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A B S T R A C T   

Due to the climate crisis, there is a need to improve the performance of energy conversion systems and increase 
the use of renewable energy sources. In this context, accurate performance prediction methods for heat ex-
changers, including condensers, are of crucial importance. In the heat transfer process in a condenser including 
desuperheating and subcooling, both sensible and latent heat transfer may occur simultaneously due to thermal 
non-equilibrium effects. Liquid condensate may form close to the vapor saturation point of the bulk flow in the 
desuperheating region, while superheated vapor may penetrate beyond the liquid saturation point far into the 
two-phase region, and gas bubbles and subcooled mixture may exist in the subcooled region. These are complex 
phenomena that to a large extent affect the performance of the condenser. This paper presents an analysis of the 
prediction methods for non-equilibrium condensation heat transfer. First, the heat transfer mechanisms of non- 
equilibrium condensation are discussed. Next, state-of-the-art prediction methods developed for the target heat 
transfer processes are analyzed. Moreover, a database containing all data available in the open literature is built 
to evaluate the predictive performance of the prediction methods. Finally, a new prediction method is proposed 
for the subcooled condensation based on the identified heat transfer mechanisms. The results suggest that the 
Jacob correlation has the best predictive performance, followed by the Kondou correlation. The mean absolute 
percentage errors of both the Jacob and Kondou prediction methods are lower than 15 %, and more than 85 % of 
the experimental data points are predicted with a deviation within ± 30 %. The new prediction method proposed 
for the subcooled condensation is in good agreement with the experimental data, with a mean absolute per-
centage error of 12 %.   

1. Introduction 

With the rise of traditional energy prices [2] and concerns for the 
environment [3], utilizing the available energy sources in the most 
efficient manner and extending the use of renewable energy have 
become necessities. Thermal processes such as power generation sys-
tems, heat pump and refrigeration systems have gained worldwide 
acceptance as efficient ways to utilize low-temperature heat sources (e. 
g. solar, geothermal energy, and industry waste heat). In these thermal 
processes, the condenser serves as a critical component, and its heat 
transfer performance governs the performance of the energy conversion 
systems. 

In practical applications, the condenser in thermal processes needs to 
be designed and operated with superheating (inlet) and subcooling 

degrees (outlet) apart from the two-phase region, for safety reasons and 
to ensure the operational performance of the other components (e.g. 
working fluid pump and expander). For example, in an organic Rankine 
cycle (ORC) process, subcooling is used to avoid cavitation that may 
cause oscillation and noise due to the presence of bubbles in the pump, 
while superheating is used to avoid two-phase flow in the expander [4]. 
For refrigeration systems, subcooling contributes to the improvement of 
the coefficient of performance, by increasing the cooling capacity [5]. 
However, almost all the existing methods used to predict the conden-
sation heat transfer are based on the experimental results obtained from 
partial/completed condensation. The whole heat transfer process in the 
condenser was regarded as an equilibrium condensation process. 
Furthermore, the effects of inlet superheating and outlet subcooling 
were neglected when developing the prediction methods. 

The occurrence of superheated vapor and subcooled liquid during 

* Corresponding author. 
E-mail address: xizhen@dtu.dk (X. Zheng).  

Contents lists available at ScienceDirect 

Applied Thermal Engineering 

journal homepage: www.elsevier.com/locate/apthermeng 

https://doi.org/10.1016/j.applthermaleng.2023.122063 
Received 28 August 2023; Received in revised form 7 November 2023; Accepted 17 November 2023   

mailto:xizhen@dtu.dk
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2023.122063
https://doi.org/10.1016/j.applthermaleng.2023.122063
https://doi.org/10.1016/j.applthermaleng.2023.122063
http://creativecommons.org/licenses/by/4.0/


Applied Thermal Engineering 239 (2024) 122063

2

condensation heat transfer leads to the non-equilibrium phenomena. 
During condensation, the temperature profile across a cross-section in 
the flow channel typically is spatially non-uniform causing condensation 
to occur near the heat transfer wall where the wall temperature drops 
below the saturation vapor temperature, even though the bulk flow in 
the center of the channel is still superheated. Consequently, the 
condensation takes place before the saturation vapor point (thermody-
namic quality xb reaches 1), which is defined as desuperheated 
condensation (CSH). Similarly, condensation continues after the satu-
ration liquid point (thermodynamic quality xb is 0) due to the remaining 
vapor in the flow channel, which is defined as subcooled condensation 
(CSC). Moreover, the region between the saturation vapor point and the 
saturation liquid point is defined as saturated two-phase (TP) region. 
Fig. 1 presents the heat transfer processes of the non-equilibrium 
condensation. In this context, the concept of “condensation” is 
extended and defined as “non-equilibrium condensation” in this paper, 
considering non-equilibrium effects. 

The existence of superheated vapor/subcooled liquid influences the 
heat transfer performance during condensation. Extensive literature has 
shown that superheated vapor has a positive impact on the heat transfer 

performance during condensation. Sarraf et al. [6] analyzed the 
enhancement of vapor superheat (from 5 ◦C to 25 ◦C) on the heat 
transfer coefficient (HTC) during condensation. They pointed out that 
the enhanced effect of the superheated vapor is particularly significant 
at low mass flux, resulting in a 70 % improvement in the HTC. Zhao et al. 
[7] experimentally investigated the effects of superheated vapor on the 
film condensation. Their experimental results suggest that the HTC of 
film condensation increases by 9.78 % when increasing the superheating 
degree from 39.5 K to 131.9 K. Longo et al. [8] compared the HTC of 
condensation with saturated vapor inlet and with superheated vapor 
inlet. They found that the HTCs of the latter are 8 % to 10 % higher than 
those of the former. Goto et al. [9] presented an HTC increase of around 
5 % during condensation when increasing the inlet superheating degree 
from 0 K to 40 K. 

Although the superheated vapor causes a positive impact to the 
whole non-equilibrium condensation, the effects of vapor (namely, 
latent heat transfer) in the CSC region are controversial. Jacob et al. [10] 
explored the effects of the subcooled liquid on the CSC region. They 
suggested that the enhancement due to latent heat transfer is limited and 
recommended to predict the HTC in the CSC region with a single-phase 

Nomenclature 

A heat transfer area (m2) 
cp specific heat capacity (kJ⋅kg− 1⋅K− 1) 
d diameter (m) 
dh hydraulic diameter (m) 
e wall thickness (m) 
F factor in Eq. (40) (–) 
Fa Petukov correction Factor (–) 
fb friction factor (–) 
g acceleration of gravity (m⋅s− 2) 
G mass flux (kg⋅m− 2⋅s− 1) 
h specific enthalpy (kJ⋅kg− 1) 
hlv latent heat of vaporization (kJ⋅kg− 1) 
JG dimensionless gas velocity (–) 
JT

G transition dimensionless gas velocity (–) 
Ki correction factor of waviness (–) 
l heat transfer length (m) 
m mass flow rate (kg⋅s− 1) 
MAPE mean absolute percentage error (%) 
MPE mean percentage error (%) 
Nu Nusselt number (–) 
P pressure (MPa) 
Per percentage (%) 
Pr Prandtl number (–) 
q heat flux (W⋅m− 2) 
Q heat transfer rate (W) 
Re Reynolds number (–) 
Reeq equivalent Reynolds number (–) 
T temperature (◦C) 
u velocity (m⋅s− 1) 
U global heat transfer coefficient (W⋅m− 2⋅K− 1) 
x thermodynamic quality (–) 
xsup superficial thermodynamic quality (–) 
Xtt Lockhart-Martinelli parameter (–) 

Greek Symbols 
α heat transfer coefficient (W⋅m− 2⋅K− 1) 
δ thickness of film (m) 
ε void fraction (–) 
λ thermal conductivity (W⋅m− 1⋅K− 1) 
µ dynamic viscosity (kg⋅m− 1⋅s− 1) 

ρ density (kg⋅m− 3) 
σ surface tension (N⋅m− 1) 
ϕ enlargement factor (–) 
Δ difference (–) 

Subscript 
annu annular flow 
AKERS Akers et al. [1] 
b bulk flow 
bubble bubble temperature 
con condensation 
dew dew temperature 
com completion point of non-equilibrium condensation 
exp experiment 
f film 
glide temperature glide 
i inner 
lam laminar 
lat latent 
lo assumed liquid flow only 
mix zeotropic mixture 
inc Incipience point of non-equilibrium condensation 
pre prediction 
r refrigerant 
sat saturation 
sens sensible 
strat stratified flow 
sub subcool 
sup superheat 
turb turbulent 
v vapor 
w secondary fluid 
wi inner wall 

Abbreviation 
CSC subcooled condensation 
CSH desuperheated condensation 
HTC heat transfer coefficient 
ORC organic Rankine cycle 
PHE plate heat exchanger 
SBG Silver, Bell and Ghaly method 
TP two-phase condensation  
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correlation. Kondou et al. [11] also ignored the latent heat transfer in 
the CSC region and simplified the model into fully sensible heat transfer. 
On the other hand, Agarwal et al. [12] considered the CSC as a devel-
oped latent heat transfer process and recommended to use two-phase 
heat transfer correlations for HTC prediction in this region. Based on 
the aforementioned literature, the heat transfer mechanisms in the CSC 
regions remain unclear, and there is a lack of tailored prediction 
methods for this heat transfer process. 

Only a few previous studies focused specifically on the development 
of prediction methods for non-equilibrium condensation heat transfer. 
Agarwal et al. [12,13] proposed a unified model for non-equilibrium 
condensation, which bridges the discontinuity between single-phase 
and two-phase correlations. They pointed out that the existence of 
liquid in the CSH region and vapor in CSC region results in higher HTC. 
Their correlation predicts accurately the local HTC during the non- 
equilibrium condensation, with an absolute mean deviation of 16 %. 
Kondou et al. [11,14,15] measured the quasi-local HTC and demon-
strated that condensation occurs before the saturation vapor point, and 
that the HTC in the desuperheated condensation region is significantly 
higher than the prediction results from single-phase correlations. By 
analyzing the temperature profile of the heat transfer wall, they also 
found that the CSH starts once the wall temperature drops below the 
saturation vapor temperature. They proposed two correlations for the 
CSH and TP regions, which are based on the properties of the condensate 
film. Xiao et al. [16,17] utilized flow visualization and film thickness 
measurement techniques to investigate the non-equilibrium condensa-
tion. They found that the HTC increases remarkedly in the CSH region 
and reaches a peak at the saturation vapor point. A unified model was 
proposed consisting of the non-equilibrium condensation region and 
single-phase region, which predicts the majority of data within a devi-
ation range of ± 15 %. Longo et al. [8,18] conducted experiments of 
condensation with superheated vapor at the inlet port of a plate heat 
exchanger (PHE). They pointed out that the HTC of non-equilibrium 
condensation is 8 % to 10 % higher than that of saturated condensa-
tion, and recommended to use the Webb correlation [19] to predict the 
HTC in the CSH and TP regions. 

This paper provides a first-of-its-kind comprehensive analysis of non- 
equilibrium condensation heat transfer. The governing heat transfer 
mechanisms are identified, and an evaluation of the predictive perfor-
mance of the available heat transfer correlations for non-equilibrium 
condensation using all experimental data available in the open litera-
ture is carried out. Based on the evaluation of the state-of-the-art pre-
diction methods, guidelines for the design of efficient condensers for 
thermal processes are presented. In addition, a new prediction method 
for subcooled condensation is developed. No previous work presents 
such a comprehensive evaluation including all existing heat transfer 
correlations applicable to non-equilibrium condensation and all exper-
imental data available in the open literature. The analysis provides 
guidance for industry with respect to methods for designing condensers 
including subcooling and/or superheating, aiming at improving the 
performance of thermal processes and reducing the cost of heat transfer 
equipment. Furthermore, the research contributes to the academia by 
providing a comprehensive evaluation of the state-of-the-art prediction 
methods and a new prediction method for non-equilibrium condensa-
tion heat transfer. 

The paper is divided into five sections. The heat transfer mechanisms 
of the target heat transfer processes are illustrated in Section 2, while 
Section 3 outlines the prediction methods, including an analysis of the 
essential parameters of the prediction methods. In Section 4, an evalu-
ation of the predictive performance of the existing prediction methods 
for the CSH and CSC regions and new prediction method for the CSC 
region are presented. The conclusions are presented in Section 5. 

2. Heat transfer mechanisms 

Traditionally, the equilibrium theory assumes that condensation 
heat transfer starts when the thermodynamic quality of the bulk flow 
reaches 1, and ends at the position where the thermodynamic quality of 
the bulk flow is 0. There are three regions in a condenser: desu-
perheating, two-phase heat transfer, and subcooling. However, the as-
sumptions of perfectly-mixed and fully-developed two-phase flow in 
equilibrium theory deviate from the reality in that the two-phase flow 
tends to be in non-equilibrium (e.g. non-homogenous distribution of 
temperature at a cross-section) during condensation. The non- 
equilibrium theory suggests that the condensation starts at the posi-
tion where the wall temperature drops below the vapor saturation 
temperature, even though the bulk temperature of the working fluid is 
still above the saturation vapor temperature. In addition, the conden-
sation continues after the bulk thermodynamic quality reaches zero. At 
this position, the majority of the working fluid is in the liquid phase, 
while there is still a small amount of vapor due to the uneven distribu-
tion of fluid temperature in a cross-section of the channel. The two- 
phase heat transfer is not completed until this part of the vapor is 
fully condensed. 

Fig. 1 depicts the whole heat transfer process in a condenser 
considering the non-equilibrium effects. Initially, superheated vapor 
enters the desuperheating zone, releasing sensible heat. The working 
fluid is cooled down, while the wall temperature in the desuperheating 
region gradually declines. When the wall temperature becomes lower 
than the vapor saturation temperature, the superheated vapor close to 
the wall starts to condense, forming a liquid film. This region is called 
CSH, and in this region, the bulk fluid is in a desuperheated state. The 
traditional thermodynamic quality (xb), which is determined by the bulk 
(average) temperature, is larger than 1 in the CSH region. However, the 
condensation (or two-phase) heat transfer is triggered in this region due 
to the non-equilibrium effects. For this reason, the “superficial quality” 
(xsup) was introduced [16] based on the specific enthalpy, as shown in 
Eq. (16). The superficial quality of condensation incipience, the point 
where the wall temperature drops below the vapor saturation temper-
ature, is artificially set to 1, while the superficial quality is set to 0 at the 
condensation completion, the point where the highest temperature of 
the working fluid in a cross-section of the channel drops below the liquid 

Fig. 1. The heat transfer process non-equilibrium condensation.  
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saturation temperature. The CSH region continues until the bulk ther-
modynamic quality flow reaches 1. The heat transfer process consists of 
TP between the bulk thermodynamic quality of 1 and that of 0. At the 
position where the bulk thermodynamic quality reaches zero, the bulk 
(average) temperature of the fluid is equal to the liquid saturation 
temperature. However, the temperature of the fluid close to the wall is 
below the liquid saturation temperature, while that of the gas in the 
center of the heat transfer channel is larger. Thus, vapor still exists at the 
bulk thermodynamic quality of 0, and the condensation continues in the 
CSC zone until the highest temperature of the working fluid in a cross- 
section of the channel drops below the liquid saturation temperature. 
Finally, the liquid enters the subcooling region for further cooling. The 
whole heat transfer process of a condenser can be separated into five 
regions: desuperheating region, CSH region, TP region, CSC region and 
subcooling region, as shown in Fig. 1. 

Fig. 2 presents a schematic of the heat transfer processes in the CSH 
and CSC regions, including the heat transfer paths, thermal resistances, 
and cross-sectional temperature profiles. The total heat transfer rate in 
the CSH region consists of the sensible (Q̇sens) and latent (Q̇lat) compo-
nents, see Fig. 2(a). The bulk vapor in the core (central) region is cooled 
in a sensible heat transfer process. The driving temperature difference is 
governed by the bulk vapor temperature (Tb) and the inner surface 
temperature of the condensate film (Tv,sat), while the thermal resistance 
of the sensible heat transfer process (Rsens) is defined as the ratio of the 
driving temperature difference (Tb - Tv,sat) to the heat transfer rate 
(Q̇sens). Moreover, due to the non-equilibrium effects, the superheated 
vapor close to the wall condenses and releases latent heat (Q̇lat), which 
penetrates the condensate film to the wall. The driving temperature 
difference of the latent heat transfer depends on the inner surface tem-
perature of the condensate film (Tv,sat) and the inner wall temperature 
(Twi), and the thermal resistance of the latent heat transfer process (Rlat) 
is the ratio of the driving temperature difference (Tv,sat - Twi) to the heat 
transfer rate (Q̇lat). 

As for the CSC region, the total heat transfer rate is the combination 
of sensible (Q̇sens) and latent (Q̇lat) heat, as shown in Fig. 2(b). The bulk 

subcooled liquid is cooled in a sensible heat transfer process. The driving 
temperature difference is represented by (Tb - Twi), while the thermal 
resistance of the sensible heat transfer process (Rsens) is the ratio of the 
driving temperature difference (Tb - Twi) to the heat transfer rate (Q̇sens). 
In addition, due to the non-equilibrium effects, there is vapor remaining 
in the center of the heat transfer channel that continues to condense, 
releasing latent heat. The driving temperature difference depends on the 
temperature of the remaining vapor (Tl,sat) and the bulk subcooled liquid 
temperature (Tb), and the thermal resistance of the latent heat transfer 
process (Rlat) is determined by the ratio of the driving temperature 
difference (Tl,sat - Tb) to the heat transfer rate (Q̇lat). 

The effect of superheated vapor can be evaluated by comparing the 
average HTC of the CSH region with that in the TP region. The curve of 
HTC for the heat transfer process from superheated vapor to subcooled 
liquid is given in Fig. 3, which is based on the experimental data from 
Agarwal et al. [12]. In the beginning of the CSH region, the HTC sharply 
increases due to the occurrence of latent heat transfer. Afterwards, the 
HTC keeps increasing until it reaches the peak dominated by latent heat 
transfer. After that the flow enters the TP region and HTC starts to 
decrease due to the increase in heat transfer resistance of the condensed 
film. Therefore, the overall effect of the presence of superheated vapor at 
the inlet is governed by the competition between the average HTC of the 
CSH region (αave,CSH) and the average HTC of the TP region (αave,TP). If 
the average HTC of the CSH region is larger than that of the TP region, 
the superheated vapor has a positive effect on the non-equilibrium 
condensation. Otherwise, the superheated vapor will deteriorate the 
heat transfer. As shown in the CSH region of Fig. 3, the HTC decreases 
rapidly when increasing the degree of superheating, which leads to a 
lower αave,CSH (namely, αave,CSH significantly depends on the degree of 
superheating). Therefore, the heat transfer performance of a condenser 
can be improved by controlling the superheat degree at its inlet. 

Compared to having superheated vapor at the condenser inlet, the 
effect of subcooled liquid on non-equilibrium condensation is relatively 
small. The reason is that the difference in HTC between two-phase and 
single-phase in the CSC region (Δ αCSC) is small compared to that in the 

Fig. 2. Schematic of heat transfer processes during: (a) desuperheated condensation, (b) subcooled condensation.  
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CSH region (Δ αCSH), as shown in Fig. 3. This means the effect of two- 
phase heat transfer in the CSC region is limited [10]. In addition, it is 
challenging to determine the position of complete non-equilibrium 
condensation using existing methods. This is because the local heat 
flux and HTC at completion points, which should be obtained a priori, 
are unknown (see detailed analysis in Section 4.3). For these reasons, 
almost all the previous works considering non-equilibrium condensation 
focused on the heat transfer in the CSH region, rather than in the CSC 
region. 

3. Prediction methods 

Almost all previous research on condensation heat transfer focused 
on the development of prediction methods for equilibrium partial/ 
completed condensation. However, the incipience and completion 
points of condensation change due to the non-equilibrium effects, which 
may influence the predictive performance of the prediction methods. In 
this section, the state-of-the-art prediction methods [8,10–12,16] 
available in the open literature for the heat transfer coefficient consid-
ering non-equilibrium effects are described. The selected prediction 
methods were specifically developed for non-equilibrium condensation, 
particularly for the CSH and CSC regions, where the traditional methods 
fail to provide accurate results. The prediction methods considered were 
developed for heat transfer, either in a tube or PHE using pure working 
fluids or zeotropic mixtures. In addition, a new prediction method for 
the CSC region is developed. 

3.1. Agarwal correlation 

Agarwal et al. [12] developed a unified correlation for the CSH, TP 
and CSC regions. The correlation is based on the heat transfer mecha-
nism proposed by Webb et al. [19] and it is applicable for in-tube flow. 
Webb [19] defined superposition as implying that the heat flux in the 
CSH region (qCSH) includes two components, sensible (qsens) and latent 
heat flux (qlat): 

qCSH = qsens + qlat (1) 

During the CSH heat transfer process, the bulk flow is cooled down 
from a superheated state, resulting in a declining superheat degree. The 
heat flux of the bulk flow is sensible heat flux, which is obtained by Eq. 
(2). Parameter αSH is the HTC of the vapor phase, while Tb and Tv,sat are 
the bulk and vapor saturation temperature of the working fluid. At the 
same time, the superheated vapor, which is in contact with the wall, will 
condense directly from superheated vapor to saturation liquid. The heat 
flux of the fluid is latent heat flux, which is given by Eq. (3). The αTP is 
the HTC of saturation two-phase, while Twi is the inner wall temperature 
of the heat transfer surface. 

qsens = αSH(Tb − Tv,sat) (2)  

qlat = αTP(Tv,sat − Twi) (3)  

qCSH = αCSH(Tv,sat − Twi) (4) 

The total heat flux (qCSH) is calculated using Eq. (4), where αCSH is the 
HTC of desuperheated condensation. Substituting Eqs. (2)-(4) into Eq. 
(1) gives the following: 

αCSH =
[
αSH(Tb − Tv,sat) + αTP(Tv,sat − Twi)

]/(
Tv,sat − Twi

)
(5) 

Agarwal et al. [12] evaluated the predictive performance of Webb’s 
prediction method for the CSH region with their experimental data. 
Based on the results, they modified the heat transfer temperature dif-
ference of the total heat flux to (Tb - Twi) and obtained the following 
equation: 

αCSH =
[
αSH(Tb − Tv,sat) + αTP(Tv,sat − Twi)

]/
(Tb − Twi) (6) 

In the equation, both single-phase and two-phase heat transfer are 
considered. Appropriate correlations for the superheated vapor and the 
saturation two-phase flow need to be determined. Agarwal et al. [12] 
suggested the Gnielinski correlation [20] and Cavallini correlation [21] 
for superheated vapor and saturation two-phase heat transfer, respec-
tively. The Gnielinski correlation [20] was developed for the single- 
phase flow considering the friction factor fb of the heat transfer sur-
face. The correlation is applicable only for turbulent flow (Re > 104), 
and it reads as follows: 

αSH =
(fb/8)(Gvdi/μv − 1000)Prv

1 + 12.7(fb/8)1/2( Pr2/3
v − 1

) (λv/di)

fb = [1.82log10(Gvdi/μv) − 1.64 ]− 2

⎫
⎪⎪⎬

⎪⎪⎭

(7)  

where Gv, μv, Prv, and λv are the mass flow rate, dynamic viscosity, 
Prandtl number and thermal conductivity of the superheated vapor, 
respectively. di represents the inner diameter of the tube. 

The Cavallini correlation [21] has been extensively applied and 
comprehensively validated using experimental data for saturation two- 
phase heat transfer. Cavallini et al. [21] divided the whole saturation 
two-phase heat transfer process into two parts, a Δ T-dependent and a Δ 
T-independent flow regime (Δ T indicates the temperature difference 
between the saturation temperature and the wall temperature).The 
transition dimensionless gas velocity JT

G and dimensionless gas velocity 
JG are used to determine the transition line between the Δ T-dependent 
and Δ T-independent flow regimes. The prediction method for the TP 
region is shown in the following: 

Δ T-independent regime (JG > JT
G): 

αTP,1 = αannu = αlo

⎡

⎢
⎢
⎢
⎢
⎣

1 + 1.128x0.817
b

(
ρl

ρv

)0.3685(μl

μv

)0.2363

(

1 −
μv

μl

)2.144

Pr− 0.1
l

⎤

⎥
⎥
⎥
⎥
⎦

(8)  

αlo = 0.023(Gdi/μl)
0.8Pr0.4

l (λl/di) (9) 

Δ T-dependent regime (JG < JT
G): 

αTP,2 =
[
αannu

(
JT

G/JG
)0.8

− αstrat

](
JG/JT

G

)
+ αstrat (10) 

Fig. 3. HTC vs. quality along the whole heat transfer process in a condenser. The graph is obtained based on data from Agarwal et al. [12].  
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αstrat = 0.725
[

λ3
l ρl(ρl − ρv)gΔhlv

μldi(Tsat − Tw)

]0.25

{

1 + 0.741
(

1 − xb

xb

)0.3321
}− 1

+
(
1 − x0.087

b

)
αlo

(11)  

where JG and JT
G are obtained by Eq. (12): 

JT
G =

{[
7.5/

(
4.3X1.111

tt + 1
) ]− 3

+ 2.6− 3
}− 1/3

JG =
xbG

[gdiρv(ρl − ρv) ]
0.5

Xtt =

(
μl

μv

)0.1(ρv

ρl

)0.5[
(1 − xb)

xb

]0.9

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

(12)  

where αTP,1 and αTP,2 represent the HTC in the Δ T-independent and Δ T- 
dependent regions, respectively. Parameters αauua, αlo and αstrat are the 
HTC of annual flow, assumed only liquid flow, and stratified flow, 
respectively. ρ, g, Δ hlv, and Xtt indicate density, acceleration of gravity, 
latent heat of vaporization, and the turbulent-turbulent Lockhart-Mar-
tinelli parameter, respectively. When calculating the HTC of the latent 
heat transfer (αTP,1 and αTP,2) during the CSH process, Agarwal et al. [12] 
assumed that the thermodynamic quality xb is equal to 0.9999. All the 
properties of the liquid (with subscript l) and vapor (with subscript v) 
are taken as saturated and superheated states, respectively. 

As for the prediction method for the saturation two-phase process, 
Eqs. (8) - (12) are used directly, with the properties of liquid and vapor 
taken as the saturation condition. xb is the bulk thermodynamic quality, 
which is determined by enthalpy and pressure. The CSC region is com-
bined with the TP region, and the same equations are used to calculate 
the HTC in this region. The inlet thermodynamic quality of the working 
fluid in the CSC region is taken as the outlet thermodynamic quality of 
the last segment of the TP region. 

3.2. Kondou correlation 

Kondou et al. [11] developed a consolidated correlation for the CSH 
and TP regions, which is applicable for in-tube flow. Eq. (6) was utilized 
to calculate the HTC in the CSH region. However, different correlations 
for superheated vapor and saturation two-phase flow were selected. For 
the single-phase correlation, the Petukov [22] correction Factor Fa was 
introduced, on the basis of the Gnielinski correlation [20]: 

αSH =
(fb/8)(Gvdi/μv − 1000)Prv

1 + 12.7(fb/8)1/2( Pr2/3
v − 1

)Fa(λv/di)

Fa =

(
Twi

Tb

)− 0.36

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(13) 

The saturation two-phase condensation in the CSH region was 
computed using Eqs. (14) and (15). The film temperature (Tf) was 
introduced to determine the thermodynamic properties (with the 
subscript f). Kondou et al. [11] assumed that the xb in the CSH region is 
set to 0.995. All the properties of the liquid (with subscript l) and the 
vapor (with subscript v) were taken as saturated and superheated states, 
respectively. 

Δ T-independent regime (JG > JT
G): 

αTP,1 = αlo f

⎡

⎢
⎢
⎢
⎢
⎢
⎣

1 + 1.128x0.817
b

(
ρl

ρv

)0.3685(μl

μv

)0.2363

(

1 −
μv

μl

)2.144

Pr− 0.1
l f

⎤

⎥
⎥
⎥
⎥
⎥
⎦

αlo f = 0.023
(
Gdi/μl f

)0.8Pr0.4
l f (λl/di)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(14) 

Δ T-dependent regime (JG < JT
G): 

αTP,2 =
[
αTP,1

(
JT

G/JG
)0.8

− αstrat

](
JG/JT

G

)
+ αstrat

Tf =
Twi + Tsat

2
Prl f =

(
cplμl f

)/
λl f

cpl =
(
hl − hl,wi

)/
(Tsat − Twi)

αstrat = 0.725

[
λ3

l f ρl f

(
ρl f − ρv

)
gΔhlv

μl f di(Tsat − Twi)

]0.25

{

1 + 0.741
(

1 − xb

xb

)0.3321
}− 1

+
(
1 − x0.087

b

)
αlo f

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(15) 

where cpl and hl,wi are the average specific heat capacity of saturation 
liquid and enthalpy determined by inner wall temperature as well as 
condensation pressure, respectively. When it comes to the TP region, Eq. 
(14) and Eq. (15) were used. The properties of the liquid and vapor were 
taken as saturation conditions. The thermodynamic quality of the bulk 
flow is the actual value, which is determined by enthalpy and pressure. 

3.3. Xiao correlation 

Xiao et al. [16] proposed a heat transfer model for in-tube flow ac-
counting for non-equilibrium effects. The superficial thermodynamic 
quality xsup, which is used to rescale the thermodynamic quality for non- 
equilibrium condensation, was introduced: 

xsup =
h − hcom

hinc − hcom
(16)  

where h, hcom and hinc represent the local enthalpy, the enthalpy at the 
incipience point and at the completion point of non-equilibrium 
condensation, respectively. In order to obtain hcom and hinc, first the 
temperature at the incipience point and completion point need to be 
determined: 

Tinc = Tv,sat +
qinc

αinc
(17)  

Tcom = Tl,sat −
qcom

αcom
(18)  

where the q is the heat flux at the incipience/completion point, while 
αinc and αcom represent the HTC at the incipience and completion points, 
respectively. αinc and αcom can be determined by appropriate single- 
phase correlations (e.g. the Dittus-Boelter equation [23] or Gnielinski 
correlation [20]). Eq. (18) is based on the assumption of a developed 
laminar flow right after the end of the condensation. However, in 
practice, the flow may be turbulent, and not laminar. For this reason, a 
correction factor 0.33 is introduced to increase the prediction accuracy 
of the completion point: 

Tcom = Tl,sat − 0.33
qcom

αcom
(19) 

Xiao et al. [16] separated the non-equilibrium condensation process 
into annular flow and stratified flow. For the annular flow, the model 
was developed based on the Dittus-Boelter equation [23], by replacing 
the liquid Reynolds number (Rel) with the film Reynolds number (Ref). 
The ratio of the radius (di/2) to the film thickness (δ) was introduced to 
reflect the effect of film thickness on the HTC (the thinner the liquid 
film, the higher the HTC). Another correction factor, Ki, was introduced 
to consider the effect of interfacial waviness and liquid entrainment. The 
correlation for annular flow is shown in the following: 

αf ,annu = 0.023Re0.8
f Pr0.3

l
λl

di

(
di

2δ

)0.94 Tb,l − Twi

Tsat − Twi
Ki (20) 
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Ref =
[
2G

(
1 − xsup

)
δ
]/
[(1 − ε)μl ]

δ = 0.5di − 0.5
(
d2

i − 4Al/π
)0.5

Al =
[
πd2

i (1 − ε)
]/

4

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(21)  

εhomo =

[

1 +

(
1 − xsup

xsup

)(
ρv

ρl

)]− 1

εra =
xsup

ρv

⎡

⎢
⎢
⎢
⎢
⎢
⎣

1 + 0.12
(
1 − xsup

)
(

xsup

ρv
+

1 − xsup

ρl

)

+
1.18

(
1 − xsup

)
[gσ(ρl − ρv) ]

0.25

Gρ0.5
l

⎤

⎥
⎥
⎥
⎥
⎥
⎦

− 1

ε =
εhomo − εra

In
(

εhomo

εra

)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(22)  

Ki = 1+
(

uv

ul

)0.5[
(ρl − ρv)gδ2

σ

]0.34

x0.1
sup (23)  

where αf ,annu is the HTC for annular flow. The parameters σ, ε and Al 
represent surface tension, void fraction, and cross-sectional profile of the 
film, respectively. For the purpose of simplicity of the model, the bulk 
liquid temperature (Tb,l) is set to vapor saturation temperature (Tv,sat) in 
the CSH region, to saturation temperature (Tsat) in the TP region, and to 
bulk flow temperature (Tb) in the CSC region. 

In terms of the stratified flow, the tube is divided into the upper part 
(with constant film thickness) and the lower part (with varying film 
thickness). The HTCs of the upper part (αf ,upper) and lower part (αf ,lower) 
are combined to determine the total HTC (αf ,strat) of stratified flow. 
Following is the correlation for stratified flow: 

Al =
d2

i

8
[(2π − θstrat) − sin(2π − θstrat) + θstrat(1 − εtrans) ] (24)  

δlower = 0.5di

[

1 −
sin(2π − θstrat)

2π − θstrat

]

(25)  

Ref ,lower =
[
2G

(
1 − xsup

)
δlower

]/[
(1 − ε)μf

]
(26)  

Ref ,upper =
[
2G

(
1 − xsup

)
δtrans

]/[
(1 − ε)μf

]
(27)  

αf ,lower = 0.023Re0.8
f ,lowerPr0.3

l
λl

di

(
di

2δlower

)0.94 Tb,l − Twi

Tsat − Twi
Ki (28)  

αf ,upper = 0.023Re0.8
f ,upperPr0.3

l
λl

di

(
di

2δtrans

)0.94 Tb,l − Twi

Tsat − Twi
Ki (29)  

αf ,strat = αf ,upper
θstrat

2π + αf ,lower
2π − θstrat

2π (30)  

where θstrat, εtrans and δtrans indicate the stratification angle, as well as 
void fraction and film thickness at the transition between annual and 
stratified flow, respectively. δlower and Ref,lower represent the film 
thickness and Reynolds number of the lower part, while Ref,upper is the 
Reynolds number of the upper part. 

The current model introduced the film HTC (αf ,annu/strat) as a tool to 
model the non-equilibrium condensation. It is significantly important to 
convert it back to the bulk HTC (αCSH/TP/CSC). The following conversion 
equation is shown for the CSH, TP and CSC regions: 

αCSH/TP/CSC =
Tsat − Twi

Tb − Twi
αf ,annu/strat (31) 

In order to simplify the model, Xiao et al. [16] regarded the whole 
non-equilibrium condensation process as annual flow and used the 
corresponding correlations (Eqs. (20) - (23)) to calculate the film HTC. 

The conversion HTCs in each region are simplified as follows: 
CSH region: 

αCSH = 0.023Re0.8
f Pr0.3

l
λl

di

(
di

2δ

)0.94Tv,sat − Twi

Tb − Twi
Ki (32) 

TP and CSC regions: 

αTP/CSC = 0.023Re0.8
f Pr0.3

l
λl

di

(
di

2δ

)0.94

Ki (33)  

where αCSH is the HTC for the CSH region and αTP/CSC is for the TP or CSC 
region. 

3.4. Jacob correlation 

Jacob et al. [10] investigated the non-equilibrium condensation of 
zeotropic mixtures and developed a new prediction method considering 
the mixtures effects. The Jacob correlation is applicable for in-tube flow. 
The equilibrium SBG [24,25] method was utilized to calculate the HTC 
for mixtures: 

αmix =

[
1

α model
+

xsupcp,v(Tdew − Tbubble)

Δhlv

1
αv

]− 1

(34)  

where αmodel represents the HTC of the CSH or TP regions, while Tdew, 
Tbubble and αv are the dew point temperature, bubble point temperature, 
and HTC of the vapor, respectively. The HTC of the CSH region can be 
obtained by Eq.(35), while that of the TP region can be obtained using 
Eqs. (8) - (12). In Eq. (35), qtotal represents the local heat flux in the CSH 
region. The bulk thermodynamic quality was replaced by the superficial 
thermodynamic quality xsup, given by Eq. (36). The enthalpy of the 
incipience point of non-equilibrium condensation can be determined by 
Eq. (17) and the local pressure. 

αCSH =

[
1

αTP
+

Tv − Tdew

qtotal

]− 1

(35)  

xsup =
hb − hl,sat

honset − hl,sat
(36) 

Jacob et al. [10] neglected the enhancement of the latent effect in the 
CSC region and regarded it as a subcooling region, which was predicted 
using the Gnielinski prediction method [20]. The single-phase HTC in 
the turbulent region (Re > 104) is calculated by Eq. (7), while that in the 
laminar and transition regions (αl) can be obtained by the following 
equations: 

Laminar region (Re < 2300): 
Constant wall temperature: 

αl =
λl

d

[
Nu3

m,T,1 + 0.73 +
(
Num,T,2 − 0.7

)3
+ Nu3

m,T,3

]1/3

Num,T,1 = 3.66

Num,T,2 = 1.615[RePr(di/l) ]1/3

Num,T,3 =

(
2

1 + 22Pr

)1/6

[RePr(di/l) ]1/2

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(37) 

Constant heat flux: 

αl =
λl

d

[
Nu3

m,q,1 + 0.63 +
(
Num,q,2 − 0.6

)3
]1/3

Num,q,1 = 4.364

Num,q,2 = 1.953[RePr(di/l) ]1/3

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(38) 

Transition region (2300 < Re 〈104): 
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αl =
λl

di

[
(1 − γ)Nulam,2300 + γNuturb,104

]

γ =
Re − 2300
104 − 2300

⎫
⎪⎪⎬

⎪⎪⎭

(39)  

where Num,T,1, Num,T,2 and Num,T,3 represent the first, second and third 
Nusselt number at constant wall temperature, respectively. Num,q,1 and 
Num,q,2 indicate the first and second Nusselt number at constant heat 
flux, respectively. Nulam,2300 and Nuturb,104 are the Nusselt number for 
laminar and turbulent flow, respectively. The parameters l and γ 
represent the length of the tube and proportion of turbulent flow, 
respectively. 

3.5. Longo correlation 

Longo et al. [8] conducted experiments to validate the prediction 
method by Webb [19], which was used to predict the HTC for the CSH 
and TP regions in PHEs. The Longo correlation was developed for the 
flow in PHEs. Longo et al. [8] suggested using the correlation by Akers 
et al. [1] for the saturation TP region and the Thonon et al. [26] equation 
for the single-phase region: 

αCSH = αTP + F
[
αSH + cp,vqlat/Δhlv

]

αTP = ϕαAKERS

αAKERS = 5.03
(
λl,sat/dh

)
Re1/3

eq Pr1/3
l,sat

Reeq = G
[
(1 − xb) + xb

(
ρl,sat/ρv,sat

)1/2
](

dh/μl,sat

)

αSH = 0.2267(λv/dh)Re0.631
v Pr1/3

v

F = (Tb − Tv,sat)/(Tb − Twi)

qlat = αTP
(
Tv,sat − Twi

)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(40)  

where F is the ratio of the local superheat degree to the driving tem-
perature difference. ϕ, Reeq and αAKERS represent the enlargement factor, 
the equivalent Reynolds number and the HTC obtained using the Akers 
correlation [1], respectively. 

3.6. Basic format and critical parameters 

In this section, the aforementioned prediction methods for non- 
equilibrium condensation are summarized and analyzed. A majority of 
the prediction methods for the CSH region use the Webb correlation [19] 
as the basic format. The HTC of both the vapor phase (αSH) and the 
saturation two-phase (αTP) are combined into the prediction method. 
Thus, the correlation is based on both the sensible heat transfer resulting 
from the cooling process and latent heat transfer resulting from the 
condensation process. Some of the prediction methods for the CSH re-
gion are based on the film theory, taking the Dittus-Boelter equation as 
the basic format. As for the prediction methods for zeotropic mixtures, 
the equilibrium SBG [24,25] method is utilized as the basic format, 
considering the mixture effects. For these prediction methods, the HTC 
of the single-phase heat transfer is mainly obtained by the Gnielinski 
prediction method [20] or the Dittus-Boelter equation [23], while the 
HTC of the two-phase heat transfer is calculated using the Cavallini 
prediction method [21] or Akers correlation [1]. 

As for prediction methods for the TP region, the Cavallini prediction 
method [21] is widely used. However, depending on different heat 
transfer mechanisms, different characteristic temperatures will be 
considered (bulk or film temperature). In order to adapt the method to 
different applications, a series of correction terms considering mass 
transfer, mixture effects and/or waviness effect are added. In addition, 
some prediction methods for the CSH region take the Dittus-Boelter 
equation [23] as the basic format, which is based on the film theory. 

As for the CSC region, the same prediction methods as those used for 
the TP region are used since the same heat transfer mechanisms occur in 

these regions. Some researchers tend to neglect this region and regard it 
as a subcooling region, since the enhancement effect of the two-phase 
heat transfer in the CSC region is limited. 

An overview of the crucial dimensionless numbers, thermodynamic 
properties and applications of the different prediction methods under 
consideration are provided in Table 1, while Fig. 4(a) - (b) depicts the 
frequency of these key parameters. The results suggest that the Reynolds 
number and Prandtl number are the dominating parameters regarding 
the dimensionless number. As for the thermodynamic properties, the 
superheat degree (Δ Tsup) and subcooling degree of the wall (Δ Tsub,w) 
are introduced into the prediction methods, considering the effect of 
superheated vapor and secondary fluids. Density, viscosity and thermal 
conductivity at saturation vapor and liquid states are commonly used. In 
addition, the superficial thermodynamic quality (xsup) is utilized to 
rescale the quality to cover the whole non-equilibrium condensation 
process. For zeotropic mixtures, the temperature glide (Δ Tglide), the 
specific heat capacity of the vapor phase (cp,v), and the enthalpy dif-
ference between saturation liquid and vapor (Δ hlv) are introduced to 
take the mixture effects into account. 

3.7. New prediction method 

For the CSC region, the governed heat transfer mechanisms are un-
clear. Therefore, a new prediction method is proposed for this region. 
The new prediction method is based on the coexistence of the sensible 
(single-phase) and latent (two-phase) heat transfer mechanisms in the 
CSC region. In this region, the liquid bulk fluid is governed by sensible 
heat transfer, while the remaining vapor primarily is governed by latent 
heat transfer. Therefore, the HTC of the CSC (αCSC) is combined by the 
HTC of the sensible heat transfer (αSP) and that of the latent heat transfer 
(αTP), considering the sensible component and latent component, 
respectively. Moreover, two correction factors are introduced to scale 
the contributions of the sensible heat transfer (FSP) and the latent heat 
transfer (FTP). The correlation reads as follows: 

αCSC = FSP⋅αSP +FTP⋅αTP (41) 

The Dittus-Boelter equation [23], Eq. (42), is used to compute the 
sensible HTC (αSP), while the Cavallini correlation [21], Eqs. (8)-(12), is 
used to obtain the latent HTC (αTP). All the properties (with subscript l) 
of the sensible heat transfer in the Eq. (42) are determined based on the 
bulk fluid in the subcooled state, and the equilibrium thermodynamic 
quality (xb) in Eqs. (8)-(12) is replaced by the superficial thermody-
namic quality (xsup) which is obtained by Eqs. (16)-(19). 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

αSP = 0.023⋅Re0.8
l ⋅Pr0.4

l ⋅
λl

di

Rel =
Gr⋅(1 − xsup)⋅di

μl

(42) 

A sensitivity analysis of the effect on the HTC of the Weber number, 
Jakob number, Bond number, Strouhal number, subcooling degree, and 
wall temperature, respectively, was conducted in order to identify the 
more relevant parameters to include in the two correction factors. It was 
found that the HTC of the sensible and the latent heat transfer compo-
nents depend significantly on the subcooling degree (Tl,sat - Tb). There-
fore, the subcooling degree is included in the correction factor of the 
sensible term (FSP) and the latent term (FTP). Moreover, the wall tem-
perature on the refrigerant side (Twr) is considered in the sensible heat 
transfer, as the temperature gradient between the fluid and the wall 
determines the mean fluid properties of the cross-section. The co-
efficients and power exponents of the correction factors were deter-
mined using the least squares method. Around 70 % of the experimental 
data in the CSC region was used to tune the correlations based on linear 
regression, finding the best-fitting curve by minimizing the sum of re-
siduals between the data points and the curve. The final equations of 
these two correction factors are as follows: 
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⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

FSP = 0.01⋅
(

Tl,sat − Tb

Twr

)4.008

FTP = 0.819⋅
(

Tl,sat − Tb

Tl,sat

)0.023
(43)  

3.8. Uncertainty analysis 

The uncertainties of the relevant parameters, including the HTC, the 
incipience temperature and completion temperature of non-equilibrium 
condensation, are evaluated using the Kline and McClintock method 
[27]: 

uy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

k=1
(
∂yk

∂zk
)

2u(zk)
2

√

y = f (z1, z2, z3, ..., zn)

(44)  

where u(z1), u(z2), …, u(zn), represent the uncertainties of the direct 
measurements (including temperatures, pressures, mass flow rates of 
refrigerants, volume flow rate of secondary fluids), which are provided 
in the Refs. [13,14,28]. y is a certain calculated parameter, which is 
determined by direct measurements (z1, z2, …, zn). f is the function 
relationship between a certain calculated parameter and direct 
measurements. 

The uncertainties of the calculated parameters were calculated using 
coverage factor K = 2. The results suggest that the uncertainty of the 
HTC of the refrigerant, incipience temperature, and completion tem-
perature ranges from 2.8 % to 48 %, 1.5 K to 6.8 K, and 0.5 K and 2.3 K, 
respectively. 

4. Evaluation of the prediction methods 

4.1. Data collection 

In order to evaluate the predictive performance of the prediction 
methods of non-equilibrium condensation, experimental data available 
in the open literature were compiled. Table 2 presents the database of 
non-equilibrium condensation heat transfer in a tube. The database in-
cludes data for non-equilibrium condensation, including the CSH, TP 
and CSC regions. Only the in-tube flow data were found to be adequate 
for the evaluation of prediction methods. In practice, measuring local 
heat transfer parameters is much easier in tubular heat exchangers than 
in heat exchangers with more complex geometry (e.g. PHEs or micro-
channel heat exchangers). The experimental data in Agarwal [13] and 
Kondou [14,15] were compiled using the data collection software 
Engauge Digitizer, while Jacob provided online access to their experi-
mental data [29–32]. All the experimental data were obtained for heat 
transfer in a tube with a diameter ranging from 4.7 mm to 6.1 mm, and a 
length ranging from 0.15 m to 1.3 m. The database includes 1119 heat 
transfer data points. 204 of the data points are located in the CSH region, 
while 806 and 109 data points are located in the TP region and CSC 
region, respectively. The classification of the data points is based on the 
temperature at the incipience point (Tinc) and completion point (Tcom) of 
the non-equilibrium condensation, which are calculated by Eq. (17) and 
Eq. (19), respectively. Data with temperature between the incipience 
temperature and saturation vapor temperature are classified to the CSH 
region, while those data with a temperature between the saturation 
liquid temperature and completion temperature are classified to the CSC 
region. Data with a temperature between the saturation vapor point and 
saturation liquid point are classified to the TP region. 

The working fluids used in the experiments include pure refrigerants 
(R1234ze(E), R134a, R32 and CO2) and zeotropic mixtures (R410A, 
R404A, R454C, R454B, R452A, and R450A). The data from Agarwal 
[13] and Kondou [14,15] are quasi-local measurements obtained for a 
0.15 m test section. As for the data from Jacob [29–32], thermocouples 

Table 1 
Key parameters, limitations and applications of the prediction methods under 
consideration.  

Author Prediction 
method 

Critical parameters Application(s) 

Agarwal 
et al.  
[12] 

CSH: 
Eqs. (6) - (12) 

Rev; Prv; Relo; Prl,sat; JG; 
JG

T 

Δ Tsup; Δ Tsub,w; Δ Tb,w; 
λv; λl,sat; xb; ρl,sat; ρv; µl,sat; 
µv; g; Δ hlv 

Horizontal smooth 
tube 
Reeq,CSH*: 
13563–21301 
Reeq,TP: 4388–17679 
Reeq,CSC: 4497–7703 
Working fluids: 
R1234ze(E), R134a, 
and R32 

TP and CSC: 
Eqs. (8) - (12) 

Relo; Prl,sat; JG; JG
T 

λl,sat; xb; ρl,sat; ρv,sat; µl,sat; 
µv,sat; g; Δ hlv; Δ Tsub,w 

Kondou 
et al.  
[11] 

CSH: 
Eq. (6) 
Eqs. (13) - (15)  

Rev; Prv; Rel,f; Prl,f; JG; JG
T 

Δ Tsup; Δ Tsub,w; Δ Tb,w; 
Twi/Tb; λv; λl,sat; xb; ρl,sat; 
ρv,sat; µl,sat; µv,sat; λl,f; ρl,f; 
g; Δ hlv; µl,f 

Horizontal smooth 
tube 
Reeq,CSH: 
24726–38552 
Reeq,TP: 17874–36189 
Reeq,CSC: 
19403–19780 
Working fluids: 
R410A and CO2    

TP: 
Eqs. (14) - (15)   

Rel,f; Prl,f; JG; JG
T 

λl,sat; xb; ρl,sat; ρv,sat; µl,sat; 
µv,sat; λl,f; ρl,f; g; Δ hlv; µl,f; 
Δ Tsub,w 

CSC: 
Eq. (13) 

Rel; Prl; 
λl; Twi; Tb 

Xiao et al.  
[16] 

CSH: 
Eq. (32) 
Eq. (23) 

Ref = f (G, xsup, µl,sat, di, 
ρl,sat, ρv, g, σ); Prl,sat 

δ = f (G, xsup, µl,sat, di, ρl, 

sat, ρv, g, σ); 
λl,sat; ΔTsub,w; ΔTb,w; µl, 

sat; µv,sat; ρl,sat; ρv,sat; g; σ; 
xsup 

Horizontal smooth 
tube 
Mass flux: (100 to 
200) kg⋅m− 2⋅s− 1 

Hest flux: (5 to 25) 
kW⋅m− 2 

Working fluids: 
R1234ze(E), R134a, 
R32, R410A, and 
R744    

TP: 
Eq. (33) 
Eq. (23) 

Ref = f (G, xsup, µl,sat, di, 
ρl,sat, ρv, g, σ); Prl,sat 

δ = f (G, xsup, µl,sat, di, ρl, 

sat, ρv, g, σ); 
λl,sat; µl,sat; µv,sat; ρl,sat; ρv, 

sat; g; σ; xsup 

CSC: 
Eq. (33) 
Eq. (23) 

Ref = f (G, xsup, µl, di, ρl, 
ρv,sat, g, σ); Prl 

δ = f (G, xsup, µl, di, ρl, ρv, 

sat, g, σ); 
λl; µl,sat; µv,sat; ρl,sat; ρv,sat; 
g; σ; xsup 

Jacob et al. 
[10] 

CSH: 
Eqs. (34) - (36) 
Eq. (7) 
Eqs. (8) - (12)  

Rev; Prv; Relo; Prl,sat; JG; 
JG

T 

ΔTsup; qtotal; xsup; cp,v; 
ΔTglide; Δhlv; λv; λl,sat; ρl, 

sat; ρv,sat; µl,sat; µv,sat; g; 
ΔTsub,w 

Horizontal smooth 
tube 
Reeq,CSH: 
10089–88959 
Reeq,TP: 4561–80069 
Reeq,CSC: 4036 – 
57,253 
Working fluids: 
R448A, R450A, 
R452A, R454B, and 
R454C   

TP: 
Eq. (34) 
Eq. (7) 
Eqs. (8) - (12)  

Relo; Prl,sat; JG; JG
T 

xsup; cp,v; ΔTglide; Δhlv; λl, 

sat; ρl,sat; ρv,sat; µl,sat; µv,sat; 
g; ΔTsub,w  

CSC: 
Re ≥ 104: 
Eq. (7) 
2300 < Re <
104: 
Eq. (39) 
Re ≤ 2300: 
Constant wall 
temperature: 
Eq. (37) 
Constant heat 
flux: 
Eq. (38) 

Rel; Prl 

λl; Twi; Tb 

Longo 
et al.  
[8] 

CSH and TP: 
Eq. (40) 

Prl,sat; Rev; Prv 

ΔTsup; ΔTsub,w; ΔTb,w; cp, 

v; Δhlv; G; xb; ρl,sat; ρv,sat; 
µl,sat; λl,sat; λv 

Brazed PHE 
Rev:50–15000 
Reeq < 50000 
Working fluids: 
R134a  

* The equivalent Reynolds number (Reeq) is computed by Eq. (40), where the 
thermodynamic quality xb is replaced by the superficial quality xsup (obtained 
from Eqs. (16)-(19)). 
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were distributed along the tube to obtain the local temperature of the 
wall and secondary fluid. The mass flux varies from 95 kg⋅m2⋅s− 1 to 801 
kg⋅m2⋅s− 1. The ranges of superheating and subcooling degrees used 
during the experiments are 5 ◦C to 53 ◦C and 0 ◦C to 34 ◦C, respectively. 
The condensation pressure varies from 1 MPa to 7 MPa, and the heat flux 
ranges from 0.1 kW⋅m− 2 to 205.7 kW⋅m− 2. 

4.2. Assessment indicators of correlations 

The mean absolute percentage error (MAPE) and mean percentage 
error (MPE) are used to evaluate the predictive performance of heat 
transfer correlations. They are defined by the Eq. (45) and Eq. (46), 
respectively: 

MAPE =
100%

N
∑N

i=1

⃒
⃒
⃒
⃒
HTCexp − HTCpre

HTCexp

⃒
⃒
⃒
⃒ (45)  

MPE =
100%

N

∑N

i=1

(
HTCpre − HTCexp

HTCexp

)

(46)  

where N represents the number of experimental data, while HTCexp and 
HTCpre indicate the heat transfer coefficients calculated with experi-
mental measurements and prediction methods, respectively. 

Per±20% and Per±30% characterize the percentage of data that falls 
within a certain deviation range, ±20 % and ± 30 %, respectively. They 
are defined by the Eq. (47) and Eq. (48). 

Per±20% =
N±20%

N
(47)  

Per±30% =
N±30%

N
(48)  

where N±20% and N±30% indicate the amount of the data that falls within 
the ± 20 % and ± 30 % deviation, respectively. N is the total number of 
the data points. 

4.3. Evaluation of the prediction methods 

Generally, a prediction method of a heat transfer process is devel-
oped based on certain operation conditions, working fluid(s), heat 
exchanger type and measurement technique. Therefore, a prediction 
method may not be applicable for conditions other than those used to 
obtain the method. In this section, the predictive performance of the four 
prediction methods (except the Xiao correlation, which will be clarified 
later) developed for non-equilibrium condensation outlined in Section 3 
are assessed by comparing their predictions with the experimental re-
sults compiled in Table 2. The possibility of extending the prediction 
methods to other application areas is explored. In addition, guidance for 
developing prediction methods with wider application areas and higher 
accuracy are provided based on the evaluation results. 

The predictive performance of the Xiao correlation is not included in 
this section for a number of reasons. First, in the original model (Eq. (20) 
– Eq.(31)), as suggested by Xiao et al. [33,34], flow regime maps iden-
tifying the transition line between annual and stratified flow are needed 

Fig. 4. Frequency of different parameters occurring in the prediction methods under consideration: (a) Dimensionless numbers, (b) Thermodynamic properties.  

Table 2 
Experimental data of non-equilibrium condensation heat transfer in a tube.  

Sources Tube geometries Working fluids Data type Conditions Number of data points 

G 
(kg⋅m− 2⋅s− 1) 

ΔTsup 

(◦C) 
ΔTsub 

(◦C) 
Pcon 

(MPa) 
q 
(kW⋅m− 2) 

CSH TP CSC 

Agarwal et al. [13] ID*: 6.1 
TL*: 150 

R1234ze(E) Quasi-local 100 42 20 1.0 10 6 12 5 
R134a Quasi-local 100 32 21 1.3 10 4 10 3 
R32 Quasi-local 100 31 15 3.1 10 6 12 1 

Kondou et al. [14,15] ID: 6.1 
TL: 150 

R410A Quasi-local 200 23–33 0 2.7 3.2–22.1 24 19 0 
CO2 Quasi-local 150 17–26 1 6–7 8.8–11.1 17 34 2 

Jacob et al. [29–32] ID: 4.7 
TL: 1300 

R454C Quasi-local 95–506 6–53 2–34 1.6–2.6 1.2–136.5 51 207 28 
R454B Quasi-local 95–504 5–39 3–33 2.2–3.6 0.2–150.9 38 151 18 
R452A Quasi-local 103–799 9–43 1–23 1.8–2.9 0.2–205.7 17 104 12 
R404A Quasi-local 102–801 15–39 2–24 1.8–2.9 0.1–204.5 12 52 12 
R134a Quasi-local 206–596 11–21 3–19 1.1–1.5 6.0–113.2 9 99 16 
R450A Quasi-local 98–559 7–44 3–26 1.0–1.3 1.2–135.5 20 106 12  

* ID and TL represent the inner diameter and total length of the tube, measured in millimeters. 
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for the implementation of the original model. It is not possible to provide 
the flow regime maps, because there is no corresponding visualization 
result from the dataset presented in Table 2. In addition, it is challenging 
to extend the application area of the flow regime maps from Xiao et al. 
[33,34] to the present paper due to the different conditions of the ana-
lyses. Moreover, the stratification angle (θstrat) of the liquid film in the 
stratified flow regime is unknown. In terms of the simplified model (Eq. 
(21) – Eq. (23), Eq. (32) – Eq. (33)), the whole non-equilibrium 
condensation process is regarded as annual flow, neglecting the effect 
of gravity on the liquid film. However, this approximation method is 
only valid in microchannel flow (where the gravity is negligible) or for 
operating conditions of large mass flux (where the shear force typically 
dominates). The dataset used in the present paper to evaluate the pre-
dictive performance of the correlations applies to heat transfer in a 
conventional tube with a wide range of mass fluxes, which does not 
agree with the conditions of the approximation method (microchannel 
heat transfer and large mass flux). For these reasons, it would not be 
appropriate to include the Xiao correlation in the analysis presented in 
this section. 

As the different correlations were developed for different regions, 
including the CSH, TP and CSC regions, the data are also divided into 
CSH, TP and CSC regions. In order to determine the incipience and 
completion point of non-equilibrium condensation, Xiao et al. [16] 
suggested calculating the temperature of incipience and the completion 
point through iteration using an appropriate prediction method for 
single-phase heat transfer. Eq. (17) and Eq. (19) were developed for this 

purpose. In the method, the vapor/liquid saturation temperature, local 
heat flux, and HTC at incipience and completion points, should be 
known a priori or be obtained through iteration. However, the heat flux 
at incipience and completion points cannot be obtained, since the lo-
cations of the incipience and completion points are unknown. Moreover, 
the HTC of the incipience and completion points are based on local 
thermodynamic properties, which are unknown until the incipience/ 
completion points are determined. Therefore, we made the following 
approximations:  

• According to the definition of the condensation incipience point, the 
non-equilibrium condensation starts when the wall temperature 
drops below the vapor saturation temperature. The point where the 
wall temperature is closest to the vapor saturation temperature was 
found among the experimental data, and the heat flux and HTC in 
this point are taken as qinc and αinc. The incipience point is deter-
mined using Eq. (17).  

• The point of complete non-equilibrium condensation is difficult to 
determine according to the definition. Not until the highest tem-
perature in the heat transfer channel drops below the liquid satura-
tion temperature, is the non-equilibrium condensation completed. 
However, only the bulk temperature of the working fluid is normally 
readily available through experiments, because it is very challenging 
to measure the temperatures across a cross-sectional segment of the 
flow channel. For this reason, it was assumed that the first segment, 
right after the last segment of the TP region, belongs to the CSC 

Fig. 5. Comparison of the HTC in the CSH region obtained from prediction methods and experimental data: (a) Agarwal correlation, (b) Kondou correlation, (c) 
Longo correlation and (d) Jacob correlation. 
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region. The heat flux and HTC of this segment are regarded as the 
heat flux (qcom) and HTC (αcom) of the condensation completion 
point. In this way, the point of complete condensation is calculated 
by Eq. (19). 

4.3.1. Desuperheated condensation 
Fig. 5 presents the HTC obtained using the four prediction methods 

and experimental data in the CSH zone. In Fig. 5(a), 203 data points in 
the CSH region are predicted using the Agarwal correlation. The MAPE 
and MPE of the Agarwal correlation are 35 % and + 32 %, respectively. 
28 % of the experimental data are located within ± 20 % deviation, 
while 33 % of the experimental data are within ± 30 % deviation. The 
Agarwal correlation is more accurate when predicting the HTC of pure 
working fluids (R1234ze(E), R134a, R32, CO2) than that of zeotropic 
mixtures (R454C, R454B and R450A). The results indicate that the HTC 
of zeotropic mixtures with a large temperature glide (R454C and R454B) 
is overestimated. The main reason is that the temperature glide and mass 
transfer of zeotropic mixtures are not considered in the prediction 
method. These mixtures effects tend to increase the heat transfer resis-
tance, deteriorating the non-equilibrium condensation [35,36]. 

As for the Kondou correlation, the results suggest that the MAPE and 
MPE are reduced to 29 % and + 24 %, respectively, as shown in Fig. 5 
(b). 33 % of the data are within ± 20 % deviation, and 61 % of the data 
are within ± 30 % deviation. The reasons for the improved predictive 
performance compared with the Agarwal correlation are that it con-
siders the temperature of the condensed film and the wall temperature in 
the Δ T-independent regime. The effect of improved accuracy due to the 
inclusion of the wall temperature is shown particularly for the data 
presented in Jacob [10,28], which have relatively high wall subcooling. 
However, the correlation overestimates the HTC for zeotropic mixtures, 
as it does not consider mixture effects. 

As indicated in Fig. 5(c), the Longo correlation overestimates the 
data in the CSH region. The MAPE and MPE are near 200 %, while only 
2 % of the 203 data points are within ± 30 % deviation. The Longo 
correlation has the same format as the Webb model [19], simplifying the 
temperature difference along the whole CSH region to (Tv,sat - Twi). The 
basic form of the correlation is αCSH⋅(Tv,sat - Twi) = αTP⋅(Tv,sat - Twi) +
αSH⋅(Tb - Twi). However, the actual temperature difference of the whole 
CSH process should be (Tb - Twi), which is larger than that in the 
simplified model, resulting in the following basic form of the correlation: 
αCSH⋅(Tb - Twi) = αTP⋅(Tv,sat - Twi) + αSH⋅(Tb - Twi). In the Longo corre-
lation, the decrease of the heat transfer temperature difference leads to a 
larger HTC. This is the main reason for the overestimation of the Longo 
prediction method. Especially in the beginning of the CSH region 
(namely, small experimental HTC values), the overestimation is signif-
icant because the temperature difference Tb - Twi is much larger than the 
temperature difference Tv,sat - Twi in this region. 

In addition, it needs to be stressed that the Longo correlation is the 
only prediction method among the four developed for PHEs. Therefore, 
it was not intended to be used for the in-tube heat transfer considered in 
the evaluation presented here. Further research on non-equilibrium 
condensation in PHEs is required, covering both fundamental research 
analyzing the heat transfer mechanisms and prediction methods to be 
used for design, modelling and optimization of condensers including 
desuperheating and subcooling. 

Among the four correlations, the results suggest that the Jacob cor-
relation gives the most accurate prediction for the CSH region. The 
MAPE and MPE are 11 % and − 7 %, respectively, as shown in Fig. 5(d). 
83 % of the data points are located within ± 20 % deviation, and 88 % of 
the data points are located within ± 30 % deviation. Interestingly, the 
Jacob correlation depends on the estimation of the superficial thermo-
dynamic quality. However, it is challenging to determine the completion 
point of non-equilibrium condensation using the local heat flux and 
HTC. Therefore, in order to improve further the accuracy of the Jacob 
correlation, we propose to develop new methods for the determination 

of the completion point for the target heat transfer. 

4.3.2. Saturated two-phase condensation 
Fig. 6 presents the HTC obtained using the four prediction methods 

and 806 experimental data points in the TP zone. Fig. 6(a) indicates that 
the MAPE and MPE are 20 % and + 17 %, respectively, for the Agarwal 
correlation. 57 % of the data are located within ± 20 % deviation, and 
83 % of the data are located within ± 30 % deviation. The correlation 
achieves a higher accuracy for the dataset of Agarwal [13] and Kondou 
[14,15] (with low wall subcooling degree) than for that of Jacob 
[29–32] (with high wall subcooling degree). The main reason for the 
accuracy difference is that the wall temperature is not taken into account 
in the Δ T-independent regime, causing larger deviations for high wall 
subcooling conditions. In addition, the mixture effects of zeotropic 
mixtures are not considered. 

The Kondou correlation attains the highest accuracy, compared to 
other prediction methods. As shown in Fig. 6(b), the correlation has an 
MAPE of 11 % and an MPE of +1 %. 87 % of the data are located within 
± 20 % deviation, and only 5 % of the data have a deviation larger than 
± 30 %. The Kondou correlation had the same basic format as the 
Agarwal correlation, but introduced the wall subcooling degree to the Δ 
T-independent regime, which the Agarwal correlation does not include. 
Compared to the Agarwal correlation, the Kondou correlation achieves 
better predictive performance, especially for the Jacob dataset (with 
larger wall subcooling). The results suggest that the wall subcooling has 
a strong influence on the HTC in the Δ T-independent regime, especially 
for large wall subcooling conditions. Furthermore, the results indicate 
that the Kondou correlation works well for zeotropic mixtures (refer to 
the results of the fluids R454C, R454B and R450A), indicating that the 
film theory reflects the mixture effects well. 

The Longo correlation applied to the TP region is based on the Dittus- 
Boelter equation [23], by modifying the multipliers and indexes of the 
Reynolds number and Prandtl number to improve the accuracy of the 
correlation. In addition, as pointed out previously, Longo et al. [8] 
developed the correlation for PHEs rather than for in-tube heat transfer. 
For these reasons, it is not surprising that the Longo correlations cannot 
predict the in-tube heat transfer data with high accuracy. According to 
the results shown in Fig. 6(c), the experimental data are overestimated, 
having an MAPE and MPE of 47 % and + 45 %, respectively. More than 
half of the data have a deviation larger than ± 30 %. 

The results suggest that the Jacob correlation provides the second- 
best predictive performance, after the Kondou correlation. According 
to the results shown in Fig. 6(d), the Jacob correlation has an MAPE and 
MPE of 12 % and − 4 %, respectively. 85 % of the experimental data are 
located within ± 20 % deviation, and less than 5 % of the data have a 
deviation greater than ± 30 %. Compared to the results of the Agarwal 
correlation, the MAPE increases by 8 % after introducing the SBG 
method. However, it is worth noting that the Cavallini model [21] with 
the SBG method achieves good predictive performance for both pure 
working fluids and zeotropic mixtures in the TP region. 

4.3.3. Subcooled condensation 
Kondou et al. [11] and Jacob et al. [10] simplified the CSC region to 

single-phase heat transfer and applied the Gnielinski model [20] to 
predict the HTC. On the contrary, Agarwal et al. [12] considered the 
phase change heat transfer in this region and developed a corresponding 
correlation. There is no corresponding correlation for the CSC region in 
the Longo model. 

Fig. 7 presents the HTC obtained using the three prediction methods 
and 109 experimental data points in the CSC region. The results shown 
in Fig. 7(a) - (b) indicate that the Kondou and Jacob correlations provide 
acceptable predictive performance when using single-phase correlations 
to predict the data in the CSC region. The MAPEs of these two correla-
tions are smaller than 30 %. More than 65 % of the data points are 
located within ± 30 % deviation, while almost 56 % of the data points 
are located within ± 20 % deviation. However, both the correlations 
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underestimate the HTC in the CSC region, resulting in negative MPEs 
(around − 15 %). That is, the HTC in the CSC region is underestimated 
when neglecting the effect of two-phase heat transfer in the CSC region. 
Therefore, in order to improve the accuracy of prediction methods for 
the CSC region, there is a need to investigate the heat transfer mecha-
nisms and to develop new prediction methods incorporating the effect of 
two-phase heat transfer in this region. 

As indicated in Fig. 7(c), the MAPE and MPE of the Agarwal corre-
lation are 43 % and + 43 %, respectively. 54 % of the data are located 
within ± 30 % deviation, and 30 % of the data are located within ± 20 
% deviation. The results suggest that the Agarwal correlation over-
estimates the HTC in the CSC region. The reason is that only the two- 
phase heat transfer was considered in the CSC region, using the classic 
two-phase correlation proposed by Cavallini [21] to predict the HTC. 
However, in practice both single-phase and two-phase heat transfer take 
place in the CSC region simultaneously. In addition, the completion 
point of the CSC region was determined using Eq.(19), implying that the 
local heat flux and HTC at the completion point were replaced by those 
of the first segment of the CSC region. Therefore, it is critical to develop 
a new prediction method to determine the completion point for non- 
equilibrium condensation. 

Table 3 lists the assessment indicators to compare the predictive 
performance of the four methods developed for non-equilibrium 
condensation heat transfer. The Jacob prediction method has the best 
predictive performance, with an MAPE of 13 % and an MPE of − 6.4 %. 
More than 91 % of the data have a deviation within ± 30 %, and about 
82 % of the data points are located within ± 20 % deviation. The 

Kondou prediction method has the second-best predictive performance, 
with an MAPE near 15 % and 87 % of the data points located within ±
30 % deviation. The Agarwal correlation also has acceptable predictive 
performance for non-equilibrium condensation, with an MAPE of 25 % 
and about 71 % of the data points within ± 30 % deviation. The results 
suggest that the Xiao and Longo methods fail to predict the data of non- 
equilibrium condensation heat transfer inside a tube. 

Fig. 8(a) presents the result of the tuning of the new correlation 
based on 70 % of the data, while Fig. 8(b) presents the validation results 
of the correlation based on the rest of the data (30 %); the latter serving 
as an evaluation of the correlation’s predictive performance. While 
Fig. 8(a) presents results for the fluids R1234ze(E), R134a, R32, CO2, 
R454C, R404A, and R450A, Fig. 8(b) presents results for the fluids 
R454B and R454A. 

The results shown in Fig. 8(a) indicate that the proposed correlation 
is in fair agreement with the experimental data, with a MAPE of 14 % 
and a MPE of + 4 %. More than three-fourths of the data falls within the 
± 20 % deviation, while around 90 % of the data is located within the ±
30 % deviation. The validation results presented in Fig. 8(b) indicate 
that the proposed correlation can be applied with reasonable accuracy 
also to other refrigerants that the ones used to tune the correlation, 
achieving a MAPE of 12 % and a MPE of + 4 %. Moreover, 87 % of the 
data is within the deviation range of ± 20 %. The proposed model re-
duces the MAPE by more than 8 %-points, from 20 % to 12 %, compared 
with the correlation attaining the best accuracy considered in the paper, 
the Kondou correlation [11], see Fig. 7. 

Table 4 presents the results of the predictive performance in the low 

Fig. 6. Comparison of the HTC in the TP region obtained using the prediction methods and experimental data: (a) Agarwal correlation, (b) Kondou correlation, (c) 
Longo correlation and (d) Jacob correlation. 
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HTC region (HTCexp < 1000) for the three state-of-the-art correlations 
and the new prediction method. The results suggest that the new pre-
diction method achieves an improvement in the predictive performance 
for this region. 

5. Conclusions 

This paper presented an analysis of the prediction methods for non- 
equilibrium condensation heat transfer. The heat transfer mechanisms 
of non-equilibrium condensation were discussed, and state-of-the-art 
prediction methods developed for the target heat transfer processes 
were analyzed. A database containing all data available in the open 
literature was compiled and used to evaluate the predictive performance 
of the prediction methods. In addition, a new prediction method for the 
subcooled condensation was developed based on the governed heat 
transfer mechanisms. The main conclusions of the analysis are the 

following:  

1. The Webb model [19] is commonly utilized as the basic form for the 
desuperheated condensation region, combining the effects of super-
heated vapor and two-phase heat transfer on the heat transfer coef-
ficient. The Gnielinski model [20] and Dittus-Boelter equation [23] 
are widely used for single-phase heat transfer, while the Cavallini 
model [21] is normally utilized for two-phase heat transfer analyses. 
When it comes to prediction methods for zeotropic mixtures, the 
equilibrium Silver, Bell and Ghaly method [24,25] is utilized as the 
basic format, considering the mixture effects. The same prediction 
methods are used for the subcooled condensation and two-phase 
condensation regions. Some researchers neglect the subcooled 
condensation region, since the heat transfer enhancement effect of 
the two-phase flow is limited. Essential parameters for the analysis of 
non-equilibrium condensation include superheating degree, wall 
subcooling degree, superficial thermodynamic quality, and temper-
ature glide (relevant only for mixtures). 

2. Existing prediction methods underestimate the heat transfer coeffi-
cient in the subcooled condensation regions due to neglecting the 
latent heat transfer in this region. The new prediction method pro-
posed for the subcooled condensation region, combining latent and 
sensible heat transfer, achieves a bit better agreement with the 
experimental data (mean absolute percentage error of 12 %) than 
does the state-of-the-art correlation attaining the best agreement 
(mean absolute percentage error of 20 %). 

Fig. 7. Comparison of HTC in the CSC region obtained from prediction methods and experimental data: (a) Kondou correlation, (b) Jacob correlation and (c) 
Agarwal correlation. 

Table 3 
Comparison of the predictive performance of the four correlations developed for 
non-equilibrium condensation heat transfer.  

Prediction method MAPE (%) MPE (%) Per±20%(%) Per±30%(%) 

Agarwal et al. [12]  24.6  +22.4  49.4  71.0 
Kondou et al. [11]  14.9  +3.7  74.4  87.1 
Jacob et al. [10]  12.8  − 6.4  82.0  91.4 
Longo et al. [8]  77.7  +75.8  25.2  33.4  
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3. The results suggest that the Jacob prediction method [10] provides 
the best predictive performance for the desuperheated condensation, 
with a mean absolute percentage error of 11 %. The Jacob prediction 
method [10] is recommended to predict the heat transfer coefficient 
in the desuperheated condensation region. The Kondou prediction 
method [11] shows good predictability for the saturated two-phase 
region, with a mean absolute percentage error of 11 %. The Kon-
dou prediction method [11] is suggested to predict the heat transfer 
coefficient in the saturated condensation region. 

As for future research, we suggest to conduct simulation/experi-
mental work to identify the optimal inlet superheating degree and outlet 
subcooling degree of condensers, maximizing the heat transfer perfor-
mance of non-equilibrium condensation. Moreover, there is a need to 
measure local/quasi-local heat transfer coefficients during non- 
equilibrium condensation in heat exchanger types other than tubes (e. 
g. plate heat exchangers and microchannel heat exchangers) by means of 
local heat flux/wall temperature measurement methods or infrared 
cameras, which would enable the development of appropriate case 
specific and/or generally applicable prediction methods for non- 
equilibrium condensation. 
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