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a b s t r a c t 

To identify the heat transfer mechanisms during flow condensation of binary mixtures inside pipes has 

motivated vast research in the past decades. While the prediction capabilities of models have substan- 

tially improved due to larger experimental data bases and computational tools, the complexity of the 

models has grown to a level that makes it difficult to identify the dominant flow and fluid properties 

contributions. Opposite to this trend, in this work we show that the heat transfer coefficient of single 

and binary component fluids follows a similar scaling law in terms of a two-phase flow Reynolds num- 

ber, reducing the complexity of the model substantially. This similarity is attributed to an equivalent heat 

transfer mechanisms between them and the single-phase flow case. Therefore, it is assumed that the 

dominant heat transfer resistance is located in the conductive sublayer and thus unaffected by either the 

flow pattern, liquid film thickness or a mass transfer resistance close to the liquid-vapour interface. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Condensers based on small pipe diameters are of great rele- 

ance and interest in connection with the growing demand for 

eat exchangers in several applications ranging from condensers of 

ooling equipment and air conditioning systems, horizontal tubular 

vaporators of water-desalinating thermal units, heaters of power 

ystems, heat pipes, etc. Furthermore, heat exchangers are the 

ain component in cryogenic processes such as air separation and 

atural gas liquefaction plants. In these systems, the design and 

erformance of the heat exchangers can affect other major compo- 

ents like compressors and drivers [1] . These facts have motivated 

he development of more accurate simulation tools [2–5] that de- 

end on heat transfer coefficient models. 

During the past decades, models of the heat transfer coefficient 

uring flow condensation of single component fluids inside pipes 

ave been proposed and tested against experimental data bases as 

iscussed in several publications, e.g. [6–11] . In spite of the exten- 

ive work, the mechanisms controlling the heat transfer phenom- 

na have not been conclusively identified, and thus most models 

ave been based on heuristic methods. This fact has led to mod- 

ls considering different dimensionless groups and assumptions. In 

ome cases, models with more than 7 dimensionless groups and 10 
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djusted parameters have been proposed for predicting the exper- 

mental data. The recent use of machine learning techniques have 

urther increased the number of dimensionless numbers up to 20 

nd the number of fitting parameters up to 12 [12,13] . On the one

and, the increase complexity of the models can reduce the error 

n the prediction of larger data sets even when the data sets con- 

ain larger error and show high dispersion. On the other hand, the 

ncrease in the complexity of the models has resulted detrimen- 

al to the goal of unveiling the physic of the heat transfer process 

hich in turn should lead to simple models. 

For the case of flow condensation of multicomponent fluids, the 

ituation is even more difficult. A common approach has been to 

nclude correction factors to the heat transfer coefficient of a sin- 

le component fluid. However the validity of the assumptions for 

uch corrections remain under debate. In this work, we will show 

hat the heat transfer coefficient during condensation of single and 

inary component fluids follows a similar scaling law in terms of 

 two-phase flow Reynolds number defined in terms of the super- 

cial velocities of the liquid and vapour phase. This result reduces 

he existing complexity related to the modelling of the heat trans- 

er coefficient of binary mixtures during flow condensation inside 

ipes. 

.1. Literature review 

Extensive reviews of heat transfer models for flow condensation 

f binary and multicomponent mixtures inside pipes can be found 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122450
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.122450&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:carlos.dorao@ntnu.no
https://doi.org/10.1016/j.ijheatmasstransfer.2021.122450
http://creativecommons.org/licenses/by/4.0/


C.A. Dorao and M. Fernandino International Journal of Heat and Mass Transfer 186 (2022) 122450 

i

o

l

a  

fl

c

w

p

t

a

c

i

t

t

d

s

i

T

s

fl

t

t

l

T

s

t

c

t

a

r

w

s

v

t

i

s

fi

i

c

d

l

a

t

c

t

a

o

p

s

N

d

c

t

o

t

t

t

i

w

c

[

f

J

b

p

d

t

l

s

p

T

o

t

t

v

e

s

T

m

d

a

t

T

b

p

a

c

i

I

s

t

t

s

a

m

s

B

s

c

p

w

b  

w

i

o

Nomenclature 

Re L 0 = GD/ μL Liquid Reynolds number [-] 

Re V 0 = GD/ μV Vapour Reynolds number [-] 

Nu = hD/k Nusselt number [-] 

Re L = G (1 − x ) D/ μL Superficial liquid Reynolds number [-] 

Re V = GxD/ μV Superficial vapour Reynolds number [-] 

Re 2 φ = Re L + Re V Superficial two-phase Reynolds number 

[-] 

P r = c P μ/k Prandtl number [-] 

P pressure [ kPa ] 

G mass flux [ kg m 

−2 s −1 ] 

c P heat capacity [ J kg −1 K 

2 ] 

μ viscosity [ Pa s ] 

ρ density [ kg m 

−3 ] 

x quality [ - ] 

L liquid 

V vapor 

n [14,15] . The literature review presented in this section focuses 

n highlighting the difference of the models in terms of the se- 

ected dimensionless groups considered in some selected models. 

The first mathematical expression known for condensation of 

 pure fluid is attributed to Nusselt in 1916 for the case of liquid

owing over a surface under the influence of gravity. This model 

onsiders a laminar flow and that the heat is transferred from the 

all to the fluid mainly by conduction across the film. The tem- 

erature at the liquid-vapour interface is set to be the saturation 

emperature of the vapour. The dominant conduction mechanism 

cross the liquid film implies a linear temperature profile as the 

onvective contribution is disregarded. At high liquid film veloc- 

ties, the convective contribution is important and the assump- 

ion of a linear temperature profile across the film becomes ques- 

ionable. However, this assumption will be used in the following 

ecades in models related to convective flow boiling and conden- 

ation even in very turbulent flowing films. 

In 1937, Colburn and Drew [16] presented a model for describ- 

ng the condensation of a mixture of vapours over a cold surface. 

he condensation process is sketched in terms of a condensate that 

eparates the vapour mixture from the cold wall. The local heat 

ux absorbed by the cooling media across the wall is assumed 

o be the sum of the sensible heat of cooling of the condensate, 

he latent heat involved in condensing the vapour at the vapour- 

iquid interface and the sensible heat received from the vapour. 

he model is based on the film theory which assumes that the re- 

istance to turbulent heat and mass transport is concentrated in 

hin layers adjoining on both sides of the interface. The vapour- 

ondensate interfacial temperature is determined by assuming that 

he liquid composition, the vapour composition, and the temper- 

tures of the phases have values very close to those of equilib- 

ium. Based on this assumption, the temperature at the interface 

ill corresponds to the boiling point of the equilibrium compo- 

ition at the liquid side. At the interface on the vapour side, the 

apour will be enriched on the most volatile component compared 

o the bulk composition. This implies that the temperature at the 

nterface is lower than the one from the bulk. Hence, if it is as- 

umed that the heat is transferred mainly by conduction across the 

lm, this results in a lower heat flux. In summary, the assumption 

ntroduced by Colburn and Drew leads to the concept of a vapour- 

ondensate interface thermal resistance that has been adopted for 

ifferent flow conditions in the following decades. 

For example, Sparrow and Marschall [17] considered the prob- 

em of binary, gravity-driven film flow condensation and proposed 

 model in terms of conservation laws. The model depends on the 
2 
emperature at the interface which is obtained by an iterative pro- 

edure. The model considers that the condensate has a composi- 

ion equal to the one at the liquid phase at the interface. Denny 

nd Jusionis [18] proposed a model for laminar film condensation 

f binary vapor mixtures undergoing forced flow down a vertical 

late based on conservation laws. The analysis of the model is pre- 

ented in terms of the heat transfer ratio q/q Nu where q Nu is the 

usselt heat transfer. The main observation are (i) an initial rapid 

ecline of q/q Nu is observed as the concentration of the second 

omponent increases, and (ii) a minima in q/q Nu is observed for 

he non-azeotropic binary pairs. These effects are attributed to first 

rder variations of the physical properties in the liquid phase and 

he vapour-liquid equilibrium curve. Further, it is observed that 

he effect of the forced flow is pronounced when the velocity of 

he vapour is increased as a consequence of the vapor-drag. The 

mportance of the vapour phase on the heat transfer coefficient 

as observed experimentally in previous research related to flow 

ondensation of single components. For instance, Crosser in 1955 

19] pointed out previous research work identifying the direct ef- 

ect of the vapour velocity on the heat transfer coefficient, namely 

akob, Erk and Eck (1932), Schmidt(1937) and Carpenter and Col- 

urn (1951) (as cited in [19] ). However, after the late 70s the im- 

ortance of the vapour phase on the heat transfer coefficient was 

isregarded or not explicitly mentioned in most models. 

To avoid the difficulties related to the estimation of the resis- 

ance to mass transfer in the vapour phase, related to the formu- 

ation of Colburn and Drew, Bell and Ghaly [20] considered the as- 

umption of replacing the mass transfer resistance in the vapour 

hase by an estimate of the heat transfer resistance in the vapour. 

he model from Bell and Ghaly considers that the total latent heat 

f condensation and sensible heat of the cooling condensate are 

ransferred through the thickness of the liquid film. It is assumed 

hat the liquid and vapour compositions are in equilibrium at the 

apour bulk temperature. This particular assumption is acknowl- 

dged to be satisfied at low condensing rates. However, this as- 

umption will be overlooked in the future extensions of the model. 

he work of Bell and Ghaly [20] includes the application of the 

odel to the design of single-, two- and multi-pass coolant con- 

enser. In the next decades, the model of Bell and Ghaly was 

dapted to different cases, in particular in-tube condensation, due 

o its simplicity as compared to the one from Colburn and Drew. 

aitel and Tamir [21] presented a generalised model for any num- 

er of components considering a diffusion law for the multicom- 

onent system in terms of binary diffusivities. The model considers 

 stagnant multicomponent mixture where the laminar film of the 

ondensate mixture flows by gravity. Tamir and Merchuk [22] stud- 

ed experimentally the case considered by Taitel and Tamir [21] . 

t is concluded that at relatively high condensation rates (corre- 

ponding to the difference between the bulk and wall tempera- 

ure), the composition of the condensate becomes identical with 

he composition of the bulk of the condensing vapour. This ob- 

ervation implies a simplification in the calculation of the temper- 

ture at the interface which is given as the boiling point of the 

ulticomponent mixture to the condensate composition. This ob- 

ervation agrees with the underlying assumption of the model of 

ell and Ghaly of considering that the liquid and vapour compo- 

itions are in equilibrium at the vapour bulk temperature for low 

ondensing rates. 

Research on multicomponent mixtures condensation inside 

ipes has been extensively studied during the past decades. Some 

orks have followed and/or extended the ideas proposed by Col- 

urn and Drew [16] or the one by Bell and Ghaly [20] , while other

orks have adopted alternative models. 

The first mentioned approach have been the most adopted one 

n general. For example, Cavallini et al. [23] studied condensation 

f the zeotropic mixture R125/R236ea in a 8 mm smooth tube and 
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Fig. 1. Experiments for R32 and R1234ze and its mixtures for two selected mass fluxes. 

Fig. 2. Experiments for R32 and R1234ze and their mixtures. The data points are properly scaled by Re 2 φ . 
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Table 1 

Condensation heat transfer database for mini/micro-channel flows. 

[mm] [kg/m 

−2 s] [ ◦C] 

Aprea et al. (2003) R407c 20.00 115 38.8–38.8 11 

McDonald (2015) C2-C3(0.33-0.67) 14.45 150-450 30–60 81 

Mitre (2005) R410a 9.40 200-800 61.1–66.6 236 

Jung et al.(2004) R410a 8.82 100-300 40-40 26 

Smit (2002) R22-R142b(0.50-0.50) 8.11 100-600 85.6–85.6 34 

Smit (2002) R22-R142b(0.60-0.40) 8.11 150-600 81-81 38 

Smit (2002) R22-R142b(0.70-0.30) 8.11 150-600 76-76 38 

Smit (2002) R22-R142b(0.80-0.20) 8.11 150-600 71-71 36 

Smit (2002) R22-R142b(0.90-0.10) 8.11 150-600 66-66 35 

Cavallini (2000) R125-R236ea(0.28-0.72) 8.00 100-750 57-57 23 

Cavallini (2000) R125-R236ea(0.46-0.54) 8.00 400-750 56–57 23 

Cavallini (2000) R125-R236ea(0.63-0.37) 8.00 100-750 56-56 29 

Cavallini et al.(2001) R410a 8.00 200-750 40-40 35 

Han et al. (2016) R32-R1234zee(0.25-0.75) 8.00 200-600 30-30 22 

McDonald (2015) C2-C3(0.67-0.33) 7.75 150-450 25–45 81 

Afroz et al. (2008) CO2-DME(0.21-0.79) 4.35 200-500 40-40 40 

Afroz et al. (2008) CO2-DME(0.39-0.61) 4.35 200-500 40-40 21 

Dobson et al.(1998) R32-R125(0.40-0.60) 3.14 300-800 35-35 34 

Maraak (2009) C1-C2(0.83-0.17) 1.00 490-690 -98–62.5 43 

Maraak (2009) C1-C2(0.59-0.41) 1.00 490-690 -76.6–36.2 28 

Maraak (2009) N2-C1(0.16-0.84) 1.00 195-690 -134–91 48 

Del Col et al. (2015) R32-R1234zee(0.46-0.54) 0.96 150-800 40-40 62 

Del Col et al. (2015) R32-R1234zee(0.23-0.77) 0.96 150-800 40-40 52 

Azzolin et al. (2021) R32-R1234zee(0.75-0.25) 0.96 200-800 41.5–41.5 43 

Maraak (2009) C1-C2(0.59-0.41) 0.50 490-690 -46.7–46.7 8 

Total 1127 

Table 2 

Condensation heat transfer database for mini/micro-channel flows for fluids R32, R1234 and its mixtures. 

[mm] [kg/m 

−2 s] [ ◦C] 

Del Col et al.(2015) R1234zee 0.96 200-800 40-40 27 

Liu et al.(2016) R1234zee 1.08 500-800 50-50 11 

Cavallini et al.(2013) R32 8.00 400-600 40-40 11 

Matkovic(2009) R32 0.96 200-1200 40-40 66 

Han et al. (2016) R32-R1234zee(0.25-0.75) 8.00 200-600 30-30 22 

Azzolin et al. (2021) R32-R1234zee(0.75-0.25) 0.96 200-800 41.5–41.5 43 

Del Col et al. (2015) R32-R1234zee(0.46-0.54) 0.96 150-800 40-40 62 

Del Col et al. (2015) R32-R1234zee(0.23-0.77) 0.96 150-800 40-40 52 

Total 294 

Fig. 3. Dependency of the Nu/Pr 0 . 3 
2 φ

versus Re 2 φ for R236ea and R125 and its mixtures. 
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roposed to combine the model from Colburn and Drew [16] and 

is model for flow condensation [24] . Del Col et al. [25] extended 

he model from Thome et al. [26] to zeotropic mixtures by adding 

he heat transfer resistance to both the ∗∗∗∗∗convective ∗∗∗∗∗ and 

he film regions in the model of Bell and Ghaly. In addition, the 

ffect of the interfacial roughness on the vapour heat transfer coef- 

cient acting on the convective film was included. The model was 
4 
valuated against different fluid mixtures with temperature glides 

anging from 3.5 ◦C to 22 ◦C and pipe diameters of 7.5 and 8.0 mm. 

eng [27] suggested a simplified heat transfer model based on the 

eat transfer model proposed by Cavallini et al. [28] but following 

he approaches suggested by Del Col et al. [25] to include the Bell 

nd Ghaly resistances. Macdonald and Garimella [9] experimentally 

tudied the heat transfer coefficient during condensation of hy- 
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Table 3 

Condensation heat transfer database for mini/micro-channel flows for fluids R236ea, R125 and its 

mixtures. 

[mm] [kg/m 

−2 s] [ ◦C] 

Cavallini et al.(2013) R236ea 8.00 400-600 40-40 19 

Cavallini et al.(2001) R125 8.00 400-750 40-40 11 

Cavallini (2000) R125-R236ea(0.28-0.72) 8.00 100-750 57-57 23 

Cavallini (2000) R125-R236ea(0.46-0.54) 8.00 400-750 56–57 23 

Cavallini (2000) R125-R236ea(0.63-0.37) 8.00 100-750 56-56 29 

Total 105 

Fig. 4. Dependency of the Nu/Pr 0 . 3 
2 φ

versus Re 2 φ for C1 and mixtures C1-C2, N2-C1. 

Table 4 

Condensation heat transfer database for mini/micro-channel flows for fluids C1, C1-C2, and 

N2-C1. 

[mm] [kg/m 

−2 s] [ ◦C] 

Maraak (2009) C1 1.00 390-700 -132–85.7 73 

Maraak (2009) C1 0.50 275-1360 -131.4–86.3 38 

Maraak (2009) C1-C2(0.83-0.17) 1.00 490-690 -98–62.5 43 

Maraak (2009) C1-C2(0.59-0.41) 1.00 490-690 -76.6–36.2 28 

Maraak (2009) N2-C1(0.16-0.84) 1.00 195-690 -134–91 48 

Maraak (2009) C1-C2(0.59-0.41) 0.50 490-690 -47 8 

Total 238 
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rocarbon mixtures inside horizontal smooth pipes. The data was 

nalysed by extending the condensation heat transfer coefficient 

odel for single component [29] with the Silver Bell Ghaly and 

olburn and Drew models. In particular, the model proposed for 

ingle component [29] depends strongly on the liquid film thick- 

ess. 

On the other hand, other models have not considered the mod- 

ls from Colburn and Drew [16] or the one by Bell and Ghaly 

20] in their derivations. For example, Tandon et al. [30] studied 

he effect of mixture composition on the heat transfer coefficient 

uring forced convection condensation of R22 and R12 mixtures in 

 horizontal pipe. It was observed that the binary mixture results 

n heat transfer coefficients lower than the pure R22 and higher 

han the pure R12 but the increase not being proportional to the 

ncrease in R22 mass concentration. A correlation for the three 

ixtures compositions studied was proposed considering the de- 

endency of the heat transfer coefficient in the vapour mass ve- 

ocity. An equivalent Reynolds number was defined in terms of the 

apour velocity, the viscosity of only the liquid phase multiplied 

y the product of the liquid and vapour density ratio. The model 

lso includes a Jakob number and the liquid Prandtl number, mak- 

ng in all up to 3 dimensionless groups and 4 adjusted parameters. 

oyama et al. [31] investigated the condensation of R22/R114 in- 
5 
ide a horizontal tube with internal spiral fins. A model was sug- 

ested considering the model from Fujii and Nagata (1973) for pure 

rganic substances. The model considers the velocity of the vapour 

hase for defining an equivalent Reynolds number. 

In summary, the modelling approach proposed by Colburn and 

rew [16] and the one by Bell and Ghaly [20] have been incor- 

orated in models during the past decade. A particular strong as- 

umption in these models is the establishment of a concentration 

rofile at the interface which leads to a mass resistance that dom- 

nates the heat transfer process particularly beyond the original 

ssumptions of a laminar liquid film and low heat fluxes. How- 

ver, in the particular case of an annular two-phase vapor-liquid 

ow, a thin, wavy liquid film is driven along the wall by the shear 

orce exerted by the vapor phase in the core. The liquid film is 

raversed by high velocity waves known as disturbance waves. It 

as been shown that the disturbance waves lead to an increase 

evel of turbulence [32,33] , thus enhancing the mixing in the liq- 

id film. Further, the liquid-vapour interface is also affected by 

 complex droplet entrainment/deposition process occurring at a 

aster time scale than the molecular diffusion process, and also 

nfluencing spatial length scales which are larger than the corre- 

ponding ones to the diffusion process. This fact has been recently 

ighlighted when the liquid film thickness has been measured us- 
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Fig. 5. Experimental data points from the literature scaled in terms of Re 2 φ . The error in terms of the equilibrium thermodynamic quality shows an independence of flow 

pattern. 

Fig. 6. The error shows an independence of the temperature glide. 
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g

ng a chromatic confocal sensor [34] , showing that the magnitude 

f the thickness of the liquid film can vary more than 100 % with

ominant wave frequencies above 40Hz. These two mentioned pro- 

esses, namely higher turbulence in the film due to disturbance 

aves and the entrainment/deposition processes, can prevent the 

xistence of a sharp concentration profile at the liquid-vapour in- 

erface. Hence the validity of the assumption of a mass resistance 

hat dominates the heat transfer process at high flow rate be- 

omes questionable. It has also been discussed that some mod- 

ls have not considered the mass transfer resistance. In this work, 
e

6 
t will be shown that condensation of a binary mixture can be 

ell predicted assuming a well mixed condition, and thus dis- 

egarding the contribution of a dominant mass resistance at the 

nterface. 

. Method 

In this study, experimental data from the literature have been 

athered covering a large range of fluids and pipe diameters. The 

xperimental data considered are summarised in Table 1 . 
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Fig. 7. Dependency of Nu/Pr 0 . 3 
2 φ

in terms of Re 2 φ for experimental data points with 

mass fluxes higher than 200 kg/m 
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In all the cases, only data points related to mass fluxes above 

00 kg/m 

2 s were considered for avoiding cases with flow stratifica- 

ion that can induce a different behaviour compared to high mass 

uxes. The fluid properties are calculated with the software REF- 

ROP version 9.1 [35] at the saturation conditions of the fluid. The 

ata sets considered in this work are the ones in which a single- 

hase flow heat transfer coefficient has been reported and the data 

ets showing a lower dispersion. 

In the next section the accuracy of the models is evaluated by 

±10% , θ±20% and θ±30% , the percentage of data points predicted 

ithin ±10% , ±20% and ±30% respectively, and the average and 

ean absolute error, defined as 

V G = 

1 

N 

∑ N u pred − N u exp 

Nu exp 
× 100 (1) 

AE = 

1 

N 

∑ | N u pred − N u exp | 
Nu exp 

× 100 (2) 

.1. Multicomponent heat transfer coefficient model 

A model for the heat transfer coefficient for single component 

uids inside tubes for high mass fluxes ( G > 200 kg/m 

2 s ) has been

roposed in [36] by assuming an equivalence between the single- 

hase flow and flow condensation. The assumption consists in that 

he heat transfer coefficient model for single-phase flow can be 

sed for flow condensation just by replacing the single-phase flow 

e and Pr numbers for equivalent ones related to the two-phase 

ow case. For instance, the single-phase flow model by Dittus- 

oelter [37] can be re-written as 

u I = 0 . 023 Re 0 . 8 2 φ P r 0 . 3 2 φ (3) 

ith 

e 2 φ = Re L + Re V = 

GxD 

μV 

+ 

G (1 − x ) D 

μL 

for 0 < x < 1 (4) 

 two-phase flow equivalent Reynolds number defined in terms of 

he sum of the superficial vapour and liquid Reynolds number, and 
7 
 r 2 φ = P r L (1 − x ) + P r V x for 0 < x < 1 (5)

n equivalent two-phase flow Prandtl number. 

The coefficients in the model correspond to the ones from the 

orrelation of Dittus-Boelter for the single-phase flow heat trans- 

er coefficient. Therefore, no best fitting of the coefficients of the 

odel has been done. The model assumes that the dominant ther- 

al resistance is located in the conductive sublayer which implies 

hat neither the flow pattern, liquid film thickness nor a mass 

ransfer resistance close to the liquid-vapour interface influence 

he heat transfer coefficient. In particular, it is considered that the 

ommonly used assumption that the heat is transferred mainly by 

onduction across the film with a temperature at the surface of the 

lm to be the saturation temperature of the vapour is not valid as 

he thickness of the conductive sublayer is thinner than the liq- 

id film. In particular, a recent experimental study measuring the 

lm thickness during flow condensation has shown that by assum- 

ng mainly conduction across the film the heat transfer coefficient 

s largely under-predicted [34] . This measurements support the as- 

umption of a dominant thermal resistance thinner than the liquid 

lm. 

. Results and discussions 

.1. Heat transfer coefficient deterioration 

Figure 1 illustrates an example corresponding to the heat trans- 

er coefficient during flow condensation of R32 and R1234ze and 

heir mixtures from the literature [38] . The figure shows that for 

he case of the mixtures, the heat transfer coefficient is lower than 

he corresponding one to the pure fluid. 

The observed trend has been attributed to the additional mass 

ransfer resistance effect based on the assumption that the liquid 

omposition and the vapour composition at the interface have val- 

es very close to those of equilibrium, as suggested originally by 

olburn and Drew. While this description might be considered ap- 

ropriate under stagnant conditions and laminar flow, as studied 

n early works [17,18] , its validity can be questionable for highly 

urbulent flow conditions and high level of mixing due to the pres- 

nce of bubbles, waves and entrainment and deposition phenom- 

na. 

For a fixed mass flux and quality, the heat transfer coefficient 

f the mixture shows lower values than the corresponding to the 

ure fluid, but note that the fluid properties are also different for a 

inary mixture. For example, the viscosity of a binary liquid mix- 

ure can show no maximum or minimum, one maximum or mini- 

um, or both a maximum and a minimum in the whole composi- 

ion range [39] . For this reason, considering the Nu number instead 

f the heat transfer coefficient should be more appropriate in order 

o take into account the variations of the fluid properties. In par- 

icular, it has been suggested that the thermal conductivity plays a 

ajor role in the observed trend [40] . 

To illustrate the mentioned effect, experimental data points 

rom the literature for R32 and R1234ze and their mixtures for 

ifferent pipe diameters and conditions are shown in ( Fig. 2 ) and 

able 2 . The same data are shown in terms of Nu/P r 0 . 3 
2 φ

versus Re 2 φ .

t is not possible to differentiate between the data correspond- 

ng to the single component and to the binary mixtures. The Re 2 φ
cales properly the heat transfer coefficient in terms of the Nusselt 

umber. This trend suggests that if the heat transfer is affected 

y a mass resistance at the liquid-vapour interface in the binary 

ixture cases, its contribution is not noticeable. The corresponding 

VG and MAE values are low and comparable to expected experi- 

ental errors and dispersion of the data. These estimators should 
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Fig. 8. Effect of replacing Pr L by Pr 2 φ in the model of Cavallini et al. (2006) for experimental data points with mass fluxes higher than 200 kg/m 

2 s. 

Fig. 9. Comparison between the prediction by Eq. (3) and experimental data points for binary mixtures of R22 and R1234ze. 

Fig. 10. Comparison between the prediction by Eq. (3) and experimental data points for binary mixtures of R22 and R142b. 
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t  
e used as an indication of the deviation of the model compared 

o the experimental data more than as a goal on itself. 

.2. Scaling law of the heat transfer coefficient 

A similar trend as the one in the previous section is observed 

n ( Fig. 3 ) corresponding to experimental data points of mixtures of 

236ea and R125 and corresponding pure fluids ( Table 3 ), and in 

 Fig. 4 ) corresponding to methane and mixtures of methane/ethane 

nd methane/nitrogen ( Table 4 ). In this last case, the dispersion 
8 
f the data is higher, which has been attributed to the larger un- 

ertainty of the experimental due to the challenging conditions. 

inally, a larger data base is considered with a broad experimen- 

al data set covering a range of pipe diameters from 14.45 mm to 

.5 mm and a temperature glide of up to 40 K in ( Fig. 5 ). The trend

s well captured by Re 2 φ and the dispersion of the data is in same 

rder than the reported experiments. The same figure shows the 

eviation of the model in terms of N u cal /N u exp versus the thermo- 

ynamic quality, while ( Fig. 6 ) shows the deviation of the model in

erms of N u cal /N u exp as a function of the temperature glide of the
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ixtures. It is seen that the trend is properly captured. Some de- 

iation are observed, namely for the mixtures containing methane, 

ut it has been also acknowledged that these data can present high 

ncertainties due to the challenging conditions of the experiments. 

.3. Prediction of the heat transfer coefficient 

Figure 7 shows a comparison of the prediction by the model 

iven in Eq. (3) and the model from Cavallini et al. (2006) [28] for

he �T -independent regime, i.e. J G > J T G . 

u = 0 . 023 P r 0 . 4 L 

k L 
D 

×

e 0 . 8 L 0 

[ 
1 + 1 . 128 x 0 . 8170 

(
ρL 

ρG 

)
0 . 3685 

(
μL 

μG 

)
0 . 2363 

(
1 −μG 

μL 

)
2 . 144 P r −0 . 1 

L 

] 
(6)

here the transition boundary for the two regions is given as 

 

T 
G = 

[(
7 . 5 

4 . 3 X 

1 . 111 
tt + 1 

)
−3 + C −3 

T 

]
−1 / 3 (7) 

here C T is 1.6 for hydrocarbons and 2.6 for other refrigerants. 

The experimental data set corresponds to R32 and R1234ze 

nd its mixtures [27,38] . The model from Cavallini et al. (2006) 

28] does not include the correction due to the mass resistance 

t the liquid-vapour interface. However, the model is capturing the 

rend of the data quite good. This trend suggests that the contribu- 

ion of the mass resistance at the liquid-vapour interface that may 

xist for the binary mixture cases might not be dominant. In par- 

icular, Azzolin and Bortolin (2021) [41] have shown that by adding 

he Silver-Bell-Ghaly correction to the model from Cavallini et al. 

2006) for predicting mixtures of R32 and R1234ze(E) the effect is 

imited to 4% . Hence, the effect of the mass resistance correction 

ompared to the additional complexity added to the model does 

ot necessarily justify its use. 

In ( Fig 8 ) the P r L is replaced by the P r 2 φ for the model from

avallini et al. (2006). On the one hand, the prediction for the 

inary mixture looks to improve but the corresponding to single 

omponents (open symbols) looks to be slightly worse. The similar 

rediction between the model from Cavallini et al. (2006) and Eq. 

3) has been attributed to the fact that the hydrodynamic compo- 

ent of the model from Cavallini et al. (2006) is equivalent to Re 2 φ
42] , i.e. 

Re 0 . 8 L 0 

[ 
1 + 1 . 128 x 0 . 8170 

(
ρL 

ρG 

)
0 . 3685 

(
μL 

μG 

)
0 . 2363 

(
1 −μG 

μL 

)
2 . 144 P r −0 . 1 

L 

] 

≈ Re 0 . 8 2 φ (8) 

his equivalence suggests that the hydrodynamic component of the 

odel from Cavallini et al. (2006) is approximating the scaling law 

f the single-phase flow heat transfer coefficient. In order to com- 

are the model from Cavallini et al. (2006) and Eq. (3) in a more

imilar condition, the P r L in the model from Cavallini et al. (2006) 

s replaced by P r 2 φ as shown in Fig. (8) . With this change, both

odels provide equivalent errors. 

Finally, a comparison between some selected experimental data 

oints and Eq. (3) is shown in ( Fig. 9 ) for a mixture of R32-

1234ze and in ( Fig. 10 ) for a mixture of R22-R142b and mixtures

f R125-R236ea. In all, the trend is well predicted both qualita- 

ively and quantitatively by Eq. (3) . 

. Conclusions 

In this work, we have showed that the heat transfer coefficient 

f single and binary component fluids follows a similar scaling 

aw in terms of a two-phase flow Reynolds number. This similarity 

s attributed to an equivalent heat transfer mechanisms between 
9 
hem and the single-phase flow case. In these three situations, 

he dominant heat transfer resistance is attributed to be located 

n the conductive sublayer and thus unaffected by either the flow 

attern or the processes taking place close to the liquid-vapour 

nterface. 
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