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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
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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
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Nomenclature

A heat transfer area (m?)

[N specific heat capacity (kJ-kg 'K 1)
d diameter (m)

dy hydraulic diameter (m)

e wall thickness (m)

F factor in Eq. (40) (=)

F, Petukov correction Factor (-)
fo friction factor (-)

g acceleration of gravity (m-s~2)
G mass flux (kg-m_z-s‘l)

h specific enthalpy (kJ-kg™1)

hyy latent heat of vaporization (kJ ~kg’1)
Jg dimensionless gas velocity (-)

Jg transition dimensionless gas velocity (-)
K; correction factor of waviness (-)

l heat transfer length (m)

m mass flow rate (kg-s’l)

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 (Wm 2K
x thermodynamic quality (-)

Xsup superficial thermodynamic quality (-)
Xt Lockhart-Martinelli parameter (-)
Greek Symbols

a heat transfer coefficient (W-m 2K 1)

b thickness of film (m)

€ void fraction (-)

A thermal conductivity W-m 1K
u dynamic viscosity (kg-m~'-s71)

p density (kg~m’3)

c surface tension (N-m~1)

¢ enlargement factor (-)

A difference (-)

Subscript

annu annular flow

AKERS Akersetal. [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

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 x, reaches 1), which is defined as desuperheated
condensation (CSH). Similarly, condensation continues after the satu-
ration liquid point (thermodynamic quality x, 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
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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.

Applied Thermal Engineering 239 (2024) 122063

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 (x}), 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 O 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
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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 (Qgens) and latent (Qja) 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 (Tp) and the inner surface
temperature of the condensate film (T sa0), while the thermal resistance
of the sensible heat transfer process (Rgeps) is defined as the ratio of the
driving temperature difference (T}, - Tvsa) to the heat transfer rate
(Qsens)- Moreover, due to the non-equilibrium effects, the superheated
vapor close to the wall condenses and releases latent heat (Qja), 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 (Tys,r) and the inner wall temperature
(Twi), and the thermal resistance of the latent heat transfer process (Rjat)
is the ratio of the driving temperature difference (Tysat - Twi) to the heat
transfer rate (Qiat).

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

Superheated vapor

Condensate film ™ Subcooled liquid
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subcooled liquid is cooled in a sensible heat transfer process. The driving
temperature difference is represented by (T} - Twi), while the thermal
resistance of the sensible heat transfer process (Rgseps) is the ratio of the
driving temperature difference (T}, - Tywi) to the heat transfer rate (Qsens)-
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 (T a) and the bulk subcooled liquid
temperature (T}), and the thermal resistance of the latent heat transfer
process (Ria) is determined by the ratio of the driving temperature
difference (Tisac - Tp) to the heat transfer rate (Qjao).

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 (0ave,csn) and the average HTC of the TP region (0tave,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 aaye,csu (namely, aayve csu 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 (A acsc) is small compared to that in the

Remaining vapor

Fig. 2. Schematic of heat transfer processes during: (a) desuperheated condensation, (b) subcooled condensation.
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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].

CSH region (A ocsy), 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 (gcsy) includes two components, sensible (gsens) and latent
heat flux (qa0):

(€Y

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 agy is the HTC of the vapor phase, while T}, and Ty g, 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 azp is
the HTC of saturation two-phase, while T,; is the inner wall temperature
of the heat transfer surface.

qcsH = Gsens T Qlar

Ysens = aSH(Tb - Tv,xar) (2)
Glar = aTP(Tv,.sar - Twi) 3)
qest = e (Tosar — Ti) ()]

The total heat flux (q¢sy) is calculated using Eq. (4), where acgy is the
HTC of desuperheated condensation. Substituting Egs. (2)-(4) into Eq.
(1) gives the following:

= Tysar) + 1p(Tosar — Tui)] / (Tvsar — Toi) )

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 (T}, - Twi) and obtained the following
equation:

acsy = [asu(Ty

— Tysar) + @rp(Tosar — Ti)] /(Ts — Toi) (6)

acsy = [asu(Ty

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 f;, of the heat transfer sur-
face. The correlation is applicable only for turbulent flow (Re > 104,
and it reads as follows:

~ (,/8)(G,di/u, — 1000)Pr,
T+ 127(6,/8) 2 (PR — 1)

(A/di)
)

fy = [1.82l0g,(Godi /u,) — 1.64] 2

where Gy, py, Pry, and A, are the mass flow rate, dynamic viscosity,
Prandtl number and thermal conductivity of the superheated vapor,
respectively. d; 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 A T-dependent and a A
T-independent flow regime (A T indicates the temperature difference
between the saturation temperature and the wall temperature).The
transition dimensionless gas velocity J% and dimensionless gas velocity
Jg are used to determine the transition line between the A T-dependent
and A T-independent flow regimes. The prediction method for the TP
region is shown in the following:

A T-independent regime (Jg > Jg):

0.3685 0.2363
1+ 1.12820817 (ﬁ> (%)
pv v
arp1 = Qapny = Qo ) 144 8
(l — "i) Pr,’o‘1
H
a, = 0.023(Gd; /u,)"*Pr* (A, d;) 9
A T-dependent regime (Jg < J5):
arrs = |G (75/6)" = Qs | (T 195) + o (10)
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3 _ Ap 105
Qs = 0.725 {M}
'uldi(Tsat - TW)

03321 ) 7! an
T—x)\ ™ 0.087
1+0.741( —=2 + (1 =x)™)a,
Xp
where Jg and J% are obtained by Eq. (12):
73 -1/3
sh={s/@axm ] 267 )
J be
G=———————5%3

e (o= p) 12

("G T

where atp 1 and arp 2 represent the HTC in the A T-independent and A T-
dependent regions, respectively. Parameters aayua, @10 and @syrat are the
HTC of annual flow, assumed only liquid flow, and stratified flow,
respectively. p, g, A hyy, and Xj; 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 (arp,;1 and agp2) during the CSH process, Agarwal et al. [12]
assumed that the thermodynamic quality xy, is equal to 0.9999. All the
properties of the liquid (with subscript 1) and vapor (with subscript v)
are taken as saturated and superheated states, respectively.

As for the prediction method for the saturation two-phase process,
Egs. (8) - (12) are used directly, with the properties of liquid and vapor
taken as the saturation condition. x}, 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 F, was
introduced, on the basis of the Gnielinski correlation [20]:

_ (//8)(Gydi/n, — 1000)Pr,
1+ 127(,/8) 2 (PR - 1)

Fa=|—
Ty

The saturation two-phase condensation in the CSH region was
computed using Egs. (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 x}, in the CSH region is
set to 0.995. All the properties of the liquid (with subscript 1) and the
vapor (with subscript v) were taken as saturated and superheated states,
respectively.

A T-independent regime (Jg > JZL):

0.3685 0.2363
1+ 112820817 (ﬂ> (ﬂ)
P, “,

2.144
<1 - ﬂ) P9 as
Hi -

Fo(A/di)

SH

13)

arp1 = Qo_f

oy = 0.023(Gd /)" P14 (2, /dy)
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A T-dependent regime (Jg < J5):

arpy = [(ITPJ (Jg/JG)O'8 - a.vlmt] (JG/JE) + Asrar

Tf _ Twi 'g Txar
Pr ;= (Cplllz,_f)/}w_/
Cpl = (hl - hl.wi)/(Tsm - Twi) (15)

0.25

}“?,f/’l_f (/)I_f - pv)gAhlv
/'{[_fdi(Tsaf —T)

TEENCETR R
1+0.741 (—’) + (1 =%,
Xp K

where cp; and hyy; 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.

QAgrar = 0.725 |:

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 Xgyp, which is used to rescale the thermodynamic quality for non-
equilibrium condensation, was introduced:

h— heom
Xsup = h

(16)

inc hrom

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

inc

inc

Toe =Ty +

a7

4com

com

Teom = Tigar — 18

where the q is the heat flux at the incipience/completion point, while
atine and oo represent the HTC at the incipience and completion points,
respectively. ainc and acom 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:

Toom = Ty — 0.33 Z— (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 (Rej) with the film Reynolds number (Rey).
The ratio of the radius (d;/2) to the film thickness (§) was introduced to
reflect the effect of film thickness on the HTC (the thinner the liquid
film, the higher the HTC). Another correction factor, Kj, was introduced
to consider the effect of interfacial waviness and liquid entrainment. The
correlation for annular flow is shown in the following:

A [ d; 0'94Tm T
annu = 0.023R 08 p, 0370 71 viw’Ki 20
o, T4 \28) T — T (20)
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Rep = [2G(1 — xyp)3] /[(1 — €)py ]
5 =0.5d; — 0.5(d> — 4A,/7)" @1
A= [rd}(1-¢)] /4

1—x P, -
Ehomo = |:1 + (_sup) (_t) :|
Xsup P

X, 1—x
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— xsup
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where of gnny is the HTC for annular flow. The parameters o, ¢ and A;
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 (Tt,)) is set to vapor saturation temperature (Ty sa¢) in
the CSH region, to saturation temperature (Ts,¢) in the TP region, and to
bulk flow temperature (T3) 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 (ay ) and lower part (ay jower)
are combined to determine the total HTC (afyq) of stratified flow.
Following is the correlation for stratified flow:

d? )
A =5 (27 = Our) = SINQA ~ Bur) + Burr (1= )] 2
sin(27 — Hs ra
S = 0501 - S0 | -
2 — g.x‘tmr
Reg joyer = [ZG(I — x;up)(slawer]/[(l — E),uf} 26)
Ref.upper = [ZG(l - XSup)lsmm.s ] / [(1 — 8)/,4}.] (27)
1 4 \"%7 1.
ower = 0.023Re0S  pp03Zt i Tor = Tuipe 28
Qr ef.luwer T di 25[(,w‘,, Tmt — Tm ( )
1 d \"T1 T
= 0.8 0.3M i bl i
Of upper = 0.023R€f,upperprl d_; (zatmm) m/{i (29)
6: ra. 27[ - 0: rai
& strar = af,uppfrzli”[ + af-lowfrT” 30)

where Ogtrat, €trans and Syrans indicate the stratification angle, as well as
void fraction and film thickness at the transition between annual and
stratified flow, respectively. Sjower and Regjower represent the film
thickness and Reynolds number of the lower part, while Reg ypper is the
Reynolds number of the upper part.

The current model introduced the film HTC (af,gnnu/stra) @S a tool to
model the non-equilibrium condensation. It is significantly important to
convert it back to the bulk HTC (acsy/1p/csc)- The following conversion
equation is shown for the CSH, TP and CSC regions:

Tsal - Twi

m(l_ﬂanm« [strat (31)

QcsH/TP/CSC =

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 (Egs. (20) - (23)) to calculate the film HTC.
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The conversion HTCs in each region are simplified as follows:
CSH region:

A d: 0,94T T
— 0.023R%8P, 034 [ i v,sat i 2
acsy = 0.023Re;” Pr; ARG I, % (32)
TP and CSC regions:
Y d: 0.94
arejcse = 0.023Rep"P r}”j (27:3> Ki (33)

where acgy is the HTC for the CSH region and atp,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:

-1

1 + xsupcp.v(Ttk'w - Tbubble) i

(€D
A model Ah[w a,

Apix =

where amodel represents the HTC of the CSH or TP regions, while Tgeyw,
Tpubble and ay 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
Egs. (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.

1 Tv —T ew -
Gcs = {— + 7(1} (35)
Qarp Grotal
hb — hl.xaz
Xop = (36)
" honser — Pusar

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 > 10%) is calculated by Eq. (7), while that in the
laminar and transition regions (a;) can be obtained by the following
equations:

Laminar region (Re < 2300):

Constant wall temperature:

Z 3 3 3 3 173
@ =2 [N, 7, + 0.7 + (Nt = 07) + Vit |
Nu,, 7, = 3.66

Nu, 7, = 1.615[RePr(d;/1)]"* @7

2
N m, = T . A~
Hm T3 (1 T 20pr

1/6
) [RePr(d;/1)]"?
Constant heat flux:

A 1/3
@ = E’[Nufn’q_] +0.6"+ (Nitng2 —06)" |
Nity g1 = 4.364 (38)

Nty = 1.953[RePr(d;/1)]'"

Transition region (2300 < Re (10%):
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)
a = aT[ [(1 = 7)Nttiam2300 + YNt 100 |

’ 39
_ Re —2300 ©9

~10% — 2300

where Nup, 1,1, Num, 1,2 and Nup, 1,3 represent the first, second and third
Nusselt number at constant wall temperature, respectively. Nup q,1 and
Nuy, g2 indicate the first and second Nusselt number at constant heat
flux, respectively. Nuygm 2300 and Nug,, 10+ are the Nusselt number for
laminar and turbulent flow, respectively. The parameters 1 and y
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
etal. [1] for the saturation TP region and the Thonon et al. [26] equation
for the single-phase region:

Qcsy = Qrp + F[(ISH + Cp.vqlar/Ah]v}
arp = PQakers

Qagers = 5.03 (llvml/dh)ReifPrl/s

Isat
Rea = G[(1 = 30) 5 (Praa/rvar) " | (/M) (40)
asy = 0.2267(1,/d; )R Prl/?
F = (Ty — Tysar) /(Tp — Toi)
Glar = a'l'."(Tv.:al - Tw[)

where F is the ratio of the local superheat degree to the driving tem-
perature difference. ¢, Reeq and aakers 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 (asy) and the
saturation two-phase (atp) 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
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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 (A Tsyp) and subcooling degree of the wall (A Tgyp,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 (A Tgige), the
specific heat capacity of the vapor phase (cp), and the enthalpy dif-
ference between saturation liquid and vapor (A hy,) 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 (acsc) is combined by the
HTC of the sensible heat transfer (asp) and that of the latent heat transfer
(atp), 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 (Frp). The correlation reads as follows:

acsc = Fsp-asp + Frp-arp (41)

The Dittus-Boelter equation [23], Eq. (42), is used to compute the
sensible HTC (asp), while the Cavallini correlation [21], Egs. (8)-(12), is
used to obtain the latent HTC (ap). All the properties (with subscript 1)
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 (xp) in Egs. (8)-(12) is replaced by the superficial thermody-
namic quality (xsup) which is obtained by Egs. (16)-(19).

0.8 p 0.4 A
asp = 0.023-Re;"*-Pr; ")
G, (1 — xgup)-d; “42)

H

RE[ =

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 (Tyac - T,). There-
fore, the subcooling degree is included in the correction factor of the
sensible term (Fsp) and the latent term (Frp). Moreover, the wall tem-
perature on the refrigerant side (Ty,) 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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Table 1
Key parameters, limitations and applications of the prediction methods under
consideration.
Author Prediction Critical parameters Application(s)
method
Agarwal CSH: Rey; Pry; Reyo; Prigas Jg; Horizontal smooth
et al. Egs. (6) - (12) J& tube
[12] A Toup; A Touv,ws A Tows Reeq,csu™
Avs Asat Xb; Plsat Pvs Misas  13563-21301
by & A hyy Reeq,1p: 4388-17679
TP and CSC: Reio; Prisas; Jg; JG Reeq,csc: 4497-7703

Egs. (8) - (12)

Kondou CSH:
et al. Eq. (6)
[11] Egs. (13) - (15)
TP:

Egs. (14) - (15)

CSC:
Eq. (13)

Xiao et al. CSH:
[16] Eq. (32)
Eq. (23)

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

CSC:

Eq. (33)
Eq. (23)

Jacobetal.  CSH:

[10] Egs. (34) - (36)

Eq. (7)

Egs. (8) - (12)

TP:
Eq. (34)
Eq. (7)

Egs. (8) - (12)

CSC:
Re > 10*
Eq. (7)

2300 < Re <

10*%
Eq. (39)

Asats Xb; Plsats Pv,sats Ml sats
Hysats & A iy A Toubw

Rey; Pry; Reig Prig Jg; J&
A Tsup; A Tsubws A Tows

Twi/Tb; Av; Alsats Xb; Plsats
Py,sats Misats Hy,sats ALE PLE
& A hiy; g

Reyg; Prig Jg; JG

A1,sats Xbs Plsats Pv,sats Hl,sats
v sats 16 PLE & A huy; g
A Tsub,w

Rey; Pry;

A1 Twis To

Res = f (G, Xsup, Msa0 dis
PLsat Pvs & )5 Prisac

8 = f (G, Xsups Mi,sat dis 1,
sat Pvs & 0);

Asat; ATsub,ws ATb,ws 1,
sats Hy,sats Plsats Pv,sats & O
Xsup

Res = f (G, Xsup, Ml,sats d;,
Plsats Pvs & O); Prisar

8 = f (G, Xsup» Mi,sats dis P,
sat; Pvs & 0);

Alsats Hi,sats Hv,sats Plsats Pv,
sat; & O Xsup

Reg = f (G, Xsups 1, diy p1,
Pysat & ©); Pry

&= £ (G, xsup, t, di, p1, pv,
st & 0);

A1y Mi,sats My,sats Plsats Pv,sats
& O Xsup

Rey; Pry; Reio; Prias Jg;
Jé

ATsup; Grotals Xsups Cp,vs
ATglides ARy Av; Asats P,
sats Pv,sats Ml,sats Hv,sat; &
ATsub,w

Reio; Prigas; Jo; J&

Xsups Cp,v; ATgride; Ahy; A,
sats Pl,sats Pv,sats Ml,sats Hv,sats

& ATsub,w

Rey; Pry
A1 Twis To

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

Horizontal smooth
tube

Reeg,csh:
24726-38552
Recq,rp: 17874-36189
Reeg,csc:
19403-19780
Working fluids:
R410A and CO,

Horizontal smooth
tube

Mass flux: (100 to
200) kg:m 2571
Hest flux: (5 to 25)
kW-m~2

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

Horizontal smooth
tube

Reeq,csnt
10089-88959
Reeq,1p: 4561-80069
Reeq,csc: 4036 —
57,253

Working fluids:
R448A, R450A,
R452A, R454B, and
R454C

Re < 2300:
Constant wall
temperature:
Eq. (37)
Constant heat
flux:
Eq. (38)
Longo CSH and TP: Prisag; Rey; Pry
et al. Eq. (40) ATsup; ATsub,ws ATb,ws Cp,
[8] v; Ahiy; G; Xb; Pisats Pv,sats
Hisats A sats Av

Brazed PHE
Re,:50-15000
Reeq < 50000
Working fluids:
R134a

* The equivalent Reynolds number (Recq) is computed by Eq. (40), where the
thermodynamic quality Xy, is replaced by the superficial quality xs,, (obtained
from Egs. (16)-(19)).
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4.008
Tl,ml - Tb)
T,

0.023
Tisar — Th)

1,sat

Fop = 0.01-(
(43)
Frp = 0.819-(

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]:

n

_ 0yx\2 2
0=\ G uta) )

y :f(ZhZZvZSv '~~7Zn)

where u(z1), u(zz), ..., u(z,), 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 (21, 22, ..., 2n). 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 Kto 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 (Tiyc) and completion point (Teom) 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 CO,) 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
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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 ATsup ATgyp Peon q CSH TP CSC
kgm s Q) Qo) (MPa) (kw-m~?)
Agarwal et al. [13] ID*: 6.1 R1234ze(E) Quasi-local 100 42 20 1.0 10 6 12 5
TL*: 150 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 R410A Quasi-local 200 23-33 0 2.7 3.2-22.1 24 19 0
TL: 150 COo2 Quasi-local 150 17-26 1 6-7 8.8-11.1 17 34 2
Jacob et al. [29-32] ID: 4.7 R454C Quasi-local 95-506 6-53 2-34 1.6-2.6 1.2-136.5 51 207 28
TL: 1300 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.
were distributed along the tube to obtain the local temperature of the N
wall and secondary fluid. The mass flux varies from 95 kg-mz-s’1 to 801 Periygg = j\zl()% 47)
kg-m?s~l. The ranges of superheating and subcooling degrees used
during the experiments are 5 °C to 53 °C and 0 °C to 34 °C, respectively. Noison
Perizoq, = —— (48)

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:

100% S| HT Cerp — HTC,|
MAPE = 2P pre 45
N & HTCop | “s)
100% <~ (HTC,,. — HTC
MPE = e T Tew 46
> (M) (10

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

Per, o0y, and Pery3gy, 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).

10

where N 599, and N 39, 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
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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 (Osyat) 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

7000 =
m  R1234ze(E) +30 % +20%
® R134a * e
6000 4 R32 * e
v R410A ° -20 %
& Co. * +
—~ 5000+ RA54C ; .
4 * R454B : .
o ® R452A ' P
€ 40004 | R4gsa 2 -30 %
= X R450A @+
£ 3000 - ot
T 2000 - Doy N= 203
- MAPE= 35 %
1 MPE= +32 %
000 1 Per, 0= 28 %
0 Penw, 33 %

0 1000 2000 3000 4000 5000 6000 7000
HTC,,, (W-m2K")
(a) Agarwal correlation

8000
L7 +20 %
7000 -
-20 %
6000 s
o 5000 o
; 4000 - m  R1234ze(E)
g ® R134a
O 3000 - s 4 R32
= - v R410A
T L N=203 * CO,
2000 T MAPE= 198 % R454C
’ MPE= +198 % % R454B
1000 - Per,0,=2% @ R452A
+ RA404A
Persou=4 % % R450A

0 1000 2000 3000 4000 5000 6000
HTC,,, (W-m2K")
(c) Longo correlation

7000 7 7
m  R1234ze(E) +30 %, // /
® R134a /+2oo/
60001 a R32 o /°
v R410A Rald
* Co, S // 20%
—~ 50001 RASAC o e
4 * R454B ;{’ * 7 o
o e R452A OEx e
£ 40009 | Reosa N A 30 %
=3 X R450A "
2 3000 -
&)
'_
T 2000 - N= 203
MAPE= 29 %
1000 MPE= +24 %
7 Per.,00,= 33 %
0 Per+3oa, 61 %

7000 _
m R1234ze(E) S
R134 4209
6000 4 : R3g a +30 % - +20,A"
v R410A S e
~ 50004 * ¢ B
< R454C e
(}f * R454B ’ PR
40004 ® Rd452A -
£ 4000 + R404A ’ -30 %
3 + R450A
£ 3000
O
':I_: N=199
2000 - ~
MAPE= 11 %
MPE= -7 %
1000 Per,z0y,= 83 %
Per,3p0,= 88 %

7000 8000

Applied Thermal Engineering 239 (2024) 122063

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:

e 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 gj,c and ajp.. 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

0 1000 2000 3000 4000 5000 6000 7000
HTCeyp (W-m2K")
(b) Kondou correlation

0 1000 2000 3000 4000 5000 6000 7000
HTCeyp (W-m2K")
(d) Jacob correlation

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 (gecom) and HTC (@com) 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, CO,) 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 4 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 A 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 (Ty sat - Twi). The
basic form of the correlation is acsh:(Tysat - Twi) = o1p-(Tysat - Twi) +
asy-(Tp - Twi). However, the actual temperature difference of the whole
CSH process should be (T}, - Tyi), which is larger than that in the
simplified model, resulting in the following basic form of the correlation:
acsH (To - Twi) = orp-(Ty,sat - Twi) + osu-(Th - 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 Ty, - Ty is much larger than the
temperature difference Ty g5 - 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

12

Applied Thermal Engineering 239 (2024) 122063
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 A 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 A
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 A 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



X. Zheng et al.

8000

B R1234ze(E) +30 %
® R134a +20 %
70004 a R32 X ¥
v R410A #x ™8
6000 - ¢ CO, *.,’. B -20 %
~ o R454C ak XQEET X .y
% * R4548 ° 4; L
& 50004 o Ras2A oy S B 30 %
€ + R404A F %g@* -
2 40004 * R450A b e
g o & '
©73000 *
T Pipe N= 806
2000 | o MAPE= 20 %
MPE= +17 %
1000 Per,,094,= 57 %
0 Per,35,= 83 %
T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
HTC,,, (W-m2K™)
(a) Agarwal correlation
8000 T R1234z¢(E)
® Ri134a
70004 A R32 +30 % +20 %
v R410A
6000 ¢ €9 -20 %
— ® R454C .
T * R454B . R i
N!- 5000 e R452A e ;*‘**
£ + R404A . X 8 30%
g *¥ R450A <
§® 4000 . -y
& *
O 3000 + ’
= 3 .
T y it N= 806
20004 o ul = MAPE= 47 %
o MPE= +45 %
1000 Per,,00,= 31 %
0 Per,sp,= 41 %
T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000

HTCeyp (W-m2K")
(c) Longo correlation

Applied Thermal Engineering 239 (2024) 122063

8000 R1234ze(E) g
u Ze| L
R134 *+30 %,
70004 : R1S a +20 %
v R410A < o
60004 ¢ co, Xy * % -20%
B ® R454C .
9 * R454B B
& 50004 o Rasoa * % & i
g + R404A % L. 30%
= 4000 * R450A e
VE ° % (R
O 3000 4 on e
= 3
T * ot N= 806
2000 MAPE= 11 %
MPE= +1 %
1000 Per,,00,= 87 %
0 Per 30,,= 95 %
T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
HTC,yp, (W-m2K™)
(b) Kondou correlation
7000 —
m R12347e(E
o Riste 0 /o +20%
60001 A R32
v R410A *—20 %,
5000 o+ ot *
= 7 e R454C
N4 * R454B i .k‘*
o ® R452A * 730 %
£ 4000 . Rgosn " e %t ’
= % R450A 0%~
23000 % *
O v !
= ok
T 2000 - % " N= 806
LY MAPE= 12 %
MPE= -4 %
1000+ Per, .= 85 %
Per,300,= 95 %
T T T T T T
0 1000 2000 3000 4000 5000 6000 7000

HTC,,, (W-m?K")
(d) Jacob correlation

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.

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 4 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, CO,,
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

13



X. Zheng et al.

Applied Thermal Engineering 239 (2024) 122063

2500 3000 T————
R454C 9 -
. R454B +30 % +io "y ® R454B . Sr0%
2 Rason ” X 2500 A R452A +30 /o L
4 R404A -20 % v R404A v
2000 v RéoéA R v Raoin o T 0%
—~ R450A S A ° — R450A { -
¥ * R1234ze(E) By . ’ L 20004 * R1234ze(E) 5 .
~ 15004 ® R32 AR & ® R32 v
€ % CO * o 309 £ ¥ CO, e
; 2 v ‘..'. ) . 30 % ; 1500 4 P * . 30%
e S vg sy X e
8&1000- PSS oA £
i s it N= 109 £ 1000+ N= 109
A . " MAPE= 20.4 % MAPE= 25.4 %
500 - P M MPE=-14.0 % 500 4 MPE=-16.0 %
S "L Per, 00,= 56.9 % Per, 0= 56.0 %
0 Per.syy=76.1 % 0 Per,s0,,=67.9 %
T T T T T T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 3000
HTCqyp (W-mZK™) HTC,yp (W-m2K™)
(a) Kondou correlation (b) Jacob correlation
3500 -
m R454C
® R454B *30 % 0%,
30004 A R452A N e
v R404A ©20%
& Ri34a
~ 2500 R450A o
9% * R1234ze(E) /e
o ® R32 T ?
£ 20009 x co, o 2 ¥°08 =30 %
g' LN 4] * -
2 1500 - g
O
l_ -
T 10004 N= 109
MAPE= 43.4 %
MPE= +42.8 %
5001 Per, 505,= 30.3 %
Per,300,=54.1 %
0 T T T T T T
0 500 1000 1500 2000 2500 3000 3500

HTC

exp (

W.m=2.K")

(c) Agarwal correlation

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, 200, (%) Per 300, (%)
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

HTC region (HTCeyp < 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).

. 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 %).
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Fig. 8. (a) Tuning results and (b) validation results of the new prediction method.

Table 4
Predictive performance in the low HTC region (HTCex, < 1000) for the three
state-of-the-art correlations and the new prediction method.

Prediction method MAPE (%) MPE (%) Per 200, (%) Per 300, (%)
Agarwal et al. [12] 69.1 67.6 17.8 33.3
Kondou et al. [11] 26.0 —18.6 44.4 64.4
Jacob et al. [10] 37.8 -29.9 33.3 40.0
New prediction method 20.0 14.8 53.3 73.3

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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