
q heat flux, W/m 2 
Pr Prandtl number 
p pressure 
p~,,~,~ p r ~  critical pressure, bar 
Pr reduced pressure, p / p ~  p~u,~ 
Re Reynolds number 
S parameter 
T temperature, °C 
We Weber number 
X liquid phase mass fraction of volatile component 
X f  flow quality (vapor mass flow rate/total mass flow rate) 
Xt thermodynamic quality 
Y vapor phase mass fraction of volatile component 
Z length in the axial direction, m 
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Greek letters 

6 

It 

P 
ff 

void fraction 
mass transfer coefficient, m/s 
liquid film thickness, m 
two-phase multiplier 
viscosity, Pa-s 
density, kg/m 3 
surface tension, N/m 

Subscripts 

a annulus 
b bulk 
f fluid 
h heating water 
i interface 
in inlet 
1 liquid 
m mass 
out outlet 
s sensible 
v vapor 
w wall 
wi inner wall 
wo outer wall 

I N T R O D U C T I O N  

There is increased effort on research and development of advanced technology for the efficient 
use of  energy, including waste heat recovery from various industrial processes with moderate 
and/or low temperatures. Accordingly, the increasing attention given to heat pump systems reflects 
this demand, since these systems are able to take energy from a lower temperature source. 
Therefore, non-azeotropic binary mixtures become attractive to the research for advanced 
vapor-compression systems. The thermodynamic cycle of the non-azeotropic mixture in a 
vapor-compression refrigeration system is called the Lorenz cycle [1]. There are several advantages 
in using the non-azeotropic mixture as a working fluid in refrigerating cycles and heat pumps. The 
merit of the Lorenz cycle is that the compression work load of the compressor and the 
thermodynamic irreversibilities in the evaporator and condenser can be reduced theoretically due 
to less temperature difference between the system and the environment. Besides, there is an 
important merit in the development of  CFC/HCFC alternatives due to their smaller or zero 
ozone-depletion potential. 

During the past decade, experimental efforts on horizontal flow boiling of  refrigerant mixtures 
have been carried out extensively, and some correlations for the heat transfer coefficients have been 
proposed. A number of studies concerned with pool boiling, forced convective boiling and falling 
film evaporation of  mixtures have been reported, as compiled in recent review articles by Wang 
and Chato [2] and Celata e t  a l .  [3]. However, the design tool of an evaporator model for the 
mixtures is not yet well established. As is well known, in the design of evaporation equipment for 
liquid mixtures, thermodynamic equilibrium is usually assumed. However, this is an approximation 
since temperature and concentration differences change during the evaporation process. Therefore, 
there will be a corresponding rise in the boiling point. This will result in the loss of superheat and 
eventually the available surface area may become insufficient to accomplish the heat duty. 
Consequently, the objective of  this study is to develop a prediction method to evaluate the 
composition shift, pressure drop and heat transfer rate of binary refrigerant mixtures during the 
evaporation process. 

ANALYSIS  

The physical model and its detailed coordinate system are illustrated in Fig. 1. Actually, it is 
a double-pipe configuration, refrigerant vapor flows in the inner tube, while coolant flows in the 
annulus. The outer surface is insulated. Inside the tube, the flow geometry of  the flow is assumed 
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annular with liquid film around the periphery of  the tube and a continuous gas flow in the core. 
The vapor and liquid phases have differing velocities which are assumed to be one-dimensional. 
In the evaporating region, thermodynamic quasi-equilibrium exists at the vapor-liquid interface. 

Interface equations 

The differential control volume of the present model is also shown in Fig. 1. Since the mass 
fraction of  the light component in the bulk vapor is greater than that at the interface, a 
counter-diffusion flux (&) of  the light component occurs between the bulk vapor stream and the 
vapor-liquid interface. Similarly, a co-current diffusion flux (Z) of  the light component diffuses 
from the bulk liquid film to the vapor-liquid interface. The mass flux balance of  the light 
component at the interface is obtained as follows: 

~liX~ + J~dA = ~L Y~ - -  JvdA, (1) 

where 

z = #,#,(x~ - xo (2) 

& = pvfl~(Yb -- Y,). (3) 

The counter-diffusion flux and the co-current diffusion flux result in a decrease and increase of 
evaporative mass flow rate at the interface, respectively. The liquid-phase mass transfer coefficient 
(fl,) is assumed to have a constant value of  0.0003 m/s, as suggested by Thome [4]. The vapor-phase 
mass transfer coefficient (flv) is obtained from the Reynold analogy, as proposed by Lu and Lee [5], 
and is given by 

hv Le2/3 . (4) 
fl~- pvCpv 

The Gnielinski [6] correlation is adopted to obtain the vapor core heat transfer coefficient, 
namely, 

hv kv f / 2 ( R e v -  1000)Pry 
- dh 1.0 + 12.7~/2)°5(Pr2v/3 -- 1) ' (5) 

where the interfacial friction factor, f .  is a function of the local void fraction and density ratio 
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Fig. 1. Control volume diagram. 
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proposed by Whalley and Hewitt [7] as 

f = J;Ia + 12( p~ )1/3(1 - ~°5)], (6) 

where the Fanning friction factor is obtained from 

J; = 0.079Re~- 0.25 (7) 

and the void fraction, e, is a function of the flow quality and density ratio, and is given by 
Chisholm [8] as 

[ 1-xy(°v °q 1 
1+ --V-T \ ? , /  J (8) 

Liqu id  f i l m  equations 

The mass balance equation of the liquid film: 

a;/l.o,, + h;/i = 3;/L~, • (9) 

The mass balance equation of the light component: 

J~l,in2~in = 2~'/i Yi "~ /~l,outXout , ( 1 O) 

Energy equation of the liquid film: 

Qw = hf( Tw~ - T~)dA . (11) 

The Liu and Winterton [9] correlation is used to evaluate the heat transfer coefficient of  the liquid 
film near the wall, i.e. 

h E = (Fhl) 2 + (Shpool) 2 , (12) 

where 

(k,)ReOpr74 (13) hi = 0.023 

hpool  = 55Pr° r ' 12q2 /3 (  - -  log~0Pr) - 0.,5 (14) 

f ( )7 F =  1 +XfPr l  p~ --1 15) 
pv ( 

S = (1 + 0 .55~lRe °16)-~ (16) 

Vapor core equations 

Mass balance equations of the bulk vapor core: 

~/v,i. + 3;/i = )fL,o., • (17) 

Mass balance equations of the light component: 

)~rv,inYin +/~/~Yi = )l~/v,outYout • (18) 

Energy equation of the vapor core: 

/~v,iniin -t- Q = Mv,ou&,o,,, (19) 

where Q is the heat transfer rate through the interface, including latent heat transfer and sensible 
heat transfer, namely, 

Q = 01 "~- Qs ,  (20) 
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where 

Q, =/~/,ifg 

Q, = hv[Z - 0.5(Zv.i. + Tv,out)]dA 

and the sensible heat transfer rate can also be expressed as 

Q_.s = l(/lv,outCpv.outr,,.out- .,~fv.~nCp,,.inrv,in. 

(21) 

(22) 

(23) 

Heating water and wall conduction equations 

The energy equation of  heating water is 

Qw = MhCph(Th,,. -- Th.out) (24) 

and the heat transfer rate can also be expressed as 

0w = ha[0.5(Zh,in + Th,out -- Two)], (25) 

where ha is the annulus heat transfer coefficient, and is determined by McMillen and Larson [10] 
as 

kh 08 04 / D, "]0.45 
ha = 0.023 Rex P r h [  ~ • (26) 

\ Uo 

The wall conduction equation is written by 

Qw = 2nkw Two - Twi d Z  . (27) 

Pressure drop equations 

The separated model is used to calculate the pressure drops of  each control volume which was 
shown by Collier and Thome [11] as 

d Z  = ~ 4go+ -d-2 ~,pv + (1--  ~-~, ' (28) 

where the two-phase multiplier, ~b~o, is adopted from the Friedel correlation [12]. 

3.23LH 
~o = E + Fr0.045WeO.035 , (29) 

where 

P,fv 
E = (1 - xU): + X f :  pvf, 

L = Xf°n(1 -- Xf) °'224 

(30) 

(31) 

()0,,()o,,( 
H + pl /~v /~v 1-?, (32) 

G 2 
Fr- 

gdip2h 

G2 di 
We-- 

ph~ 

p~pl 

ph = p~Xf + (1 - Xf)pv 

(33) 

(34) 

(35) 
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Fig. 2. Comparison of heating water temperature (Th) and heat flux (q) between the present model and 
Takamatsu's [15] experimental data. 

f i  = 0.046Re°v 2 (36) 

f = 0.079Re °25 . (37) 

The thermodynamic and transport properties of the mixtures were evaluated using a computer 
program [13]. 

R E S U L T S  AND D IS CU S S IO N  

Figure 2 presents the experimental data of  Takamatsu [14] for the mixture of 51 wt% R22/49 
wt% R114. The axial distributions of the annulus temperature Th and the heat flux q with both 
counter-flow and parallel-flow conditions are shown in this figure. As expected, the heating water 
temperatures increase with the axial location for the counter-flow configuration and decrease with 
the axial location for the parallel-flow configuration. The heat flux decreases with the axial location 
for the parallel-flow configuration, and the heat flux for the counter-flow configuration first 
increases with the axial location, and reaches a maximum value near Z = 3.7 m and levels off very 
quickly as Z increases further. On close examination of the experimental data, one can find that 
the thermodynamic quality of the refrigerant is approximately equal to unity at this position. The 
thermodynamic quality is given as 

X t  - Xb,~ ,  - -  X~ Yi -- X~ ' (38) 

where Xb.m is the inlet mass fraction of the light component evaluated at the bulk of the liquid phase 
of the mixture, Xi and Y~ are the local compositions of liquid and vapor phase at the interface, 
respectively. Accordingly, since the thermodynamic quality is close to unity, the level-off 
phenomenon of the heat flux is due to the dry-out of the refrigerant. Also shown in the figure are 
the predictions by the present model. As seen, the predicted results agree well with those of the 
experimental data for both parallel- and counter-flow conditions. 

Figure 3 shows the predicted values of bulk concentration of vapor and liquid versus flow quality 
for various binary mixtures. The mixtures include R22/R114, R22/R124 and R32/R134a. Table 1 
shows the comparison of the thermodynamic and transport properties of the pure refrigerants and 
their mixtures at two concentrations, namely 0.5 and 0.1. All the thermodynamic and transport 
properties are evaluated using a computer program (NIST REFPROP 4.01) at the reduced pressure 
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of 0.15. The reduced pressure is defined a s  p/pcritical p . . . . . . . .  As seen in Fig. 3, at Pr = 0.15, Xb.m = 
0.5, q = 20 kW/m ~, G = 300 kg/m 2, and under the counter-flow conditions, the bulk composition 
of the light component decreases along the axial location. In particular, the R22/R114 mixtures 
reveal a sharp decrease as compared to other mixtures. The reason for this phenomenon can be 
explained from the phase diagram of the mixtures as depicted in Fig. 4. The lower line in the phase 
diagram, the bubble point line, represents the variation of the liquid saturation temperature with 
composition. The dew point line represents the variation of the saturated vapor temperature with 
composition. The area between the dew point and the bubble point represents the temperature 
glide, and can be loosely identified as the degradation potential of a particular mixture. As seen 
in Fig. 4, the temperature glide of the R22/R114 mixture of the phase diagram is much larger than 
those for R22/R124 and R32/R134a mixtures. This indicates that the more volatile component of 
the R22/R114 mixture, R22, is evaporated more rapidly than in other mixtures. Therefore, a much 
sharper decrease of bulk composition for R22/R114 mixture is expected. 

The phase diagram of Fig. 4 also indicates that, when the evaporation proceeds, X~ decreases 
along the tube and eventually an increase of vapor temperature is found. On further heating to 
a temperature corresponding to the dew point, all the liquid is vaporized to give a vapor of the 
same composition as the original liquid. The last drop of the liquid to disappear is very rich in 
the less volatile composition. For an initial given Xb.i, = 0.5, the concentration of the last drop 
of the depleted liquid is approximately equal to 0.19 for the R22/R114 mixture, as depicted in the 
phase diagram. However, the present calculation shows that the X~ is less than 0.1 for the R22/R114 
mixture when the axial location Z is greater than 3 m. In fact, the concentration of the R22/R114 
mixture is considerably lower than 0.19. The present calculations suggest that the in-tube 
evaporation of the non-azeotropic refrigerants is a non-equilibrium process. In fact, Kedzierski 
et  al. [15] suggest that the liquid-vapor interface may be the only portion which is possibly in 
thermodynamic equilibrium. The smaller concentration and its corresponding pressure will result 
in an increase of saturation temperature. In an addition, there is a further drop in composition 
from the bulk of the liquid to the vapor interface, and this may result in an additional increase 
of the saturation temperature. Eventually, to have completely depleted the liquid refrigerants, it 
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Fig. 3. Predicted vapor (Yb) and liquid (Xu) bulk compositions for various binary mixtures. 
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Table 1. Thermodynamic properties of five pure refrigerants and their mixtures 

X M 
(kg/kmole) 

b~ kt k~ #l ~ Cpl Cpv Pl P~ K °6 
(kJ/kg) (mW/ (roW/ (#Pa.s) (#Pa.s) (kJ/kg.K)(kJ/kg.K) (kg/m 3) (kg/m 3) (Cp~/#~) 04 

m2.K) m2.K) 
R22 - 86.48 122.76 95 .50  10.30 209.7 2 0 . 9  1 .177  0 . 7 0 5  1255.9 2 6 . 3  122.80 
R32 - 52.02 207.03 152.89 12.20 162.5 11.6 1 .676  0 . 8 9 5  1062.5 19.2 127.43 
RI14 - 170.94 110.08 51 .78  12.90 236.0 13.5 1.069 0 . 7 9 4  1328.6 45.5 92.48 
R124 - 136.47 136.03 62 .35  13.20 215.9 13.1 1.173 0.827 1288.6 39.9 96.14 
R134a - 102.03 178.35 78 .68  14.00 207.4 12.6 1.426 0.943 1190.9 35.4 100.60 
R22/RI14 0.5 128.71 169.60 81 .24  11.07 261.2 1 3 . 0  1.090 0.741 1335.8 3 2 . 2  125.21 
R22/RI24 0.5 111.48 175.20 81 .63  11.29 226.9 12.8 1.152 0.763 1295.8 32.0 116.09 
R32/R134a 0.5 77.03 265.70 122.10 12.22 192.6 12.1 1.516 0.908 1153.5 2 4 . 6  124.05 
R22/R114 0.1 162.49 132.20 60 .24  12.35 269.1 13.4 1.055 0.781 1366.3 41.7 107.3 
R22/RI24 0.1 131.47 146.70 66 .88  12.67 224.6 1 3 . 0  1.157 0.813 1300.9 3 7 . 9  102.42 
R32/R134a 0.1 97.03 199.50 88 .69  13.37 210.6 12.5 1.431 0.933 1197.0 32.4 108.6 

is l ikely tha t  the co r r e spond ing  t empera tu re  o f  the non-azeo t rop ic  refr igerants  is h igher  than  the 
sa tu ra t ion  t empera tu re  o f  the less vola t i le  componen t .  The  exper imenta l  measurements  o f  the 
in- tube  condensa t ion  f rom K o r n o t a  and  Stocker  [16] and  the co r re spond ing  theoret ica l  results f rom 
Lu and  Lee [17] had  suggested tha t  the t empera tu re  co r re spond ing  to comple te  condensa t ion  o f  
non -azeo t rop i c  refr igerants  mus t  be lower  than  the sa tu ra t ion  o f  the pure  l ight  c o m p o n e n t  at  the 
end o f  condensa t ion .  Al terna t ive ly ,  it  is l ikely tha t  the l iquid near  the fully e va po ra t e d  state o f  
non -azeo t rop i c  refr igerants  m a y  require  a co r r e spond ing  t empera tu re  h igher  than  the sa tu ra t ion  
t empera tu re  o f  the less volat i le  componen t .  

A d d i t i o n a l  evidence for  the incomple teness  o f  the d ry -ou t  p h e n o m e n o n  o f  the mixtures  m a y  be 
due to the difference in flow pa t t e rn  be tween pure  and  mixed  refr igerant .  A n  inves t igat ion o f  the 
flow pa t t e rn  for  the mixtures  o f  R402a and  R404a was carr ied  out  by  K a t t a n  e t  a l .  [18]. They  
observed  tha t  the flow pa t te rns  o f  the mixtures  are general ly  no t  the same as those o f  pure  
refr igerants .  K a t t a n  e t  al .  [18] found  tha t  the flow pa t t e rn  o f  the mixtures  with a strat if ied regime 
is of ten encoun te red  even though  their  l iquid F r o u d e  numbers  were 13 and  16 t imes above  the 
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Fig. 4. Phase diagram of various binary mixtures. 
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recommended values of 0.04 and 0.05, as suggested by Shah [19] and Kandikar [20] for pure 
refrigerants. This suggests a delay of the dry-out phenomenon for the mixture refrigerant. 

Figure 5 presents the comparisons of the predicted concentration with the experimental data 
measured by Jung et al. [21]. As seen, good agreements with the measured data are reported for 
both vapor and liquid concentration. 

Figure 6 shows the predicted pressure gradient versus flow quality for various binary mixtures. 
The pressure gradient for the mixtures increases with flow quality. However, the R22/R114 mixture 
reveals a level-off phenomenon when flow quality is greater than 0,7. The reason for the level off 
is due to the non-linear variation of the property. On close examination of the calculated results, 
we find that the density ratio, p~/pv, plays an important role in the calculation of pressure drop. 
Actually, p~/pv changes from 41.5 to 31.3 for the Rll4/R22 mixture, from 40.5 to 37.9 for the 
R22/R124 mixture, and from 47 to 49.5 for the R32/R134a mixture. As indicated from equations 
(28)-(37), the two-phase multiplier is related to (pl/pv)0.91. As a result, the pressure gradient for the 
R22/R114 mixture reveals a level-off phenomenon for the higher-quality region, since a 
considerable reduction of p~/pv is found compared to other mixtures. Note that the pure 
refrigerants generally do not exhibit such a phenomenon, since no significant variation of the 
properties for the pure refrigerant is reported. Figure 7 presents the comparison of the evaporation 
pressure variation inside the horizontal tube between the predictions and Jung et al.'s [15] data. 
As seen, all the predicted pressure variations inside the test tube fall within a deviation of +_ 5%. 
This result reveals that the present model can successfully predict the variation of evaporation 
pressure of the refrigerant mixtures. 

CONCLUSION 

A one-dimensional model is proposed to evaluate the heat transfer and pressure drop 
characteristics of mixtures. Some important results in the present investigation are summarized as 
follows: 

1. The present model can predict the detailed variation of the composition, temperature and 
pressure drop of non-azeotropic refrigerants. 
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2. It is likely that the liquid near the fully evaporated state of the non-azeotropic refrigerants 
may require a corresponding temperature higher than the saturation temperature of the less volatile 
component. 

3. The level-off phenomenon of the pressure drop of the R22/R114 mixture is mainly due to 
the change of density ratio and is more pronounced than those of R22/R124 and R32/R134a 
mixtures. This suggests that the non-linear variation of the properties of the mixtures plays an 
important role in the heat and momentum transfer of the mixtures. 

Acknowledgements--This work was supported by the National Science Council of R.O.C. under grant NSC 
84-2212-E-009-001. 
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