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Review of Recent Research on Boiling and Condensation 
Heat Transfer With Mixtures 

by 
Shi-Ping Wang and John C. Chato 

Abstract 

The fundamental physics and application of boiling and condensation of 
mixtures have attracted more and more attention. In this paper, the recent 
research in this field is reviewed. More than one hundred papers concerned 
with pool boiling, flow boiling, falling film evaporation, free and forced 
convective condensation of mixtures inside and outside tubes are 
summarized. 





Revi ew of Recent Research on Boi 1 i ng and Condensat i on 
Heat Transfer With Mixtures 

by 
Shi-Ping Wang 1 and John C. Chato 

I ntroduct i on 

Recent ly bo i 1 i ng and condensat i on heat transfer with mixtures have 
attracted much attent i on for severa 1 reasons. Fi rst, interest increased 
recent ly in the use of zeotropi c refri gerant mixtures (NARMs) as work i ng 
fluids in heat pump and refrigeration systems, due to potential advantages 
in efficiency and capacity. Second, CFC refrigerants (such as R 12 and 
R 1 1 ) wi 11 have to be rep 1 aced soon by new refri gerants (such as R 1 34a, 
R 123a, R 152a, and some mixtures). However, before the refrigerant 
mixtures will be put in use in heat pump, refrigerator, and air 
conditioning systems, the problem of possibly reduced heat transfer 
perf ormance in bo i 1 i ng and in condensat i on processes has to be so lved to 
realize the claimed advantages. Thus, it is necessary to study the 
mechanisms of boi 1 ing and condensation with mixtures. 

In this report, the recent research on boiling and condensation 
heat transfer with mixtures is reviewed. In the boiling part, some 
important pOints are summarized, such as 

* the main reasons for the degradation of heat transfer with mixtures, 
* the circumferential variation of the wall temperature for flow 

boiling of mixtures inside horizontal tubes, 
* the suppression of nucleate boiling, 
* the improved peak heat flux, 
* and some mode 1 s for boi 1 i ng or evaporat i on of mixtures. 

In the condensation part the main pOints are 
* the therma 1 resi stance of the vapor d iffus i on 1 ayer affect i ng the 

condensat ion, 
* the influence of the flow direction of vapor on the condensation, and 
* the turbulence in the vapor generated by the fins. 
Thi s revi ew is ma i n ly concerned with the boi 1 i ng and condensat i on of 

miscible mixtures, especially with NARMs. Only a few selected papers 
related to immiscible mixtures are reviewed here. 

1 Visiting SCientist; Professor, Chemical Engineering Research Institute, South China University 
of Technology, Guangzhou, China 



Boiling Heat Transfer in Mixtures 

Nucleate Pool Boiling 

Nuc 1 eate poo 1 bo i 1 i ng of mixtures is d i st i nct from s i ngl e com ponent 
boiling in that the heat transfer coefficient (HTC) can be considerably 
lower than those of an equivalent pure fluid with the same physical 
properties as the mixture (Fig.1), and that the HTC does not change 
linearly with composition (Schlunder 1986, Pandey 1986). This 
deteri orat i on is more pronounced at very high pressures than at low and 
medi um saturat i on pressures, and it increases cont i nuous 1 y up to the 
critical point (Bier 1982). Thome (1983) suggested that this reduction in 
heat transfer performance might be caused by: 

(1) a rise in the local boiling point due to preferential evaporation of 
the more vo 1 at i 1 e component duri ng bubb 1 e growth, 

(2) addit i ona 1 mass di ffusi on res i stance of the vo 1 at i 1 e component in 
the vapor bubble, 

(3) si gni fi cant changes in the physi ca 1 propert i es of the mixture with 
compos i t ion, 

(4) lower boi 1 i ng site densit i es due to the effect of compos it i on on 
nucleation, and 

(5) the retardation of the principal heat transport mechanisms 
(bubb 1 e m i cro-l ayer evaporat ion, cyc 1 i c therma 1 boundary 1 ayer rem ova 1, 
and bubb 1 e induced convect ion). 

In order to determine the main cause for this reduction, Thome 
conducted system at i c research on poo 1 bo i 1 i ng of mixtures. First, Thome 
( 1 982) measured inc i p i ent superheats on bi nary 1 i qui d mixtures and found 
that 

(1) the nitrogen/argon mixture demonstrated no change in the incipient 
or deactivation superheats with composition; 

(2) the ethanol/water mixture had a high maximum incipient superheat 
of 44 K, around 0.5 mole fraction ethanol, compared to the pure water and 
ethano 1 va 1 ues of 7 and 23 K, respect ive ly; 

(3) the dynamic contact angle controlled the variation of the incipient 
superheat with composition via the vapor trapping process. 

Thome later (1983) measured both the boiling site densities and HTCs 
as a function of composition, subcooling, and heat flux for ethanol/water 
and ethanol/benzene mixtures on a heated, vertical brass disk. He observed 
a strong effect of compos it i on on the bo i 1 i ng site dens ity, w h i ch was 
attri buted to the nature of the act ivat i on of the bo i 1 i ng surface and to 
mass diffusion effects. For ethanol/water and for compositions of 
ethano 1 /benzene on one side of the azeotrope, the bo i 1 i ng site dens it i es 
(Fig.2) were much smaller than those expected from a simple linear 
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i nterpo 1 at i on bet ween the sing 1 e component and the azeotrop i c va 1 ues. 
Wh i 1 e sub coo 1 ing decreased the HTCs in mixture bo i 1 i ng re 1 at ive to the 
idea 1 va 1 ues, the reduct i on decreased as the 1 eve 1 of subcoo 1 i ng increased. 
Also, the reduction was less for the mixtures than those for the single 
components or for the azeotropic mixtures. In comparing the pure water 
and ethano 11 water azeotrop i c mixture resu1 ts, the author conc1 uded that 
the HTC at a given heat flux level was quite insensitive to a very large 
increase in boiling site density. 

A1pay and Balkan (1989) studied the nucleate pool boiling performance 
of acetonel ethano 1 and methyl ene ch 1 ori del ethano 1 bi nary mixtures. They 
found that the deterioration in heat transfer was greatly affected by mass 
transfer conditions which depended on both pressure and heat flux, 
besides on the difference between the concentrations of the volatile 
component in the vapor, y, and in the 1 i qu i d, x (i.e. y-x). 

(1) The maximum worsening of heat transfer was always observed at 
the concentration at which the y-x values were the greatest. 

(2) The deterioration in heat transfer increased as the heat flux 
increased at a given pressure and concentration, and increased as the 
pressure increased at a given heat flux and concentration. 

Gorenflo (1988) measured the phase equilibrium and the HTCs at pool 
boiling with R22, R 114 and their mixtures. He found that 

(1) at the lowest saturation pressure the greatest difference between 
the compositions of vapor and liquid was 35%, and this difference 
vanished at the critical pOint; 

(2) the HTCs of mixtures decreased be 1 ow the correspond ing mo 1 ar 
average of those for the pure components, the effect becoming more and 
more pronounced when the saturat i on pressure approached the crit i ca 1 
pressure (Fig.3); and 

(3) the dependence of the HTCs on heat f1 ux and saturat i on pressure 
was less with the mixtures than with the pure components. 

Reddy and L i enhard( 1989) exam i ned the peak bo i 1 i ng (burnout) heat 
transf er in saturated ethano 1/w ater mixtures. They found sign if i cant 
improvement of the peak heat flux for mixtures over that of pure fluids, 
resu 1t i ng from the subcoo 1 i ng created by se 1 ect ive d i st ill at i on at the 
1 i qu i d/vapor interface. Thi s improvement was most pronounced at low 
ethano 1 mass fract ions. The burnout heat flux in binary mixtures is 
determ ined, in part, by the shape of the equi 1 i bri um phase di agram and is 
sens it i ve to the heat transfer boundary condi t i on (uniform heat fl ux or 
uniform wall temperature). The experimental results of Shi (1991) showed 
that the HTCs for R134a/R152a mixtures agreed quite well with the molar 
average values of the HTCs of the pure substances (Fig. 4) because the dew 
and bubble point curves of the mixtures are almost identical, i. e. they 
behave nearly 1 ike pure fluids. 
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Enhancement of Poo 1 Boi 1 i ng 

The High Fl ux tube, the mechani ca lly made porous surface tube, and the 
Gew a-T Tube, whi ch have been successfully used to enhance poo 1 bo i 1 i ng 
heat transfer of pure fl u ids, can a 1 so be used to enhance nuc 1 eate poo 1 
boi 1 i ng of mixtures. Wang found that the m echani ca lly made porous tube, 
with ridges on the fins bent over to form tunnels, could efficiently 
enhance poo 1 bo i 1 i ng heat transf er of mixtures of water / ethano 1, 
water/methanol, and ethanol/methanol. The enhancement factors for 
mixtures were very large, up to more than 20 times, especially at low 
heat flux. 

Shakir and Thome (1986) observed that the boi 1 ing act ivation and 
deact ivat i on superheats were comp 1 ex funct ions of compos i t i on and they 
were much smaller for the enhanced boiling surface (High Flux) than for 
the smooth surfaces. Further, Thome (1987, 1989) reported that the 
bo i 1 i ng performance of enhanced boi 1 i ng tubes was affected diff erent ly by 
mixtures because the heat transfer mechanisms controlling their 
perf ormances were not the same. For aqueous mixtures the bo i 1 i ng HTCs 
experi enced 1 ess degradat i on than smooth tubes for the same condit ions, 
because the 1 i qu i d Prandt 1 numbers for bi nary, aqueous mixtures were 
observed to pass through high maxima at intermediate compositions, 
which augments the two-phase convection process inside the 
enhancement matrix and counteracts the negative effects of mass 
diffusi on on the th i n fil m evaporat i on process. The 1 i qui d Prandt 1 number 
f or the ethano lIbenzene mixture vari ed nearly 1 i!;)early with composit ion, 
hence, its performance deteriorated on the enhanced tube to the same 
extent as for a p 1 ai n tube due to the mass d iffus i on effect. The bo i 1 i ng 
performance of the Gewa-Tx tube was found to increase with increasing 
pressure for the five-component hydrocarbon mixture tested, A 
qua 1 itat i ve mode 1 for descri bing the enhanced bo i 1 i ng of mixtures was 
a 1 so deve loped. 

Flow Boiling 

Similar to pool boiling, the heat transfer performance of flow boiling 
inside horizontal or vertical tubes with zeotropic mixtures are 
significantly lower than those for a pure component. The forced 
convective boiling of a R 11 /R 113 mixture flowing normal to a cylinder 
showed the same tendency (Fig.6, Fink, 1982). Singal (1983b), however, 
found that the average HTCs for binary mixtures of R 13 (5-20%) and R 12 
were s 1 i ght ly greater than those for pure R 1 2, but he did not perform 
experiments with pure R 13. 
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The mechani sms of flow boi 1 i ng of mixtures are more comp 1 i cated than 
those of flow boi 1 i ng of a pure component or poo 1 boi 1 i ng of mixtures. 
There are several issues addressed in the 1 i terature: 

( 1) What are the ma i n reasons for the degradat i on HTCs with flow 
boiling of mixtures? 

(2) Is the full suppression of nucleate boiling (FSNB) easier to achieve 
with mixtures than pure components? 

(3) Does the Prandt1 number affect the flow boiling of both pure 
components and mixtures? 

(4) What are the funct ions of heat f1 ux, mass f1 ux, qua 1 i ty, and pressure 
on flow boiling with mixtures? 

(5) Is the circumferential boiling behavior of mixtures similar to that 
of pure components? 

Based on the i r research on flow boi 1 i ng ina vert i ca 1 tube with water, 
ethylene, glycol, and aqueous mixtures of ethylene and glycol, Bennett and 
Chen (1980) attributed the significant reduction in HTCs to mass transfer 
eff ects and suggested a previ ous 1y unrecogni zed Prandt 1 number effect on 
the boi 1 i ng heat transfer for both pure components and mixtures. 

The flow boiling performance of ethanollcyc1ohexane mixtures showed 
that (Tora1, 1982): 

(1) in the region dominated by nucleate boiling, the mixture effects 
were similar to those in pool boiling; and 

(2) the exponents, m, of the q vs .D. Tm curves for mixtures were smaller 
than those for single components. 

Jain and Dher's (1983) results of flow boiling with R 12/R 13 mixtures 
in a horizontal tube at low heat flux showed that the HTCs in the 
convect ive boi 1 i ng regi on were on 1y affected by changes in thermophysi ca 1 
propert i es. I n the nuc 1 eate boil i ng regi on a si gnifi cant reduct i on of HTCs 
was observed. 

Ross (1987) studied the horizontal flow boiling of R152, R13Bl 
and their mixtures. He presented the following conclusions. 

(1) The mixtures yielded significantly lower HTCs than either pure 
refri gerant. 

(2) FSNB could be achieved with pure refrigerants and their mixtures 
at low pressures. This finding contradicts Toral's (1979) suggestion that 
FSNB conditions are not achievable under most conditions with pure and 
mixed refrigerants due to their relatively low thermal conductivity. 

(3) FSNB was easier to achieve with mixtures than pure fluids because 
mixture composit i on affected bo i 1 i ng site dens i ty and reduced bubb 1 e 
growth rates for mixtures as compared to an equivalent pure fluid. 

(4) The degradation of HTCs for mixtures seems due to the effective 
suppressi on of nuc 1 eate boi 1 i ng. Thi s result is in sharp contrast to Bennett 
and Chen's ( 1 980) mixtures mode 1. 
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I n order to understand the deta i 1 ed m echani sms of flow bo i 1 i ng with 
mixtures, Ross et al. (1987) investigated the local, circumferential 
behavi or in flow bo i 1 i ng. The wa 11 tem peratures around the tube outs i de 
circumference were measured at 90· intervals, and the inside wall 
temperatures were calculated by use of the steady-state, radial 
conduction equation. A unique phenomenon was observed: contrary to the 
pure components' behavior, the wall temperature at the bottom was lower 
than the one at the top, so that the HTC at the bottom was higher than at 
the top. Ross conjectured that the cause for this phenomenon might be a 
variation in composition around the circumference of the tube. 

Jung (1 989a) invest i gated hori zonta 1 flow boi 1 i ng with R22, R 1 1 4 and 
thei r mixtures. The boi 1 i ng temperature d iff erence between these f 1 ui ds 
is 52 • C and the composit ion differences bet ween the 1 i qu i d and vapor 
phases is as much as 0.4 mole fraction. His results were as follows. 

( 1 ) For both pure and mixed refri gerants, the HTCs, for qua 1 it i es 1 ess 
than 20-30%, were funct ions of heat flux, i nd i cat i ng the ex i stence of 
nucleate boiling. In this "partial boiling" region, both the forced 
convect ive and nuc 1 eate bo i 1 ing mechan isms were s i gni fi cant. The gradua 1 
suppressi on of the 1 atter 1 ed to a reduct i on of the HTCs ina 1 i m i ted range 
of i ncreasi ng qua 1 i ty. Thi s was a 1 so observed by Ross ( 1 989). 

(2) In the "partial boiling" region, the HTCs for pure refrigerants and 
thei r mixtures were strongly dependent on the qua 1 i ty (F i g. 7), in contrast 
with Kenning and Hewitt's (1986) results that HTCs were relatively 
independent of quality in the "partial boiling" region with water. This 
difference was probably due to the relatively low thermal conductivity of 
the refrigerants as compared to that of water. 

(3) The transition point from partial boiling to the two-phase 
convect ive regi on was shown to be a funct i on of heat flux such that it 
moved to a higher qua 1 ity as heat fl ux increased for a given mass flow 
rate. 

(4) Beyond this transition quality, however, the influence of heat flux 
vanished, indicating that nucleate boiling was suppressed. In the 
convect ive evaporat i on reg i on, the HTCs of mixtures were as much as 
36% lower than the ideal values under the same flow condition (Fig.8). 

(5) The HTCs for mixtures were a funct i on of an overa 11 composit ion. 
Nothi ng abrupt happened as a sma 11 amount of a second component was 
added to a pure refrigerant. Jung indicated that non-ideal variations in 
phys i ca 1 propert i es accounted for 80% of the heat transfer degradat i on 
seen with mixtures and the other 20% was believed to be caused by mass 
transfer resistance in the convective evaporation region. 

I n order to exp 1 a i n the uni que behav i or that the temperatures at the 
bottom were lower than those at the top for hori zonta 1 flow bo i 1 i ng of 
R22/R 114 (Fig.9) [Hihara (1990) also noticed this phenomenon with 
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R22/R 114] and R 152,/R 13B 1 (Ross, 1987), Jung measured the 
circunferential variations of both temperatures and compositions. A 
composit i on vari at i on of up to 0.07 mo 1 e fract i on was measured in the 
annu 1 ar 1 i qu i d fi 1 m bet ween the top and the bottom of the tube (Fi g. 1 0), 
which caused a corresponding circumferential variation of wall 
temperature with mixtures. When the local equi 1 i bri um fl ui d temperature 
was used inca 1 cu 1 at i ng the HTCs, the va lues at the top were actua lly 
greater than the ones at the bottom even with mixtures, which was 
s i mil ar to the behav i or observed with pure components. Th i s resu lt 
i nd i cated that a port i on of the degradat i on in heat transfer with mixtures 
might be an artifact of how the HTCs were calculated. 

Jung (1989b) also used azeotropic mixtures of R 12/R 152a to do 
experiments and found the following results. 

(1) The maximum degradation of measured HTCs from the ideal value 
was only 17% and it occurred in the composition range of 0.45-0.55). 

(2) The circumferential wall temperature variation was similar to that 
for a pure fluid even though it was a mixture. This result was in contrast 
to their previous one with the NARM R22/R 1 14. The discrepancy was 
explained as follows: mass transfer resistance for the R22/R 114 mixture 
would be much larger than that for the R 12/R 152a mixture, because of 
the larger compos it i on d iff erence bet ween the phases, (Y -X) [i .e.<Y -X) 
=0.45 for R22/R 1 14 versus 0.1 1 for R 1 2/R 152a]. Here X and Yare the 
mo 1 ar fract ions of the vo 1 at i 1 e component in the 1 i qui d and in the vapor, 
respectively. The measured local compositions around the circumference 
for the R 12/R 152a were identical, indicating that the mixtures with a 
small volatility difference would not have circumferential variation even 
though they were mixtures, and that the mass transfer resistance could be 
negligible in the evaporative region for such mixtures. 

Yoshida (1990) showed experimental results of flow boiling heat 
transfer performance of R22, R 114 and their mixtures in a smooth tube: 

(1) I n the low mass flux (G< 100 kg/m 2-s) and medium heat flux (q= 1 0 
k WI m2 ) regi on, for both the pure refri gerants and mixtures, the HTCs at 
the top of the tube were very low, due, probably, to the stratified flow in 
this region. The average HTCs of the mixtures were always lower than 
those of pure components, no matter what the qual ity was. 

(2) In the high mass flux (G=300 kg/m 2 -s), high heat flux (q=20kW/m 2 ) 
(Fig. 11), and low quality (x<0.4) region, the average HTCs for the mixtures 
were lower than those for pure components. However, in the high qua 1 ity 
regi on (x> 0.4), the average HTCs of the mixture (each mass fract ion 50%) 
were between those of R22 and R 114. The higher the quality, the lower 
were the HTCs of R 1 14, whi lethe HTCs of both the mixture and R22 
increased slightly. This was contrary to Jung's results (1989). Yoshida 
explained this phenomenon by noting that because the latent heat of R 114 
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was sma 11 er, it was easy to dry out at the top of the tube in the hi gh 
qua 1 i ty regi on. One may wonder why Jung di d not not i ce such phenomena? 

Murata (1990) measured the local HTCs for flow boiling of mixtures of 
refri gerants R 1 1 and R 1 14 (The difference in boi 1 i ng poi nt is about 20 K) 
in a horizontal smooth tube. In the boiling-dominant region a large 
reduction of the HTCs was seen compared with those for pure components 
due to mixture effects. I n the convect i on-dom i nant regi on, however, the 
reduction of HTCs could be explained mainly by the change of fluid 
properties, similarly to Jung's (1989) findings. However, their later 
(1991) experimental results with R 123/R 134a (The difference in boiling 
point is about 54 K) showed that even in the convection-dominant region 
there was some reduction in HTCs compared with those of an equivalent 
pure fluid, although not as significant as that in the boiling-dominant 
regi on. Based on the i r experi menta 1 research, they proposed a corre 1 at i on 
for HTCs, based on the mode 1 in whi ch the reduct ion in the HTC of the 
mixture is attri buted to the effects of mix i ng on nuc 1 eate bo iIi ng and 
sens i b 1 e heat i ng of vapor phase accompany i ng the ri se of saturat i on 
temperature in the flow direction. The correlation agreed qualitatively 
with their experiment results. 

By using a 16mm, high-speed camera, Kedzierski and Didion 
(1990) visualized the bubble nucleation during flow boiling inside a 
horizontal electrically heated quartz tube for R22, R 114, and their 
mixture (37.7 mol% R22). They found that 

(1) the number of bubbles present decreased as quality increased for 
all fluids studied; 

(2) for a given quality, R114 exhibited more bubbles than either R22 or 
the mixture; 

(3) the amount of nuc 1 eat i on by R22 and the mixture seem ed to be 
approx i mate ly the sam e, even though the mixture was most ly R 1 1 4 by 
mole%, in contrast to the assumption that the bubble activity ought to be a 
mo 1 e-we i ghted act ivi ty. These observat ions showed that it is eas i er to 
achi eve FSNB in the mixtures than in the pure components and cou 1 d be 
used to explain why in the "partial boiling" region of flow boiling, the 
HTCs for mixtures were cons i derab 1 y lower than those for the pure 
components with si mil ar propert i es. 

The HTCs for a ternary blend of R 124/R22/R 152a (40/36124%) flow 
bo iIi ng i nsi de a hori zonta 1 smooth tube (Ecke 1 s 1991) were 12-20% hi gher 
than those for pure R12 at similar mass fluxes, but slightly lower than 
those for pure R 12 at similar heat fluxes. The mass flow rate for the 
blend was 30-40% lower than for pure R 12 under similar conditions. 

Niederkruger (1992) studied horizontal flow boiling of R846/R12 
mixtures at high pressures and in the nucleate boiling regime, and 
observed strat if i ed, strat if i ed-wavy, or wavy flow s caused by sm a 11 
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dens i ty rat i os result i ng from the re 1 at ive ly high pressure. The results 
showed that there was a significant effect of mass velocity on the HTCs 
for the mixtures (but no effect with pure refrigerants) due to the change 
in m ass transfer res i stance. The reduct i on in HTCs for mixtures was 
sign i fi cant (15-70%) compared to HTCs for pure R846 or R 1 2. The hi gher 
the heat flux, the larger was this reduction. This reduction is not due to 
changes in hydrodynam i c cond it ions, but to the dep 1 et i on of the more 
volatile component, R846, in the liquid phase as a result of the 
evaporat i on process. 

The resul ts for low and moderate qua 1 it i es showed that the average 
HTCs did not vary with quality, which was different from other 
researchers' results that the HTCs increase as the qual ity increases at 
low pressures. There was no systematic dependence of local HTCs on 
hydrodynamic parameters, i.e mass velocity and quality. The local HTCs 
increased with i ncreas i ng pressure, m a i n ly due to the decrease of the 
excess temperature necessary to form a stable nucleus of a given radius. 
The 1 oca 1 HTCs had the lowest va 1 ue at the the top of the tube. 

Enhancement of Flow Boi 1 ing 

Takamatsu (1988,1990) presented the performance of flow boiling in a 
horizontal, internally finned tube (Fig.12, 60 fins, 30° helix angle, 0.15 
mm fin height) with R22, R 114, and their mixtures (25, 50, 75 molar% of 
R 1 14). He found that 

(1) the refrigerant temperature of the mixture increased along the tube 
in a different manner depending on the bulk concentration. The 
temperature curve was convex downward for 25 mol% R 114 and convex 
upward for 50 and 75 mol% R114; 

(2) the temperature difference between the cooling water and the 
refri gerant mixture kept nearly constant along the tube when the water 
flow rate was properly adjusted. 

They also proposed a correlation equation for HTCs in the region before 
the dryout occurs, which was about 90-120% higher than that for smooth 
tubes. Their paper showed only the local HTC curves, but if we compare 
the local HTC curves for mixtures and for pure R22, we can see that the 
degradat i on of the average HTCs (before the dryout poi nt) for mixtures of 
R22 IR 114 from those for R22 is significant, more than 40%. This is even 
larger than the degradation of HTCs in smooth tubes with the same 
refrigerants [less than 36% found by Jung et aU 1989)]. This phenomenon 
may be explained as follows. One of the main mechanisms of enhancing 
flow boiling with fins in a tube is the provision of much more nucleate 
boiling sites. In flow boiling of mixtures, however, the FSNB is easier to 
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ach i eve (as descri bed above), so that the enhancement effect on flow 
boi 1 ing for mixtures could be less than that for a pure component. 

Murata's (1991) experimental results of R 123/R 134a condensation 
showed that the HTCs for the i nterna 11y finned tube (60 fi ns, 30· he 1 i x 
angle, 0.3 mm fin height) decreased significantly from those of the pure 
components in both boi 1 i ng- and convect ion-dom i nant reg ions. However, 
the enhancement factors were still significant (over 80%, Fig.13), 
especially with low mass fluxes (G= 1 00kg/m 2s). 

Conk 1 in and Vi neyard (1990) stud i ed flow boi 1 i ng of R22 and mixtures 
of R 143a/R 124 with two enhanced tubes, an internally finned and a fluted 
one (F i g. 1 4). Both the HTCs and the pressure drops were higher in the 
fluted tube than in the finned tube at the same refrigerant mass and heat 
f1 uxes. When plotted as a funct i on of the mass fract i on of R 1 43a the HTCs 
for the fluted tube were minimal at approximately 40% by mass fraction 
(51 mo1%) of the R 143a (Fig. 15). The HTCs for the finned tube did not show 
a degradat i on as a funct i on of R 1 43a mass fract i on, but they appeared to 
be a linear function of the mass fraction of R 143a for a given mass flux. 
Thi s phenomenon might be exp 1 ai ned as fo 11 ows. The sw i r1 induced m i xi ng 
in the tube with internal fins was stronger than that in fluted tube. There 
was no difference in liquid composition between the top and the bottom 
and the mass transfer resistance was reduced. Thus no degradation of the 
evaporat i ng HTC occurred as compared to the pure const ituents. From the 
above, we can expect that combining internal fins and flutes together in a 
tube will Y i e 1 d higher enhancement of flow bo i 1 i ng in mixtures. Further 
invest i gat ions are recommended us ing such combi ned tubes. 

Sam i (1991, 1 992a) presented experi menta 1 resu lts of flow boi 1 i ng of 
refrigerant mixtures R22/R 114 and R22/R 152a through an annular passage 
on enhanced surface tubing (double fluted tube): 

(1) The enhanced tube data showed a significant enhancement (about 2-
3.2 times, Fig. 16) of the heat transfer compared to an equivalent smooth 
tube. The value depended on the mixture's components and their 
concentrat ion. 

(2) The enhancement factor seemed to have a weak dependence on the 
mass flux. 

(3) Increasing concentration of R 114 in the mixture decreased the 
enhancement factor, i ndi cat i ng that the flow bo i 1 i ng of th is part i cu 1 ar 
mixture was experi enci ng a suppressi on of nuc 1eate boi 1 i ng with higher 
concentrat ions of R 1 14. 

(4) For R22/R 152a (10, 20, 30 mo1%), the HTCs were slightly higher 
than that of R22. 

(5) The curves of HTCs of R22/R 152a versus composition for various 
inlet qualities showed that the curves for the smooth tube were nearly 
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linear. The curves for the fluted tube were concave upward with a 
minimum at 35% fraction of R22. 

FallinQ Film Evaooration 

Berntsson (1985) presented the performance of R 1 2/R 1 14 mixtures in a 
fa 11 i ng fi 1 m evaporator (a vert i ca 1, smooth tube). The HTCs at a given heat 
flux for mixtures fell between the corresponding values for the two pure 
component refri gerants (F i g. 1 7) both at surface evaporat i on and nuc 1 eate 
boiling conditions, indicating that the additional mass transfer resistance 
was small or negligible in falling film evaporation. This effect was 
probab ly due to the sma 11 fi 1 m thi ckness. 

Gropp (1 985) studi ed heat and mass transfer of R 1 1 IR 1 13m i xtures in 
fa 11 i ng fi 1 m evaporat i on and observed a reduct i on in HTCs duri ng nuc 1 eate 
bo iIi ng. Th i s reduct i on was attri buted to the mass transfer resi stance in 
both 1 i qui d and gas phases. 

Corre 1 at ions and Mode 1 s For Boi 1 inQ of Mixtures 

Because the pool and flow boiling mechanisms of mixtures are 
very complex, currently there are no theoretical models for predicting the 
bo iIi ng heat transfer performance for every mixture of interest. There 
exist some semi-empirical equations which can be applied only to specific 
mixtures under specific conditions corresponding to the experimental data 
used. 

For the relations of pool boiling of binary mixtures Thome (1983) 
proposed a simple method using only phase equilibrium data, which 
predicted the measured data fairly well. 

_ [X 1 X2] - 1 [ b T i ] 
h - -+-

hl h2 bTt bT bP 

Where, X 1 and X2 are the mo 1 e fract ions of the mixtures; h 1 and h2 are the 
HTCs for pool boiling of the pure components; bTi is the ideal mixing law 
superheat; b T bp is the temperature difference between the dew 1 i ne and 
the bubble line at the bulk liquid mole fraction. 

For flow boi 1 i ng of mixtures Bennett and Chen (1980) deve loped an 
express i on, based on the standard Chen corre 1 at i on used to pred i ct the 
performance of flow boiling of a pure component, which accounted for 
the effects of both Prandt 1 number and mass transfer, and corre 1 ated the 
experi m en ta 1 da ta (m i xtures of water, ethy 1 ene, and g 1 yco 1 and som e 
aqueous mixtures) quite we 11. 
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hTP = h]o F Prj 0.296 + hi S 

where hTP, h10 and hi are the HTCs for the two-phase, for the liquid only, 
and for poo 1 bo i 1 i ng of idea 1 mixtures, respect ive 1y. F and S are factors 
determ i ned by experi mental data. 

From his research on flow boiling of R12/R13 mixtures, Singa1 (1983b) 
conc 1 uded that 

(1) liquid and vapor phase Prandt1 numbers affected the generalized 
correlations for predicting the local HTCs; 

(2) the heat transfer behavior of a binary mixture was similar to that 
of pure refrigerants, and, therefore, empirical correlations [such as Lavi
Young (1965)], which are similar to the those of pure fluids but contain an 
allowance for an addi tiona 1 component cou1 d be deve loped. 

hTp/hLo = 115.84[( 1 +x)/( l-x)]2.88( l-x)3.03(Bo)0.20(PrL *PrG)-1.99 
Bo = [(ql A)/(G hfg)] -- boi 1 ing number 

It shou 1 d be noted that the exponent of Pr inS i nga 1's corre 1 at i on is 
negative, in contrast to the positive value (0.296) in Bennett and Chen's 
corre 1 at ion. 

The effects of mass diffusion and Prandt1 number on (hTP/hLo) 
were discussed by Ross and Jung. Ross (1987) found that mass diffusion 
did not comp 1 i cate the prob 1 em substant i a 11y under FSNB condit ions (it 
just affects the FSNB point), and the mixture data were correlated fairly 
we 11 by the F funct i on without Prandt 1 number correct i on, part i cu 1 ar1y at 
high quality. Jung et a1. (1989b) indicated that the dimensionless HTC, 
(hTP/h]o), in the evaporative region should be independent of Prandtl 
number. They deve loped a method to predi ct the trans it i on qua 1 ity from 
the part i a 1 bo i 1 i ng to the convect ive evaporat i on reg i on. When it was 
extended for mixtures, the method required only additional phase 
equ i 1 i bri um i nformat i on. Ami xture corre 1 at i on was a 1 so deve loped based 
on Una1's (1986) method using only phase equilibrium data in conjunction 
with Stephan and Abdelsalam's (1980) nucleate boiling correlation, which 
predicted their experimental data with a mean deviation of 9.6%. Jung's 
corre 1 at ions are: 

where 
4048 Xtt 1.22 Bo 1.13 forXtt<1 

N = 

2 - 0.1 Xtt-0.28 Bo-0.33 for 1 ~ Xtt ~ 5 

12 



CUN = [1 + (b2 + b3)( 1 + b4)] (1 + b5) 
b2 = (I-X) ln [(1.01 - X)/(I.01 - V)] + X ln (X/Y) + IX - YI1.5 
b3 = 0 for X 2 0.0 1 
b3 = (Y/X)O.l -1 for X < 0.01 
b4 = 152 (pip cmvc )3.9, where Pcmvc is the critical pressure of the 

more volatile component 
b5 = 0.92 IY - XIO.OOl (p/Pcmvc)0.66 
X/Y = 1 for X = Y= 0 
hi = (Xl/hl + X21 h2)-1 -- pool boiling HTC for an ideal mixture 
Cme = 1 - IY - XI 1.56 
Fp = 2.37 (0.29 + 1 I Xtt)0.85 
X and Yare mole fractions of the more volatile component in the 

liquid and in the vapor, respectively 
The single phase HTC with only liquid flowing, hlo, is given by the 

Oi ttus-Boe 1 ter corre 1 at i on us ing the equi 1 ibrium 1 i qui d phase propert i es. 
Kandlikar (1991) modified his correlation for pure refrigerants (1990) 

to predi ct the fl ow boi 1 i ng performance of NARMs without i ntroduc i ng any 
emp i ri ca 1 constants. The nuc 1 eate bo i 1 i ng term was mod i f i ed to account 
for the mass diffusion effects in the 1 iquid near the 1 iquid-vapor interface 
of a grow i ng bubb 1 e. The convect ive boi 1 i ng term rema i ned the same, but 
the propert ies were ca 1 cul ated at the 1 oca 1 equi 1 ibri um composi t ion. 

[hT pi h LolcBD 
hTpl hLo = larger of 

where CBO stands for the convective boiling dominant region and NBO 
stands for the nuc 1 eate bo il i ng dom i nant regi on. The f 0 11 ow i ng equat ions 
apply. 

is 1. 

[hTPI hLolcBD = 1.136 (Co)-0.9 (l-x)0.8 f(Fr) 
+ 667.2(Bo)0.7 ( 1 -x)0.8 I[ 1 +IX-YI (aiD 12)0.5]0.7 F fl 

[hTPI hLo]NBD = 0.6683 (Co)-0.2 (l-x)0.8 f(Fr) 
+ 1058 (Bo)0.7 (l-x)0.8 1[1+ IX-YI (a/012)0.5]0.7 Ffl m 

f(Fr) = (25 Frlo)0.3; but the maximum value (and for vertical tubes) 

FrLo = G2/(rL 2g0) -- Froude number with all flow as liquid 
Ffl m = Xl Ffl + X2 Ffl 2 -- fluid dependent parameter for mixture , , 
Xl, X2 -- mo 1 ar concentrat i on of the two components in the 1 i qu i d 
Ffl Ffl 2 -- fluid dependent parameters for the two components, , , 

values given by Kandikar (1991 ) 
Co = [( 1 - x)/x] 0.8 (pg/pl)O.5 -- convection number, 
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hLo, the liquid phase HTC is calculated as follows: 

For 0,5 ~ PrL ~ 2000 and 1 04 ~ ReLo ~ 5* 106 (Petukhov-POpov equation) 
NULo = hLo D/kL = ReLoPrL (f 12) I [1,07 + 12,7 (PrL 2/3 - 1) (f 12)0,5] 

For 0,5 ~ PrL ~ 2000 and 2300 ~ ReLo ~ 104 (Gnielinski equation) 
NULo = hLokL ID = (ReLo - 1 OOO)PrL (f 12)/[ 1,0 + 12,7 (PrL2/3 - 1) 
*(f 12)0,5] 
f = [1,58 In(ReLo)-3,28]-2 

The rat i 0 of therma 1 to mass diffus ivity, (exl D 12), represents the rat i 0 

of the heat to mass transfer rates in the 1 i qui d surroundi ng a bubb 1 e, and 
is calculated at the local, equilibrium, liquid phase composition and the 
correspondi ng saturat i on temperature, 

Murata (1990) proposed a correlation for HTCs in flow boiling of 
R 1 1 I R 1 14, where mixture effects were taken into account on ly for the 
nuc 1 eate bo i ling term and the convect i on term was regarded as equa 1 to 
that for pure fluid with equivalent properties, 

hTP = (hid/ [ 1 + 1 ,65(Y-X)]}*S + hLo*F 
where 

hid = X hpbl14 + (l-X) hpb 11, and hpbl14, hpb11 are-pool boiling HTCs 
for R 1 14 and R 1 1, respect ive ly, 

F = 2.44 (1 IXtt)O,863 

S = (kL/hLoF d) [1 -exp (-hLoF d I kL)] 
0= O,08{a/[g(Pl - Pg)]}O.5 

R e c en t 1 y, G ran ry d ( 1 990) and Con k lin (1 99 1 ) poi n ted 0 u t t hat the non
equ i 1 i bri um phenom ena (i n both compos it i on and temperature due to the 
heat and mass transfer resistances) and variable specific heat of the fluid 
might be other causes of the decrease in heat transfer in forced 
convect ive evaporat i on and condensat i on of refri gerant mixtures, They 
posed a variable specific heat method (in terms of the number of transfer 
units NTU and effectiveness e) to estimate this effect and to predict the 
thermal performance of the evaporator and condenser with NARMs, Based 
on s i mil ar hypotheses, Granryd (1 991) a 1 so deve loped a corre 1 at i on to 
predict the HTCs of NARMs in the annular flow regime with suppressed 
nucleation, 

hTP = hLo Fp/(1 + A) 
where hLo = k]/D*O,023[( 1-x) GDI ~ 1 ]0,8 Pr]O.4 
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Fp = 2.37(0.29 + 1/Xtt)0.85 
A = (Fp/C]g )x2{[( l-x)/x](llg/ll])}0.8(Pr]/Prg)0.4 (k]/kg) 

*(cpg/cpw) 
C]g --enhancement of heat transfer between the liquid and vapor 

interface compared to flow in a smooth tube. For evaporation C]g = 2. 
Cpg --specific heat of the vapor 
cpw --apparent specific heat for the NARM at quality x, = (oi/otf)x 

where i is the enthalpy. 
tf -- equilibrium temperature, = (l-x) t] + x tg 

For flow boiling of R22/R 114 mixtures inside a horizontal, internally 
finned tube, Takamatsu (1988, 1990) proposed a correlation as follows: 

hTP/hLo = C 1 Bo* 104 + C2( 1 IXtt)C3 
hLo = k]/0*0.023[( l-x)GO/ll1 ]0.8Pr]0. 4 -- the HTCs of the liquid 

flowing in a smooth tube. 
C 1 = 1.60 - 8.08 Y + 22.0 y2 - 28.4 y3 + 14.2 y4 
C2 = 6.71 - 13.0 Y + 28.2 y2 - 37.5 y3 + 20.0 y4 
C3 = 0.95 - 1.91 Y + 5.92 y2 - 6.67 y3 + 2.66 y4 
Y -- molar fraction of R 114 

Sami (1991) developed a correlation for HTCs of R22/R 114 mixtures in 
flow boi 1 i ng in the annu 1us of a doub 1 e fl uted tube, whi ch was treated as a 
plain tube with an equivalent annulus diameter. 

hTp/hLo = MTR(4.0Xtt -0.45) 
hLo = k ]/0*0.0254 Re O.8 Pr]0.4 (dol dn)0.45 
Re -- Re number in the annulus based on the total flow 
do -- inner diameter of outer tube 
dn -- nominal diameter of the annulus 
MTR = 0.42IX-Yll.57 -- mass transfer term 

Condensation Heat Transfer in Mixtures 

Free Convective Condensation 

Tam i rand Merchuk (1979) invest i gated condensat i on of severa 1 bi nary 
mixtures (acetone/m ethano 1, acetonel ethano 1, m ethano 11 ethano 1) and a 
ternary mixture (acetonel methano 11 ethano 1) on a coo 1 ed vert i ca 1 wa 11 and 
obtai ned the f 011 ow i ng resu1 ts. Because of the accumu 1 at i on of the more 
vo 1 at i 1 e component at the vapor-1 i qu i d interface, the temperature at the 
interface was lower than that in the bulk, thereby reducing the 
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condensation rate. This reduction was larger when the components were 
1 ess s i mil ar in boi 1 i ng po i nt temperature and propert i es. Th i s reduct i on 
was accentuated at low temperature di fferences between the coo 1 ed wa 11 
and the bulk vapor. At relatively high condensation rates (corresponding to 
~ T>5K), the composition of the condensate became identical with that of 
the bulk vapor. Their results successfully verified the Taitei-Tamir 
(1974) model. 

The patterns of gravity contro 11 ed condensat i on of severa 1 types of 
binary mixtures on a smooth hori zonta 1 tube were observed by Fuj i i 
( 1989a, 90): 

(1) for methanol (mass fraction 0.08-0.85)/water mixtures, the 
condensation pattern was dropwise and the HTCs were 2-6 times higher 
than the theoretical values for filmwise condensation; 

(2) for ethanol/water mixtures, four condensation patterns were 
observed (Fig.18), for y (ethanol mass fraction) =0.28-0.60, the 
pattern was dropwise, while for y=0.73-0.83 it changed from streak to 
ri ngw i se to f i 1 m wise with the increase of heat flux. HTCs were 1 to 
6 times higher than the theoretical values for filmwise condensation 
dependi ng on concentrat i on and condensat i on pattern; 

(3) for methano l-ethano 1 mixtures the pattern was fi 1 m wise and the 
HTCs were in good with the theoretical values. 

Fujii (1 989b) also studied theoretically the laminar film condensation 
of gravity-contro 11 ed convect i on for ternary vapor mixtures on a vert i ca 1 
flat plate, and found the effects of mutual intervention of buoyant forces 
due to temperature and concentration differences on convective heat and 
mass transfer in the vapor boundary layer. 

Lukin and Zakirov (1988) presented the results of condensation of 
water/acetone (acetone content varied from 10 to 90%) mixture on 
vert i ca 1 surfaces with transverse grooves. The depth of the grooves, h, 
was 0.4-0.85 mm and their spacing, t, was 4-12 mm. The profi led surface 
could significantly enhance the HTCs. For example, the HTCs on the 
grooved surface (h=0.85 mm, t=4 mm) was 45% hi gher than those on the 
smooth surface, mostly because the transverse grooves caused turbulence 
in the condensate boundary 1 ayer. 

Goto (1982, 88) studied the condensation performance of NARMs 
(R 114/R 1 1, R 12/R 114) on a single smooth tube and developed a method, 
based on two-phase boundary 1 ayer theory, to corre 1 ate the experi menta 1 
data for R 114/R 11 and R 12/R 114 condensing on the tube in a uniform 
filmwise manner. Four condensation patterns of R 114/R 11 (Fig, 1 9) were 
observed: 

( 1) in the R 12m ass fract i on ranges of 0-0.3 and 0.8-1 and with very 
low and high heat fluxes, the film was smooth; 
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(2) in the range of 0.3-0.8, the ringwise film varied from faint to 
turbulent to stationary as the heat flux decreased. The highest HTCs were 
found with the turbul ent, ringw i se f i 1 m pattern, about 50% hi gher than 
those in the smooth film and faint ring patterns. this result suggests that 
the turbulent motion of the rings increased the HTCs. 

Goto and Fuj i i al so studi ed the i nf luence of air on the condensat i on of 
NARMs. Their early paper (1982) showed the strange result that small 
am 0 un t s , 1 e sst han 1 %, 0 f air i nth e bin a ry va p 0 r 0 f R 1 2 ( mas s f r act ion 
0.7) and R 1 14 (mass fraction 0.3) increased the HTCs (Fig.20). They 
explained this effect by the increase of the buoyant force in the vapor 
boundary layer due to air. Later, however, they (Fujii 1985,91) presented 
contrary experimental and theoretical results indicating that even a little 
amount of air could reduce the HTCs significantly. 

Hijikata (1986) presented the following characteristics of free 
convect ive, fi 1 m condensat i on of binary mixtures of vapors on flat and 
finned vert i ca 1 plates: 

(1) For condensation of Rl13/R11 on a flat plate, all results tended to 
the Nusse lt so 1 ut i on. As ~ T increased, however, in the sma 11 ~ T reg ion, 
the reduct i on of the HTCs with an increase of the concentrat i on of R 1 1 
was smaller than that of R 113/R 114 mixture (Fig.21 ). The difference may 
be explained by the difference of the molecular weight between two 
vapors: it was large for R 113/R 11 and, consequently, the buoyancy force 
was larger and the thermal resistance of the diffusion layer was smaller 
in the R 113/R 11 mixture for a given concentration as compared to 
Rl13/Rll4. 

(2) The experi menta 1 resu 1 ts of HTCs for a binary mixture cou 1 d be 
exp 1 ai ned by a pseudo-si mil ar so 1 ut i on in whi ch the therma 1 resi stances 
of the liquid film and the vapor diffusion layer were considered to 
independently coexist in series. 

(3) In the small ~T region, the HTCs were rate controlled by the 
diffusion layer. If the thickness of the diffusion layer was larger than the 
fin he,ight, the effective area for condensation was equal to the projected 
area. 

(4) In the large ~ T region, the thermal resistance of the diffusion 
became less and the HTCs could be estimated by the theory of a pure vapor. 
Consequently, the heat transfer enhancement by the finned surface was 
also effective for the condensation of binary mixtures of vapors. 

(5) For condensation of the azeotropic mixture of PFP and water, the 
experimenta 1 resu lts on a fl at plate agreed we 11 with the Nusse lt so 1 ut ion, 
except for the 25% mass fraction of water, where the HTCs became lower 
as ~ T decreased because the thermal resistance of the diffusion layer 
becam e important. The characteri st i cs of con dens at i on on a fi nned plate 
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were qu ite the s i mil ar to those for the f1 at plate. The surface tensi on 
effect on the condensation on a finned surface was weak. 

Forced Convective Condensation of Vapor Mjxtures on Tubes 

Hi j i kata (1987, 89b, 90) stud i ed system at i ca 11y the perform ance of 
forced convective condensation of binary mixtures of R 1 13/R 1 14 vapors 
(the difference in boi 1 ing temperatures was 43.8 K) on a smooth tube and 
on several kinds of horizontal and vertical finned tubes, including the 
influence of the vapor flow direction on the heat transfer performance. 
The following results were obtained: 

( 1 ) I n the sma 11 .6. T and low vapor Reyno 1 ds number regi ons the HTCs of 
the binary vapor mixture, especially in the low fin tube, were 
sign i f i cant 1y reduced from those of each pure vapor component because 
the vapor diffusion layer created a thermal resistance on the vapor side. 

(2) I n the 1 arge .6. T regi on, 1 ess reduct i on of the HTCs was observed and 
the effect of the vapor flow velocity became negligible. 

(3) In the high Reynolds number region, there was less reduction of the 
HTCs even within the sma11.6.T region. 

(4) The turbu 1 ence generated by fins and the wave mot i on of the 1 i qu i d 
f i 1 m at the tube surface increased markedly the heat transf er in the mass 
d i ffus i on 1 ayer coveri ng the condensi ng surface. An enhancement factor 
was used to express the effects of fins and the wave mot i on of the 1 i qui d 
fi 1 m on the heat and mass transfer. Tab 1 ell i sts the enhancement factor 
in each situation. 

Tab 1 e 1 The enhancement factor 

tube vertical tube 
type 

Re 1300 3500 8100 
smooth 2.7 2.7 2.7 
high-fin 2.1 3.0 
low-fin 1.9 2.0 2.6 

horizontal tube 
in vertical flow 
1300 3500 8100 

2.2 2.2 2.2 
1.9 2.0 2.6 
1.0 1.3 1.4 

horizontal tube 
in horizontal flow 

1300 3500 8100 
3.5 3.5 3.5 
2.4 2.7 2.8 

0.9-2.2 1.0-2.2 1.3-2.2 

(5) For the smooth tube the heat transfer in the diffusion layer was 
enhanced mostly for horizontal vapor flow because the wave motion of the 
liquid film became the most violent. 

(6) Among the finned tubes the "high fin" tube had the highest heat 
transfer performance because the turbulence genreated by the fins 
depended primarily on the fin height. 

(7) Among the finned tubes a vertical tube with axial fins showed good 
heat transfer performance, even with the "low-fin" tube, because the fin 
w as effect i ve in turbu 1 ence gene rat ion. 
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(8) The HTCs in the diffusion layer could be estimated accurately by 
using the analogy between heat and mass transfer. 

The results of Nozu et al. (1988, 89, 91, 92) on condensation of 
R 1 1 4/R 1 13m i xtures ina hori zonta 1 annu 1 us with an enhanced inner tube 
(F i g.22 shows the corrugated tube with so 1 dered wire fi ns on the outer 
surface) showed that: 

(I) The HTCs for mixtures was considerably smaller than those for pure 
R 1 13 (Fig.23). The decrease was more significant for low mass velocity. 

(2) The enhanced tube showed a significant heat transfer enhancement, 
about 1.5-2 times over the smooth tube values. 

(3) The radial distribution of the vapor temperature was affected by 
the vapor velocity, becoming flatter at the outer edge of the annulus and 
steeper near the liquid-vapor interface as the vapor velocity increased. 

(4) The frictional pressure gradient data for R 1 14/R 1 13 mixtures were 
correlated fairly well by using the Lockhart-Martinelli parameter. An 
express ion for the vapor phase m ass transfer coeff i ci ent was derived, 
based on previous results for turbulent Single-phase flow in tubes with 
and without suct i on. A di mensi on 1 ess corre 1 at i on was a 1 so deve loped to 
predict the vapor phase mass transfer coefficient, where the 
di mens i on 1 ess parameters for forced convect ive condensat i on from a 
vapor-gas mixture flowing normal to a cylinder was extended to the case 
of mixtures. 

Murphy (1990) tested the heat transfer performance on titanium finned 
tubes with R 1 141 R 12m i xtures. Even low R 12 concentrat i on reduced the 
HTCs substantially (Fig.24 shows up to 55% performance reduction for 5% 
R 1 2) due to an add it i ona 1 transport res i stance caused by pref erent i a 1 
concentrat ions of the more vo 1 at i 1 e component in the condenser. Thi s 
result was also supported by gas chromatography composition analyses of 
the she 11 vapor samp 1 es. 

The condensat i on performance of NARMs on hori zonta 1, doub 1 Y fluted 
tubes (Sami and Schnotale, 1992b) showed that the enhancement factor 
depended on the mixture components and their concentrations. For R22 the 
average enhancement factor was 3.29, while for the NARM R22/R 114 
(Fig.25) the factor, about 1.5-2.5. The HTCs were a function of the mass 
fl ux and the concentrat ions. It increased nearly 1 i nearly with R22 mass 
fraction at constant mass flux. For the NARM R22/R 152a, the enhancement 
factor was about 4, the HTCs varied non-linearly with the mixture 
composition. 

They developed a correlation for predicting the condensation HTC on 
such tubes. 

Nu = 0.04 XO.48 Re O.4 Pho.25 Ga O.75 Pr0.25 

where Ph = hfg/[Cp(T v - T w)] -- phase change number (I IJakob No.) 
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Ga = PL(PL - Pg )gDe3/jl2 -- Galileo number 
De -- equivalent diameter of the annulus based on bore diameter 

Forced Condensation in Horizontal Iubes 

Bokhanovskiy (1985) studied the heat transfer performance of R 12, R22 
and their mixtures in a coiled-tube condenser and showed that only in the 
low heat flux region (q/ A< 18kW/m2) was the reduction in HICs significant 
due to the di ffus i on res i stance in the vapor. As the heat flux increased, 
this reduction decreased and the HICs tended to obey the same 
relationship as in pure refrigerants. 

Iandon (1985) visually observed the flow patterns of condensing binary 
mixtures of R22/R 12 inside a horizontal tube and showed that the flow 
regi me maps of Baker, So 1 iman and Azer, and Breber agreed with the 
mixture flow pattern data on ly in certa i n flow reg i m es and had some 
deficiencies in others. Iandon's map (1982) was more consistent and 
reliable. 

Stoecker and Kornota (1985) studied the condensation performance of 
binary mixtures of R 12/R 114 and pOinted out that it was in the mid-range 
of the condenser where the influence of the mixture was most dominant in 
reducing the HICs. Ihe observations and photos (Degrush and 
Stoecker, 1987) made in a glass-tube condenser indicated that the flow 
was wavy or stratified in the mid-range, where the greatest amount of 
vapor-l iqui d slip occured, whi ch coul d exp 1 ai n the reduct i on of HICs. Ihey 
suggested away to prevent the reduct i on of the HICs by i nsta 11 i ng 
turbu 1 ence promoters or circuit i ng the condenser to higher ve 1 oc it i es. 
Ihey a 1 so recommended that Iandon's corre 1 at ion (ori gi na lly deve loped for 
pure com ponent condensat ion) cou 1 d be used to pred i ct the HICs for 
condensation R 12/R 114 mixtures. 

For Rev < 30,000: h=23.1 PrLl/3(hfg/CPL~I)1/6Revl/8 
For Rev> 30,000: h = 0.084 PrL 1/3 (hfg/CpL ~ I) 1 /6 RevO.67 

Moch i zuk i (1 988) and Inoue (1 988) stud i ed comp 1 ete condensat i on of 
the NARMs R 113/R 1 1 and R 113/R 114 in a smooth tube and found that: 

( 1 ) Ihe change in vapor and 1 i qu i d compos it i on along the fl ow passage 
could be estimated by applying Raoult's law, 

(2) I n the high Reyno 1 ds number reg i on, the 1 oca 1 and average HICs for 
R 113/R 1 1 were between those for pure R 1 13 and R 11 (Fig.26), indicating 
that the condensat i on heat transfer performance of a nonazeotropi c, 
binary mixture is not always inferior to that of pure vapor. 

(3) At all mass fluxes the average HICs for the Rl13/Rl14 mixture 
were slightly lower than those for pure components. Ihe maximum 

20 



reduct i on of the average HTCs occurred w hen the fract i on of R 1 13 was 
50%. The different results for different mixtures might be explained by 
the differences in bo i 1 i ng temperatures and propert i es whi ch were 1 arger 
between R 1 13 and R 1 14 than between R 1 13 and R 1 1, and (Y-X) for the 
former was larger than that for latter. At high mass fluxes of the mixture 
of R 1 1 31 R 1 1 two - ph as e f 1 ow i n the tub e co u 1 d mix very well an d t he mas s 
transfer resistance could be neglected. The mixture of R 113/R 114 did not 
mix as we 11, and the mass transfer res i stance caused the reduct i on of 
HTC. 

Koyama (1988, 90, 91) investigated the condensation of refrigerant 
mixtures R22/R 1 14 inside smooth and internally finned tubes and reported 
the following results. 

(1) The local HTCs for the mixtures inside both smooth and internally 
finned tubes were less than those for the pure refrigerants. The HTCs 
depended on the composition and the mass flux. 

(2) The internally finned tube could enhance condensation heat transfer 
of NARMs, espec i ally in the upstream reg i on. The average enhancement 
factor was about 1.3, which was less than that for pure refrigerants 
(about 1.6). The frictional pressure drop was higher than that of a smooth 
tube by a maximum of about 30%. 

(4) I n the i nterna lly fi nned tube the maxi mum reduct i on, compared to 
pure R22 data, of the average HTCs (about 20%) occurred for mixtures 
with 50-60 mo 1% fract i on of R22. 

(5) The combination of the correlation equations for condensate heat 
transfer and vapor mass transfer could accurately predict the heat 
transf er characteri st i cs of NARMs. 

(6) The circumferential temperature distribution in the finned tube 
wall was different for the pure refrigerant R22 and the mixture (Fig.27). 
With the pure R22 the temperature at the ri ght -si de, top, bottom, 1 eft
side decreased in sequence, and the temperature difference became 
slightly larger along the flow direction to a pOint about 3/4 of the length 
of the tube. With the R22/R 114 mixture, however, the circumferential 
temperatures were about the same. These phenomena were explained as 
f 011 ows. Because the i nterna 1 fi ns had 30 0 angl e to the ri ght of the tube 
axi s, duri ng condensat i on of pure R22 the th i n fil m of 1 i qui d moved from 
the top to the right-side of the tube and the thick film of liquid moved 
from the bottom to the left-side of the tube. During condensation of the 
R22/R 114 mixture, there might have been a circumferential distribution 
of (liquid-vapor) interfacial temperature, which varied in the opposite 
di rect ion. Thi s exp 1 anat ion needs to be further invest i gated. 

Koyama's (1990) correlation for average HTC is: 

Nu = 0.53(L/dj)-O.4 Ph-O.6(Re1Pr1/R)O.8( 1- 0.73X + 0.37X2 + 0.36X3) 
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where Nu = h L/kL 
L -- tube 1 ength 
di -- tube inside diameter 
Ph = cpLCT sat - T w)/[hvsat)z=O - (hLsat ) z=LJ 
Rel = PL UvLI JJL 
R = [PLJJL/pvJJvJO.5 
X -- bulk molar fraction of R 114 

Vineyard (1991) showed that the finned surface (fin height 0.432mm at 
an angle of 47° from the axis) could improve the condenser performance 
more significantly than the fluted tube, and that the refrigerant-side heat 
transfer enhancements in the condenser and evaporator improved the COP 
of the system more with the NARM than with R22. 

The HTCs for a ternary blend of R124/R22/R152a (40136/24%) 
condensing inside a horizontal smooth tube (Eckels 1991) were 12-20% 
higher than those for pure R 12 at similar mass fluxes, but they were 
s 1 i ght 1 Y lower than those for pure R 1 2 at si mil ar heat fl uxes because the 
mass flow rate of the blend was 30-40% lower than for pure R 12 under 
these condi t ions. 

Forced Convect ive Condensat ion inVert i cal Tubes 

Mochizuki (1984) studied the performance of condensation of 
R 1 1 IR 1 14 vapor mixtures in a vertical smooth tube in countercurrent flow 
with the coo 1 ant. He found that 

(1) the R11/R114 mixtures behaved like ideal nonazeotropic binary 
mixtures; and 

(2) the 1 oca 1 HTC curve of the mixtures fe 11 between those of pure R 1 1 
and R 1 14. 

The authors a 1 so deve loped sem i -emp i ri ca 1 equat ions to predi ct the 
heat transfer perform ance in 1 am i nar and com b i ned 1 am i nar 1 turbu 1 ent 
flows wh i ch agreed we 11 with experi menta 1 data. 

Hi j i kata (1 987, 88, 89a) and Hi meno (1988) presented condensat ion 
performance in a vertical, internallly finned tube (fin pitch and height 
were 0.5, 0.2mm, respectively) with mixtures of R 1 13 (80, 90%)/R 114 
(20,10%). They found that: 

(1) The condensation HTC for R 113/R 114 suddenly decreased in the 
sma 11 ..0. T reg i on because the vo 1 at i 1 e component was accum ul ated in the 
bulk along the flow direction. 

(2) A minimum temperature difference was required for the vapor to 
condense completely at the outlet of the tube, corresponding to the 
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d iff erence between the condensat i on (dew poi nt) and the boi 1 i ng (bubb 1 e) 
pOints at the same composition as the inlet vapor. 

(3) I n the 1 arge ~ T regi on the dependence of the HTCs on ~ T for the 
mixture R 113/R 114 was quite similar to that of pure R 113, except that it 
was about 30-40% lower (Fi g.28). 

(4) When the fin height was 0.2 mm, the enhancement of the heat 
transfer due to the fins occurred only in the liquid film, and the diffusion 
layer in the vapor was barely affected by the fins. 

(5) The HTCs for binary condensation in a vertical tube could be 
est i mat e d c los ely by a the 0 ry bas e d on the ass u m p t ion t hat t he fa 11 i n g 
liquid film was well mixed. 

Forced Convect ive Condensat i on of Mi xtures in P1 ate Condensers 

Chi1ipenok (1988) reported experimental data on heat transfer in 
condensation of a R 12/R 11 mixture in a vertical plate condenser. 
The equivalent diameter of the channel was 1.9 mm, the fin height was 
2.5 mm, the pitch was 4. 15 mm. The dependence of the HTCs on the mo 1ar 
fraction of R 11 had a minimum value at about 35 mol%, which was only 
about 20-35% of the HTCs for pure R 1 2 (Fi g.29), i ndi cat i ng that, in the 
case of condensation of a mixture with a large difference in boiling 
temperatures, the diffusion layer affected significantly the condensation 
process. 

Methods of Condenser Design for Mixtures 

Existing methods for designing condensers for multi-component 
mixtures are of two basic kinds: 

(1) Equilibrium methods, which have been widely used in industrial 
design, because they are simple, rapid in computation (there is no need to 
compute intermediate vapor composition or to obtain diffusivity data); 

(2) Nonequi1ibrium (or differential) methods, which are more soundly 
based and appear to attract increasing interest (Tay10r,1986). In this 
class of methods, one-dimensional differential material and energy 
ba 1 ances are integrated numeri ca 11 y along the 1 ength of the condenser. 
Each step of the integration requires the local mass and energy rates to be 
calculated by using equations based on a film mode1. 

Butterworth (1983) summarized both the equilibrium and the one
di mensi ona 1 nonequ i 1 i bri um approaches, whi ch coves the fundamenta 1 s of 
fluid mechanics. Recently, some nonequilibrium methods have been 
developed, such as the turbulent eddy diffusivity model of Krishna (1982). 
Tay 1 or (1 986) proposed a new way to so 1ve the mode 1 equat ions. The 
differential conservation equations were approximated by finite 
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d iff erences and the resu 1 t i ng set of a 1 gebrai c equat ions were so lved 
simultaneous ly with the non 1 i near equat ions represent i ng the process of 
the interphase transport and interfacial equi 1 ibrium. Webb (1987, 90) 
suggested a new procedure for condenser design using the "fi 1m theory" 
method. This has been demonstrated to work for steam/air and mixed 
hydrocarbon systems by an experimental study of single tubes and 
i ndustri al condensers. 

Pressure Drop in Forced Convect ive Soi 1 i ng and Condensat i on 

Mi yara (1988) stud i ed the pressure drop in forced convect ive bo iIi ng 
and condensation of R22/R 1 14 mixtures inside a horizontal, internally 
finned tube and found: 

(1) The frictional pressure drop of refrigerant mixtures for both boiling 
and condensation could be correlated fairly well by the Lockhart
Mart ine 11 i parameter, independent ly of mo 1 ar concentrat ion; 

(2) The pressure drop in an internally finned tube was about 40% higher 
than that in a smooth tube. 

Murata (1991) reported that the frictional pressure drop of a 
R 123/ 134a mixture condensing in an internally finned tube were similar 
to Miyara's, but were slightly «20%) higher than those in a smooth tube. 

Single (1983a) investigated pressure drop during horizontal flow 
boi 1 i ng of pure refri gerant R 1 2 and the mixture R 1 3 /R 1 2 and found that 
the Mart i ne 11 i-Ne 1 son corre 1 at i on most ly over-predi cted the pressure drop 
data for pure R 1 2 and tended to under-pred i ct the ones for the mixtures 
of R 13/R 12. The deviation increased with increasing fraction of R 13, 
provi ng that the pressure drop was a funct i on of mixture compos it ion. 
They a 1 so deve loped two separate mode 1 s each for tota 1 and fri ct i ona 1 
pressure drop, adding a modifying parameter of composition to the 
Martinelli-Nelson model. Their model, however, did not allow application 
to the case when the fraction of R 13 was more than 25%. 

For total pressure drop bPTP = bPMN*0.87( 1 +X)2.66 

For frictional pressure drop bPf = bPf MN*0.86( 1 +X)2.86 , 
where X -- concentration of R 13 in the binary mixture 

bPMN, bPf,MN -- total and frictional pressure drops calculated by 
the Martinelli-Nelson correlation 

Jung and Radermacher (1989) compared their experimental data for 
pressure drop during horizontal flow boiling of pure and mixed 
refrigerants of R22, R114, R12, and R152a against well known 
corre I at ions. 
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(1) 60 Pierre's correlation based on the homogeneous model failed to 
correlate half of their data, especially when the heat flux was high at a 
low mass flow rate. 

(2) The Mart i ne 11 i and Ne 1 son corre 1 at i on over-pred i cted the i r data by 
20%. I t was, however, app 1 i cab 1 e in the ent ire ranges of heat and mass 
fluxes, proving that the basic assumptions in the model were closely met 
by the flow patterns observed in the major portion of the evaporator. 

(3) When pressure drop data were nondi mensi ona 1 i zed by i ntroduci ng 
proper d i mens i on 1 ess vari ab 1 es with the propert i es eva 1 uated at 1 oca 1 
compositions, pressure drops with both pure and mixed fluids were 
equa lly we 11 corre 1 ated by a si ngl e parameter, Xtt. A new corre 1 at i on was 
developed by modifying the Martinelli and Nelson correlation. Specifically, 
the FTp2 in the Martinelli and Nelson correlation was modified as follows. 

FTp2 = 30.78 X 1.323 (1-X)0.477 Pr -0.7232 

This change predicted their data for both pure and mixed refrigerants with 
a mean deviation of 8.4%. 

I t seems that there are disagreements between Si ngle and Jung. Jung's 
resu lts and statements may be more re 1 i ab 1 e and reasonab 1 e because he 
did experiment with more refrigerants, accounted for the nonlinear 
variation of properties of the mixtures, paid attention to the local 
phenomena during condensation inside tubes, and used a integral method to 
corre 1 ate the pressure drop. 

Recommendat ions for Further Research 

Most of the previous researches on flow boi 1 ing were concerned 
with smooth tubes and uniform heat flux conditions. Only a few conducted 
experiments using enhanced tubes or a tube-in-tube countercurrent 
evaporator, wh i ch are most used in industri a 1 pract ice. Further research 
should be done on the latter cases and with new refrigerants, such R 134a, 
R 123, and their mixtures. Such data are urgently needed in industry. A 
doub 1 e enhanced tube, combi ni ng the i nterna lly fi nned tube and the fluted 
one may augment heat transfer more eff i ci ent ly than the previ ous ly used 
enhanced tubes. 

There have been many papers concerned with condensation enhancement 
of mixtures, however, on ly t wo-d i mens i ona 1 fi ns (i ns i de or outs i de) were 
used. The enhancement effects were not so good in most of these cases, 
especially under the low heat flux conditions (Takamatsu 1991). Three
dimensional fins should be used to enhance the condensation of mixtures, 
which will augment heat transfer more efficiently than common fins by 
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introducing stronger turbulence in the two-phase flow and by reducing the 
mass transfer resistance. 

There have been some disagreements among the researchers on the 
behav i or and m echan isms of condensat i on and bo i 1 i ng with mixtures, 
wh i ch are very comp 1 i cated and sens it ive to the operat i ng cond it ions. 
Further, deta i 1 ed research is needed to determ i ne the actua 1 phenomena 
and mechanisms of boiling and condensation of mixtures. 

The i nfl uence of ai r on the condensat i on performance of NARMs shoul d 
be studi ed and ways shoul d be found to reduce the unfavorab 1 e effect of 
the air in the refrigerator and heat pump systems. 

More attention should be paid to the local phenomena of flow and heat 
transfer in order to di scover the mechani sms of bo i 1 i ng and condensat i on 
of mixtures, and, consequent ly, enab 1 i ng the proper cho i ce of the opt i mum 
surface structure to enhance heat transfer effi c i ent ly. Jung's method for 
getting the inside circumferential wall temperature distribution from the 
outs i de wall tem perature, by so 1 vi ng the one-d i mens i ona 1 conduct i on 
equation, was simple but not very good. If we could measure temperatures 
at more pOints, and solve a more exact conduction equation, we could get a 
more accurate c ircumferent i a 1 temperature distri but i on on the i nsi de tube 
wall and predict the local phenomena in more detail and more accurately. 
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