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Abstract: Nowadays, the demand for obtaining high heat flux values in small volumes has increased
with the development of technology. Condensing flow inside mini- and microchannels has been
becoming a promising solution for refrigeration, HVAC, air-conditioning, heat pumps, heat pipes,
and electronic cooling applications. In these applications, employing mini/microchannels in the
condenser design results in the working fluid, generally refrigerant, undergoing a phase change
inside the mini/microchannels. On the other hand, the reduction in the hydraulic diameter during
condensation gives rise to different flow regimes and heat transfer mechanisms in the mini- and
microchannels compared to the conventional channels. Therefore, the understanding of fluid flow
and heat transfer characteristics during condensation of refrigerant inside mini- and microchannels
has been gaining importance in terms of condenser design. This study presents a state-of-the-art
review of condensation studies on refrigerants inside mini- and microchannels. The review includes
experimental studies as well as correlation models, which are developed to predict condensation heat
transfer coefficients and pressure drop. The refrigerant type, thermodynamical performance, and
compatibility, as well as the environmental effects of refrigerant, play a decisive role in the design of
refrigeration systems. Therefore, the environmental impacts of refrigerants and current regulations
against them are also discussed in the present review.

Keywords: condensation; microchannels; minichannels; heat transfer coefficient; pressure drop;
refrigerants

1. Introduction

For a given heat transfer load, increasing the heat transfer surface area per unit
volume makes condensers compact. A compact heat exchanger design means more light
heat exchangers manufactured with less material. In addition to increasing the heat
transfer surface per unit volume, increasing the total heat transfer coefficient also improves
heat transfer performance. In a heat exchanger, under constant heat flux conditions, the
heat transfer coefficient inside the channel increases as a result of reducing the channel
hydraulic diameter. Achieving a high heat transfer rate in small volumes has, indeed,
generally been one of the main challenges in heat exchanger design [1,2]. In this scope,
mini- and microchannel heat exchangers have been becoming promising designs to meet
such challenges due to their outstanding advantages. Micro/minichannel condensers are
good options for thermal systems because they have high heat transfer coefficients within
the channel and a high ratio of surface area to volume.

With the development of micro-production technologies in the last two decades,
traditional condensers are being rapidly substituted with microchannel heat exchangers.
The fact that the channel diameter in which the flow occurs in microchannels is very small
creates different effects on the flow characteristics, which results in different flow regimes [3].
Condensation is the removal of thermal energy by producing a phase change from vapour
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to liquid in a system. Condensing flow inside mini and microchannels has been becoming
a promising solution for refrigeration, HVAC, air-conditioning, heat pumps, heat pipes,
and electronic cooling applications. In these applications, employing mini/microchannels
in the condenser design results in the working fluid, generally refrigerant, undergoing a
phase change inside the mini/microchannels [4].

As the hydraulic diameter decreases, a different flow regime and heat transfer mecha-
nism emerge in the micro/minichannel than in channels with large cross-sectional areas.
During the flow in micro/minichannels, capillary effects become dominant while buoyancy
forces lose their effect [3]. In other words, as the channel size decreases, the importance of
surface tension relative to gravity increases. For this reason, condensation and evapora-
tion models developed for large channels where gravity and inertial forces are dominant
cannot be applied to micro/minichannels. Compared to boiling flows in microchannels,
studies on condensation flows have been limited [5]. Therefore, in light of the studies in
the literature, it is important to understand the intrachannel phase change mechanisms
for micro/minichannel condensers. The first step in understanding condensation flow in
micro/minichannels is the characterisation of the condensation flow and determination of
the flow regime, which forms the basis of the heat transfer coefficient and pressure drop.

In contrast to conventional condensers, the prevalence of surface tension forces over
gravity forces in two-phase flow processes within micro/minichannel condensers has
spurred significant growth in recent experimental, theoretical, and computational studies in
this field. While a relatively small portion of these studies has been dedicated to understand-
ing condensing flow regimes and heat transfer behaviour in micro/minichannels, especially
for HVAC-R systems, they offer valuable insights. This review study includes published
studies in the rapidly evolving domain of condensation in micro/minichannels, encom-
passing experimental, theoretical/empirical, and computational contributions. Therefore,
the current study establishes a foundation for future research endeavours. Moreover,
the selection of refrigerant, its thermodynamic performance, compatibility, and environ-
mental effects significantly influence the design of thermal systems. Hence, this review
study also addresses the environmental effects of refrigerants and the existing regulations
governing them.

Environmental Impacts of Refrigerants

Many studies on refrigerant condensation inside micro/minichannels exist in the
literature, but they investigate condensation flow, especially for Hydro-Fluoro-Carbons
(HFCs), Hydro-Cloro-Fluoro-Carbons (HCFCs), and mixtures of them. It is important to
highlight that the existing literature lacks comprehensive investigations that accommodate
a broad spectrum of working fluids, mass fluxes, saturation temperature, pressures, channel
geometries, and dimensions [6,7]. As stated, previous experimental and numerical investi-
gations have predominantly concentrated on the condensation behaviour of HFCs, HCFCs,
refrigerant blends in microchannels. Conversely, eco-friendly refrigerant alternatives align
with the mandates of the European Union (EU) F-gas regulation [8], and they are gaining
importance. Consequently, knowledge about climate-friendly refrigerants is one of the key
topics, similar to heat transfer and fluid flow phenomena of condensation. Therefore, the
literature review on the environmental impacts of refrigerants is provided in this section
before introducing condensation flow of refrigerants inside mini/microchannels.

Refrigerants can be the primary working fluids in many thermal systems due to
their thermodynamic and thermophysical properties, which align with the requirements
of thermal systems. Typically, they facilitate heat absorption from one medium and its
release into another, primarily through evaporation and condensation processes. However,
selecting the appropriate refrigerant involves compromises between conflicting desirable
thermophysical properties. Apart from its heat transfer capabilities, a refrigerant must
meet numerous other criteria: cost, compatibility, safety, and environmental impacts [9].

The environmental effects of refrigerants are mainly categorised into two impacts:
ozone layer depletion and global warming. Refrigerants that contain chlorine and/or



Appl. Sci. 2024, 14, 2988 3 of 34

bromine atoms, such as halocarbon refrigerants, contribute to ozone layer depletion. While
their chemical stability makes them desirable as refrigerants, once released into the atmo-
sphere, they migrate to the upper atmosphere. There, they undergo breakdown processes,
with the chlorine component reacting with ozone molecules, thus depleting the ozone con-
centration. The ozone depletion potential (ODP) of a substance is defined as a measure of
its ability, relative to CFC-11 (Chlorofluorocarbon-11), to degrade stratospheric ozone [10].

Another environmental concern about refrigerants is their contribution to global
warming. Refrigerants can act as greenhouse gases and exacerbate this issue. The global
warming potential (GWP) of a greenhouse gas quantifies its capacity, relative to CO2
(known for its extended atmospheric presence), to retain radiant energy. This metric is often
associated with a specific timeframe, such as 100 or 500 years. Regulatory frameworks
typically employ the 100-year integrated time horizon (ITH) for assessing such impacts [10].

Tables 1 and 2 show the ODP and GWP values of pure and refrigerant blends, re-
spectively. Hydrocarbon (HC) refrigerants do not contain chlorine and fluoride in their
structures. Therefore, HC refrigerants and blends of these refrigerants do not cause deple-
tion of the ozone layer, and their ODP values are equal to zero (Table 1) [11]. Additionally,
it can be seen in Table 2 that the ODP values of refrigerant blends are lower than the ODP
values of CFCs. ODP values of zeotropic and azeotropic mixtures consisting of HC and
HFC (Hydrofluorocarbon) refrigerants are quite low. According to Table 1, CFCs with long
atmospheric lifetimes generally have higher GWP values than other refrigerants. When
the GWP values of refrigerants are compared, HC refrigerants such as R290, R600, R600a,
and R601a have almost no contribution to global warming compared to halocarbon-type
refrigerants (CFC, HCFC). When the GWP values of the refrigerant blends given in Table 2
are examined, it is seen that refrigerant blends generally have a lower GWP value than
CFCs. On the other hand, the GWP values of the blends are not negligibly low. Despite
this, refrigerant mixtures maintain their importance because the undesirable properties of
pure refrigerants, such as toxicity and/or flammability, can be reduced with refrigerant
blends. When refrigerants are considered in terms of ozone depletion and global warming,
HC refrigerants come to the fore.

Table 1. Environmental effects of pure refrigerants [10,12,13].

Refrigerant Atmospheric Lifetime GWP ODP

CFC Refrigerants
R11 45 4750 1
R12 100 10,900 1
R13 6440 14,400 1
R114 300 10,000 1
R115 1700 7370 0.6
HCFC Refrigerants
R22 12 1810 0.055
R123 1.3 77 0.02
R124 5.8 609 0.022
R225ca - 170 0.025
R225cb - 530 0.033
HFC Refrigerants
R23 270 14,800 0
R32 4.9 675 0
R125 29 3500 0
R134a 14 1430 0
R141b 9.3 725 0.11
R142b 17.9 2310 0.065
R143a 52 4470 0
R152a 1.4 124 0
R227ea 34.2 3220 0
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Table 1. Cont.

Refrigerant Atmospheric Lifetime GWP ODP

R236fa 240 9810 0
R245ca 6.2 693 0
R245fa 7.6 1030 0
HC Refrigerants
R290 0.41 ~20 0
R600 0.018 ~20 0
R600a 0.019 ~20 0
R601 - ~20 0
R601a 0.01 ~20 0

Table 2. Environmental effects of refrigerant blends [10,12,13].

Refrigerant Blends (Mass Percentage) GWP ODP

Zeotrope Blends
R401A R-22/152a/124 (53/13/34) 1200 0.033
R401B R-22/152a/124 (61/11/28) 1300 0.036
R401C R-22/152a/124 (33/15/52) 930 0.027
R402A R-125/290/22 (60/2/38) 2800 0.019
R402B R-125/290/22 (38/2/60) 2400 0.03
R403A R-290/22/218 (5/75/20) 3100 0.038
R403B R-290/22/218 (5/56/39) 4500 0.028
R404A R-125/143a/134a (44/52/4) 3900 0
R406A R-22/600a/142b (55/4/41) 1900 0.056
R407A R-32/125/134a (20/40/40) 2100 0
R407B R-32/125/134a (10/70/20) 2800 0
R407C R-32/125/134a (23/25/52) 1800 0
R407D R-32/125/134a (15/15/70) 1600 0
R407E R-32/125/134a (25/15/60) 1600 0
R408A R-125/143a/22 (7/46/47) 3200 0.024
R409A R-22/124/142b (60/25/15) 1600 0.046
R409B R-22/124/142b (65/25/10) 1600 0.045
R410A R-22/125 (50/50) 2100 0
R411A R-1270/22/152a (1.5/87.5/11) 1600 0.044
R411B R-1270/22/152a (3/94/3) 1700 0.047
R412A R-22/218/142b (70/5/25) 2300 0.053
R413A R-218/134a/600a (9/88/3) 2100 0
R415A R-22/152a (82/18) 1500 0.028
R415B R-22/152a (25/75) 550 0.013
R416A R-134a/124/600 (59/39.5/1.5) 1100 0.008
R417A R-125/134a/600 (46.6/50/3.4) 2300 0
R418A R-290/22/152a (1.5/96/2.5) 1700 0.048
Azeotrope Blends
R500 R-12/152a (73.8/26.2) 8100 0.738
R502 R-22/115 (48.8/51.2) 4700 0.250
R503 R-23/13 (40.1/59.9) 15,000 0.599
R507A R-125/143a (50/50) 4000 0
R508A R-23/116 (39/61) 13,000 0
R508B R-23/116 (46/54) 13,000 0
R509A R-22/218 (44/56) 5700 0.022

Following extensive deliberations and negotiations, the Montreal Protocol was for-
mally adopted in 1987 [14]. This protocol, along with the Vienna Convention for the
Protection of the Ozone Layer, is committed to safeguarding the Earth’s ozone layer [15].
With participation from 196 parties, these agreements represent the most extensively rat-
ified treaties in the history of the United Nations. Their collective efforts have resulted
in reductions exceeding 97% of global consumption of regulated ozone-depleting sub-
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stances [16]. With international regulations limiting the use of CFCs and HCFCs, refriger-
ant blends emerge as potential alternatives to these substances. While CFCs and HCFCs
boast favourable thermodynamic properties, only a select few refrigerants can match their
performance. Nevertheless, refrigerant blends offer a viable thermodynamic alternative to
CFCs and HCFCs while also being environmentally conscious materials.

The Kyoto Protocol, established in Kyoto, Japan, on 11 December 1997, and enforced on
16 February 2005, aims to combat climate change and mitigate global warming [14]. Serving
as an international accord associated with the United Nations Framework Convention
on Climate Change, its notable aspect lies in imposing mandatory emission reduction
targets on 37 industrialised nations and the European community to curb greenhouse gas
(GHG) emissions [8]. Fluorinated greenhouse gases (F-gases), primarily HFCs, are widely
utilised as refrigerants in household refrigerators and commercial low-temperature process
technologies in mobile air conditioning systems [17]. However, these F-gases significantly
contribute to global warming, as recognised by the United Nations Framework Convention
on Climate Change and the Kyoto Protocol [18]. Consequently, the EU implemented
F-gas regulations in 2006 to manage F-gas emissions and mitigate their environmental
impact, given their high global warming potential (GWP) values [19]. After 2022, the
EU F-Gas Regulation 517/2014 mandates that new commercial refrigerators and freezer
products should not employ refrigerants with a GWP exceeding 150 [19]. This directive has
prompted many manufacturers in the sector to develop more efficient systems capable of
handling reduced refrigerant volumes and explore alternative low-GWP refrigerants such
as hydrocarbons (HCs) [20].

2. Micro and Mini-Channel Condensation
2.1. The Transition from the Macro to the Micro/Mini Dimension

Due to the distinct flow regimes observed in micro/minichannels, there is a necessity
to differentiate between conventional and small-sized channels. Consequently, multiple
classifications have emerged in the literature; however, there remains a lack of consensus
on the classification of these channel geometries. Small channel geometries, such as
micro/minichannels, are typically categorised based on hydraulic diameter, which is
a defining feature. In addition to classifications based on hydraulic diameter, there are
also classifications in the literature based on flow phenomena within the channel. These
classifications utilise dimensionless parameters that account for flow effects resulting from
the thermophysical properties of the fluid within the channel. For instance, in condensation
flow, if surface tension becomes dominant due to channel size, it may be classified as a
microchannel as opposed to conventional channel sizes. Therefore, microchannel behaviour
is characterised by phenomena absent in larger-scale channels but prevalent in small-scale
channels. Since these phenomena are contingent upon the properties of the liquid and
vapour phases of the relevant fluid, precise determination of fluid conditions is necessary
for identifying a channel as a microchannel [3]. As a result, researchers have proposed
numerous criteria for delineating the transition from macro to micro dimensions. The
transition from the macro to the micro/mini dimension is summarised in Table 1.

One of the widely recognised classifications was proposed by Mehendele et al. [21]. In
their research, Mehendele et al. [21] categorised channels with hydraulic diameters between
1 µm and 100 µm as microchannels, those ranging from 100 µm to 1 mm as mesochannels,
from 1 mm to 6 mm as compact channels, and those larger than 6 mm as conventional chan-
nels. Another classification was put forth by Kandlikar and Grande [22], who extensively
studied small-sized channels. According to Kandlikar and Grande [22], channels with
hydraulic diameters ranging from 10 µm to 200 µm are classified as microchannels, those
ranging from 200 µm to 3 mm as minichannels, and channels with hydraulic diameters
exceeding 3 mm as conventional channels.

Serizawa et al. [23] introduce the Laplace constant (also known as the capillary length
scale) as a criterion for assessing whether a channel qualifies as a microchannel. The Laplace
constant, given Equation (1), quantifies the ratio of surface tension to gravitational force.
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This constant delineates the point where the influence of surface tension starts to outweigh
the effect of gravity, leading to stratified flow.

Lc =

√
σ

g(ρl − ρv)
(1)

As an alternative classification, Kew and Cornwell [24] suggest the utilisation of the
confinement number as a transitional criterion for microchannel effects. While initially
developed for boiling flow, the confinement number can be extended to condensation
applications as well.

Co =

√
σ

g(ρl−ρv)

Dh
(2)

The confinement number is a ratio of the Laplace constant (Equation (1)) to the
hydraulic diameter (Dh). The channel can be qualified as a microchannel when the confine-
ment number exceeds 0.5.

Li and Wang [25] investigated the influence of gravity on condensation in meso/
microchannels, particularly focusing on the transition from symmetric flow (where the effect
of gravity diminishes and becomes negligible) to asymmetric flow (resulting from gravity-
induced stratification). In their study, Li and Wang [25] identified the critical diameter
and threshold value diameter for this transition criterion based on the capillary length
scale. The critical diameter and threshold diameter are defined by Equations (3) and (4),
respectively.

Dcr = 0.224Lc (3)

Dth = 1.75Lc (4)

Li and Wang [25], delineated the condensation regimes based on the comparison of
the hydraulic diameter (Dh) with the critical (Dcr) and threshold (Dth) diameters as follows:

i. When Dh ≤ Dcr, the flow exhibits symmetry and the influence of gravity is negligible
(microchannel).

ii. In cases where Dcr ≤ Dh ≤ Dth, gravity can induce an asymmetric distribution of the
condensed fluid (transition from microchannel to macrochannel), albeit with surface
tension still playing a relatively dominant role.

iii. When Dh ≥ Dth, the condensation flow regime resembles that of macrochannels
(conventional channels). Here, the effect of surface tension is minor compared to
gravity (macrochannel).

Another classification is structured based on the Bond number (Bo), representing the
ratio of buoyancy force to surface tension forces, as defined in Equation (5). The Bond
number is one of the pivotal dimensionless parameters in phase-change heat transfer.

Bo =

(
Dh
Lc

)2
=

(
1

Co

)2
=

g(ρl − ρv)Dh
2

σ
(5)

The categorisation according to the Bond number, delineated by the critical and
threshold value diameters as established by Li and Wang [25], can be listed below:

i. The effect of gravity can be negligible (Microchannel), if Bo < 0.05,
ii. Surface tension becomes more effective if the effect of gravity force is very small

(Mesochannel), if 0.05 < Bo < 3,
iii. Surface tension is smaller than the gravity force (Macrochannel), if Bo > 3.

In addition to the aforementioned classifications, Brauner and Moran [26] investigated
the impact of channel diameter within a single adiabatic channel on the mechanisms
governing transitions in flow patterns. They elucidated the role of the dimensionless
Eötvös number (E) in these phenomena. Utilising the Eötvös number within the adiabatic
channel, they delineated the macro-micro threshold. The Eötvös number, akin to the Bond
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number, gauges the ratio of buoyancy forces to surface tension forces and is represented
by Equation (6). A value approximately equal to 0.2 is designated as the characteristic
threshold for microscale flow.

E =
Bo
8

=
1

8Co2 =
g(ρl − ρv)Dh

2

8σ
(6)

Another transition criterion based on flow phenomena was proposed by Nema
et al. [27]. They proposed the critical Bond number (Bocr), as defined in Equation (7),
which delineates the shift from macroscale to microscale, serving as a gauge for the relative
significance of surface tension over gravity. Nema et al. [27] stipulate that when the Bond
number (Equation (5)) is less than the critical Bond number (Equation (7)), surface tension
supersedes gravity in influence. In other words, according to the transition criterion by
Nema et al. [27], the small tube (micro/minichannel) effects, which are surface tension
forces, are important if the Bond number is smaller than its critical value.

Bocr =
1(

ρl
ρl−ρg

− π
4

) (7)

The transition from the macro to the micro/mini dimension is summarized in Table 3.

Table 3. The recommended transition criteria from the macro to the micro/mini dimension in the
literature.

Researcher Basis of the Classification Criteria/Classification

Mehenale et al. [21] Hyadraulic diameter
Dh = 1–100 µm/microchannel
Dh = 100 µm–1 mm/mesochannel
Dh = 1–6 mm/minichannel

Kandlikar and Grande [22] Hyadraulic diameter Dh = 1–200 µm/microchannel
Dh = 200 µm–3 mm/minichannel

Kew and Cornwell [24] The confinement number (Co ) Co > 0.5/microchannel

Li and Wang [25]

The critical (Dcr ) and threshold (Dth )
diameters

Dh ≤ Dcr/microchannel
Dcr ≤ Dh ≤ Dth/the transition from micro
to macro
Dh ≥ Dth/macrochannel

the Bond number (Bo )

Based on the critical and threshold value
diameters
Bo < 0.05/microchannel
0.05 < Bo < 3/mesochannel
Bo > 3/macrochannel

Brauner and Moran [26] The Etvs number (E ) E < 0.2/microchannel

Nema et al. [27] The critical Bond number (Bocr ), Bo < Bocr/microchannel

2.2. Condensation Flow Regimes Inside Micro/Minichannels

Microchannels exhibit distinct flow behaviours compared to conventional-sized chan-
nels. In microchannels, while inertial and viscous effects become more dominant, the effect
of buoyancy force diminishes. Experimental investigations illustrating these phenomena
are reported in the literature. Flow pattern maps, generated through visualisation studies
under varying flow conditions, serve as a foundation for physically modelling heat transfer,
pressure loss, and void fraction, facilitating the comprehension of two-phase flow dynam-
ics. The majority of visualisation and flow pattern mapping research for microchannels
has focused on adiabatic flows employing air-water mixtures. However, in condensation
flows, the fluid undergoes a phase change from vapour to liquid within the microchan-
nel. Consequently, the fluid flow within a range of vapour qualities creates different flow
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patterns throughout the condenser. While studies on visualisation and flow mapping for
microchannel condensate flow remain limited, some investigations exist in the literature.

Coleman and Garimella’s work [28] stands out among the mentioned studies for its
comprehensive examination of condensation flow dynamics in small-diameter channels.
Notably, they shifted the focus from adiabatic flow to condensation flow, offering insights
into flow visualisation during the condensation process. Their investigation encompassed
a range of parameters commonly encountered in practical applications, including tem-
peratures, mass fluxes, and vapour quality values. Visualising the condensation flow of
R134a in microchannels with circular, square, and rectangular cross-sections, they explored
hydraulic diameters ranging from 1 to 4.91 mm, covering vapour qualities from 0 to 1
and mass flux between 150–750 kg/m2s. Their findings delineated four primary flow
regimes—intermittent flow, wavy flow, annular flow, and dispersed flow—further classi-
fied into sub-regimes, as illustrated in Figure 1. Most condensers are typically designed for
operation within the annular flow regime. Within this regime, a thin layer of liquid film
forms along the channel wall, propelled by the shear stress exerted by the vapour phase at
the center. As the hydraulic diameter of the channel decreases at a constant mass flux, the
velocity of the vapour phase in the center increases, thereby augmenting the shear stress
exerted by the vapour phase and leading to a thinner liquid film layer. Within the annular
regime, a central vapour core is encased by a thin liquid film adhering to the channel walls,
giving rise to various flow patterns, including mist, annular ring, wave ring, wave packet,
and annular film. The mist annular pattern is characterised by an exceedingly thin liquid
film, while annular rings may intermittently manifest as periodic liquid formations within
the mist flow. Similarly, wave rings, characterised by a thicker liquid film, often transition
into individual wave pockets, predominantly situated at the channel’s bottom side. Lastly,
a uniform annular film flow pattern forms consistently along the channel’s inner perimeter.
Conversely, as vapour condenses into liquid along the channel, the increase in liquid film
thickness can disrupt the annular flow regime. It is also worth noting that mist, annular
ring, wave ring, wave packet, and annular film regimes, which are the sub-flow forms of
the annular flow regime, are affected by the changing effects of gravity and shear forces
due to the change in mass flux and vapour quality [28,29]. In contrast to adiabatic flows,
where microchannels typically employ air-water mixtures as working fluids, condensation
flow entails the formation of a thin liquid film layer along the channel wall for various
combinations of mass flux and vapour quality. The wavy flow regime depicted in Figure 1
can be observed when the influence of gravity is significant. In flows where the gravity
effect becomes important, noticeable disparities in the film layers occur at the top and
bottom of the channel, resulting in the formation of a wavy interface between the vapour
and liquid phases. Moreover, asymmetric flow, also referred to as stratified flow, occurs
when gravity predominates, leading to the accumulation of liquid at the bottom of the
channel. In this flow regime, waves form at the interface due to shear stress between the
two phases (vapour and liquid), which move at varying velocities. This regime is further
categorised into discrete and dispersed waves. Discrete waves traverse the phase interface
in larger structures, while dispersed waves exhibit a broader range of amplitudes and
wavelengths [28,29]. In the intermittent flow regime, the flow of both liquid and vapour
phases experiences discontinuities, leading to intermittent behaviour between the phases.
Typically occurring at low mass fluxes and vapour qualities, this regime can be realised
as long bubble plugs or slug flow. Within this regime, a thin liquid film layer separates
the vapour phase and vapour bubbles. While the vapour bubble remains mostly uniform,
instability may arise at its tip (plug). With an increase in vapour quality, a slug flow pattern
emerges, characterised by an elongated vapour bubble that breaks up the liquid ahead,
generating smaller bubbles [30]. Dispersed flow represents a regime where small vapour
bubbles are scattered within a turbulent liquid phase, typically occurring at high mass
fluxes. It can be seen as a bubbly flow pattern or a dispersed bubbly flow pattern. Bubbly
flow arises when the vapour phase exhibits laminar behaviour. However, due to the turbu-
lent nature of the liquid, the bubbles lack uniformity in shape and are smaller compared
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to those in the plug flow pattern of the intermittent flow regime. As the mass flux of the
vapour phase increases, the number of bubbles decreases, dispersing within the liquid
flow [30].

Appl. Sci. 2024, 14, 2988 9 of 34 
 

instability may arise at its tip (plug). With an increase in vapour quality, a slug flow 
pattern emerges, characterised by an elongated vapour bubble that breaks up the liquid 
ahead, generating smaller bubbles [30]. Dispersed flow represents a regime where small 
vapour bubbles are scattered within a turbulent liquid phase, typically occurring at high 
mass fluxes. It can be seen as a bubbly flow pattern or a dispersed bubbly flow pattern. 
Bubbly flow arises when the vapour phase exhibits laminar behaviour. However, due to 
the turbulent nature of the liquid, the bubbles lack uniformity in shape and are smaller 
compared to those in the plug flow pattern of the intermittent flow regime. As the mass 
flux of the vapour phase increases, the number of bubbles decreases, dispersing within 
the liquid flow [30]. 

 
Figure 1. Microchannel two-phase flow regimes [29]. 

Flow pattern maps are typically generated by plotting two flow parameters on a 
coordinate system. One common representation is in terms of mass flux and vapour 
quality. This format suits operations within a fixed-diameter channel for a specific fluid. 
Coleman and Garimella [28] developed a flow pattern map, depicted in Figure 2 [28,29], 
based on the flow regimes outlined in Figure 1. According to Figure 2, for a circular cross-
section pipe with a diameter of 4.91 mm, the wavy flow regime dominates the majority of 
the mass flux-vapour quality coordinates. However, a small region shows the coexistence 
of plug, slug, and discrete wave regimes. Furthermore, it is evident that as mass flux and 
vapour quality increase, the waves become more dispersed. 

Figure 1. Microchannel two-phase flow regimes [29].

Flow pattern maps are typically generated by plotting two flow parameters on a
coordinate system. One common representation is in terms of mass flux and vapour quality.
This format suits operations within a fixed-diameter channel for a specific fluid. Coleman
and Garimella [28] developed a flow pattern map, depicted in Figure 2 [28,29], based on
the flow regimes outlined in Figure 1. According to Figure 2, for a circular cross-section
pipe with a diameter of 4.91 mm, the wavy flow regime dominates the majority of the mass
flux-vapour quality coordinates. However, a small region shows the coexistence of plug,
slug, and discrete wave regimes. Furthermore, it is evident that as mass flux and vapour
quality increase, the waves become more dispersed.

Flow regimes directly influence parameters such as heat transfer coefficient and pressure
drop in the channel. Figure 3 depicts a typical flow pattern transition and the associated
distributions of the two-phase heat transfer coefficient and frictional pressure drop during
condensation inside small-diameter horizontal channels [31,32]. As shown in Figure 3, the
fluid enters the channel as vapour and gradually transitions to the liquid phase along the
wall under the influence of heat flux applied to the channel walls. The annular flow regime
initiates with the formation of an extremely thin liquid film layer along the flow direction of
the channel. In this region, the liquid film layer is exceptionally thin, resulting in minimal heat
conduction resistance exerted by the liquid. Consequently, according to Figure 3a, a high heat
transfer coefficient is achieved within the channel in this region. As condensation progresses,
the liquid film layer thickens, leading to a decrease in vapour quality and, consequently, a
reduction in the condensation heat transfer coefficient. The gradual thickening of the liquid
film due to condensation along the channel results in the formation of slug and bubbly flow
regimes, respectively. Ultimately, the vapour completely condenses into the liquid phase [31].
The condensation heat transfer coefficient gradually decreases depending on the influence
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of these flow regimes. In compliance with Figure 3b, condensation commences with the
formation of a thin liquid film along the channel walls within the annular flow regime. An
increase in liquid flow rate results in the axial thickening of the film. Velocity differentials
between the vapour core and the annular liquid film induce instabilities along the interface
of the film. Depending on operational parameters, the initially laminar flow near the film
initiation region may transition to turbulent. The presence of interfacial waviness amplifies the
interfacial shear stress exerted by the vapour core on the film, thereby elevating the pressure
gradient. As the film thickens further downstream, the peaks of the prominent waves begin
to merge, bridging liquid films across the channel and leading to a transition to the slug
flow regime. Continued condensation diminishes the length of the elongated bubbles,
ultimately causing them to fragment into smaller bubbles with diameters significantly
smaller than those of the channel within the bubbly flow regime. Eventually, the entire flow
transforms into a single-phase liquid. It is noteworthy that condensation is accompanied
by an axial slowdown of the flow, and the decreasing velocity disparity between the two
phases results in a reduction in interfacial shear stress and a corresponding decrease in the
pressure gradient [32].
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2.3. Void Fraction Models

In two-phase flows, the void fraction stands as a crucial parameter for calculating heat
transfer coefficients and pressure drops [33]. Understanding the void fraction provides
insights into the fluid dynamics of the two-phase flow. For instance, computing the void
fraction in the annular flow regime aids in estimating the thickness of the condensed liquid
film. Moreover, the void fraction facilitates determining the required fluid volume for
closed systems such as the refrigeration cycle. Essentially, the void fraction is defined as
the ratio of the cross-sectional area occupied by the vapour (Ac,v) to the total cross-sectional
area of the channel (Ac), expressed as

∝=
Ac,v

Ac
(8)
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Determining this parameter is a critical step that offers an approximation to the
equations required for predicting pressure drop and heat transfer in two-phase flow [33].
It is essential not to confuse vapour quality with void fraction. The vapour quality x is
a thermodynamic parameter dictated by the state of the two-phase mixture, whereas the
void fraction relies on flow properties and has been scrutinised in various studies. Unlike
investigations into flow regimes mentioned earlier, the majority of void fraction inquiries
have centered on larger tubes with adiabatic air-water flows. Research on void fraction in
microchannels is comparatively scarce, with limited data available on void fraction during
condensation [33]. Although not developed for condensation flow in micro/minichannels,
existing void fraction prediction models can be used for micro/minichannel condensation
flows, as presented in Table 4.

Table 4. The existing void fraction prediction models can be used for micro/minichannel
condensation flows.

Author Void Fraction Prediction Model

Lockhart and Martinelli [34] ∝=
[

1 + 0.28
(

1−x
x

)0.64( ρv
ρl

)0.36( µl
µv

)0.07
]−1

(9)

Zivi [35] ∝=
[

1 + 1−x
x

(
ρv
ρl

)2/3
]−1

(10)

Baroczy [36] ∝=
[

1 +
(

1−x
x

)0.74( ρv
ρl

)0.65( µl
µv

)0.13
]−1

Steiner [37] ∝= x
ρv

[
{1 + 0.12(1 − x)}

(
x
ρv

+ 1−x
ρl

)
+

1.18(1−x)[gσ(ρl−ρv)]
0.25

Gρl
0.5

]−1
(11)

Winkler et al. [38] ∝=
[

1 + 0.604
(

1−∝h
∝h

)0.349
]−1

(12)

El Hajal et. al. [39] ∝= ∝h+∝Steiner

ln
[

∝h
∝Steiner

] (13)

∝h: homogeneous void fraction.

Koyama et al. [40] employed rapid closing valves to measure void fractions of R134a
condensation within 7.52 mm smooth tubes and 8.86 mm internal diameter micro-finned
tubes, operating across pressures spanning from 800 to 1200 kPa and mass fluxes ranging
from 90 to 250 kg/m2s. Their findings indicated that the correlations by Smith [41] and
Baroczy [36] matched their experimental data. Meanwhile, Jassim et al. [42] demonstrated
that incorporating correlations from existing literature [37,43] into their proposed flow
regime map effectively captured a comprehensive database of void fraction measurements,
encompassing various methodologies across condensing, adiabatic, and evapourating flows.

Winkler et al. [38] conducted void fraction measurements tailored to specific flow
regimes within round, square, and rectangular channels, featuring hydraulic diameters
spanning 2 to 4.91 mm for R134a at 1400 kPa, employing video image analysis. Their
study proposes novel drift-flux void fraction models specifically designed for wavy and
intermittent regimes. They observed negligible influence of mass flux or diameter in the
wavy regime, although some diameter effects were noted in the intermittent regime.

Building upon the study of Winkler et al. [38], Keinath and Garimella [44] expanded the
analysis to encompass high-speed video documentation of flow regimes and void fractions
during the condensation of R-404A within tubes ranging from 0.508 to 3.00 mm in internal
diameter. Operating at reduced pressures from 0.38 to 0.77 and mass fluxes spanning 200
to 800 kg/m2s, their approach involved recording high-speed videos oriented primarily
along the horizontal axis along the side face, supplemented by top-down recordings
for cross-validation. This setup facilitated three-dimensional reconstruction, akin to the
method of Triplett et al. [45], allowing void fraction measurements across various flow
regimes, including intermittent, bubbly/annular, and wavy flows. Additionally, their
expanded dataset enabled the extraction of additional parameters such as slug frequencies,
vapour bubble velocity, vapour bubble dimensions, and liquid film thicknesses, offering
comprehensive insights into the multiphase flow dynamics. Keinath and Garimella [44]
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compared three different void fraction models in their study for modelling microchannel
condensate flow. As a result of this comparison, they determined that the most compatible
model with the data obtained from the study was the Baroczy [36] model. For this reason,
the Baroczy [36] model for microchannel condensate flows is one step ahead of other void
fraction models.

Milkie et al. [46] emphasised the impact of diameter on the distribution of α across
the channel cross-section. They noted that for d = 15 mm and G = 150 kg/m2s, nearly all
of the liquid accumulates in the condensate layer along the entire range of x, particularly
evident in wavy flow patterns. Conversely, under similar conditions, the percentage of
liquid confined to the condensate layer fluctuates from 6% at x = 0.86 to 91% at x = 0.13
for d = 7 mm. Consequently, in larger diameters, gravitational effects predominate over
surface tension and inertia throughout the vapour quality range, effectively retaining
the liquid predominantly within the condensate layer situated at the bottom of the tube.
Furthermore, Milkie et al. [46] compared their void fraction measurements against several
prediction methods, including the homogeneous model, Baroczy [36], Premoli et al. [47],
Rouhani and Axelsson [48], El Hajal et al. [39], Jassim et al. [42], and their own proposed
method [46]. Generally, these prediction methods exhibited reasonable agreement with the
experimental data of Milkie et al. [46], with some exceptions. The homogeneous model
tended to overpredict the experimental data, particularly at low void fractions, while
the Baroczy [36] method showed underpredictions. El Hajal et al. [39] method provided
reasonable predictions, but failed to capture the increasing trend of void fraction with rising
mass flux. The methods that yielded the most accurate predictions according to Milkie
et al. [46], were their own proposed method [46] and the one by Jassim et al. [42], which
combines El Hajal et al. [39] correlations for annular flow and Graham [49] for wavy flow.
It is important to note that the Milkie et al. [46] method was fine-tuned based on their own
dataset, hence its superior performance with their data.

3. Condensation Flow of Refrigerants Inside Mini/Micro-Channels

The decrease in hydraulic diameter during condensation leads to different flow
regimes and heat transfer mechanisms in the microchannel compared to conventional
channels [3]. Therefore, understanding the fluid flow and heat transfer properties during
the condensation of the refrigerant in the microchannel becomes important for condenser
design. Experimental studies on a wide range of subjects, such as various working fluids,
mini/micro geometries, and operating conditions, shed light on subsequent predictive
modelling studies. Numerical simulations can be a useful tool to understand condensation
in microchannels, especially in cases where specific experimental data or correlations are
not available. There are some Computational Fluid Dynamics (CFD) simulations in the
literature that focus on the thermal characteristics of condensation inside the microchannel.
In this context, researchers have focused on both experimental and numerical investiga-
tions, and flow visualisation studies to better understand the condensation heat transfer
and pressure drop mechanisms in microchannel geometries.

3.1. Experimental Studies Focused on Mini/Microchannel Condensation of Refrigerants

Early experimental investigations of two-phase flow in mini/microchannels typically
employed adiabatic conditions, where the liquid-vapour mixture is emulated using a liquid-
gas combination to simplify the process. Adiabatic studies were conducted to elucidate
fundamental flow characteristics at the micro- and mini-scale, involving the observation
and mapping of flow regimes and the assessment of associated frictional pressure drop
across the microchannel. However, there has been a notable increase in recent experiments
focusing on condensing flows under non-adiabatic conditions in small-diameter channels
compared to adiabatic two-phase flows [50]. These studies aim to examine the influence
of various factors, such as operating conditions, channel geometry, surface characteristics,
enhanced surface structures, and refrigerant type, on condensation flow regimes, heat
transfer coefficients, and pressure drop, as discussed in this section.
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Garimella [29] provided a comprehensive overview of flow visualisation techniques
applied in micro- and minichannel configurations to develop models for pressure drop and
heat transfer during refrigerant condensation. Investigating condensation flow mechanisms
across round, square, and rectangular tubes with hydraulic diameters ranging from 1 to
5 mm and under various saturation temperatures, vapour qualities, and mass fluxes
(ranging from 150 to 750 kg/m2s), the study employed flow visualisations to analyse
the effects of channel geometry and miniaturisation on flow regime transitions. The
author categorised the observed flow mechanisms into four distinct regimes. Similarly,
Mederic et al. [51] carried out an experimental study of complete condensation flow in a
minichannel, which was undertaken for a range of mass flux between 3.4 and 13.8 kg/m2s.
The purpose of the study is heat transfer analysis according to flow structures revealed
during condensation inside a minichannel. They observed two flow regimes (with and
without bubbles) in their visualisation study and proposed a critical value of the mass
flow rate for the transition between these two regimes. The authors concluded that the
impact of the existence of a bubbly zone is underscored by its effects on heat transfer and
pressure drops. After that, Mederic et al. [52] conducted experimental research, presenting
visual data on condensing flow patterns in three tubes with inner diameters of 10, 1.1, and
0.56 mm. Based on the visualisation data, they classified the condensation flow into three
zones.

Additionally, Zhang et al. [53] conducted experimental investigations on condensation
heat transfer and pressure drop of R22, R410A, and R407C in two single-round microchan-
nels. The study measured condensation heat transfer coefficients and two-phase pressure
drop across saturation temperatures of 30 and 40 ◦C, with mass fluxes ranging from 300
to 600 kg/m2s and vapour qualities between 0.1 and 0.9. El Achkar [54] conducted an
examination of flow patterns and heat transfer dynamics during the condensation process
of n-pentane in an air-cooled micro-condenser with a square cross-section. Their experimen-
tal setup comprised a borosilicate square microchannel, featuring inner and outer edges
measuring 553 mm and 675 mm, respectively, and a length of 208 mm. The study aimed to
establish a correlation between flow patterns and heat transfer characteristics. Liu et al. [55]
conducted experimental investigations into the heat transfer characteristics of R32, R152a,
and R22 during condensation in circular (Dh = 1.152 mm) and two square channels (Dh
= 0.952 and 1.304 mm). The experiments encompassed saturation temperatures ranging
from 30 to 50 ◦C, mass fluxes from 200 to 800 kg/m2s, and vapour qualities from 0.1 to
0.9. They explored the impact of flow conditions (mass flux, vapour quality, saturation
temperature, and coolant inlet temperature), channel diameter, channel geometry, and
thermophysical properties on the heat transfer coefficients. Furthermore, Liu et al. [56]
carried out an experimental study on the pressure drop characteristics of R32, R152a, and
R22 during condensation under the same experimental conditions. Their findings revealed
that pressure drops increase with rising mass flux and vapour quality and decreasing
saturation temperature and channel diameter. However, frictional pressure drops exhibited
insensitivity to coolant conditions. In a separate investigation, Liu et al. [57] presented
empirical data on heat transfer and pressure drop for the condensation of propane, R1234ze
(E), and R22 in both circular (with Dh = 1.085 mm) and square (with Dh = 0.952 mm)
horizontal microchannels. Their experiments, conducted at saturation temperatures of
40 and 50 ◦C, encompassed a range of mass fluxes from 200 to 800 kg/m2s and vapour
qualities from 0.1 to 0.9. This study sought to explore the influences of mass flux, vapour
quality, saturation temperature, and channel geometry on heat transfer coefficients and
pressure drops. Furthermore, Al-Zaidi et al. [58] conducted an experimental investigation
to analyse the impact of refrigerant mass flux, local vapour quality, coolant flow rate, and
inlet coolant temperature on local condensation heat transfer coefficients. Their study
employed rectangular multi-microchannels with a hydraulic diameter of 0.57 mm, utilising
HFE-7100 as the refrigerant. Flow visualisation techniques were also employed to capture
the flow patterns during the condensing process. The recent experiments investigating the
condensation of refrigerants in mini- and microchannels are summarised in Table 5.
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Table 5. Overview of recent experiments investigating the condensation of refrigerants in mini- and
microchannels.

Researcher Working Fluid Geometry Experimental Conditions Purpose of Study

Garimella [29] R134a Round, square, and
rectangular

Dh = 1–5 mm
G = 150–750 kg/m2s

Flow visualisations,
heat transfer and
Pressure drop

Mederic et al. [51] n-pentane a smooth tube Dh = 0.56 mm
G = 3.4 and 13.8 kg/m2s

Heat transfer analysis
and flow visualisations

Mederic et al. [52] n-pentane three smooth tubes Dh = 0.56
10, 1.1, and 0.56 mm Flow visualisations

Zhang et al. [53] R22, R410A, and R407C two single-round
microchannels

Dh = 1.088 and 1.289 mm
0.56 mm
G = 300–600 kg/m2s
Tsat = 30–50 ◦C
x = 0.1–0.9

Heat transfer
coefficients and
two-phase pressure
drop

El Achkar [54] n-pentane borosilicate square
microchannel

G = 3 and 15 kg/m2s
Tsat = 36.06 ◦C

Flow patterns and heat
transfer characteristics

Liu et al. [55] R32, R152a, and R22 Circular and two
square channels

Dh = 1.152 mm (circular)
Dh = 0.952 and 1.304 mm
(square)
G = 200–800 kg/m2s
Tsat = 30–50 ◦C
x = 0.1–0.9

Heat transfer
characteristics

Liu et al. [56] R32, R152a, and R22 Circular and two
square channels

Dh = 1.152 mm (circular)
Dh = 0.952 and 1.304 mm
(square)
G = 200–800 kg/m2s
Tsat = 30–50 ◦C
x = 0.1–0.9

Pressure drop

Liu et al. [57] R1234ze(E), and R22
circular and square
horizontal
microchannels

Dh = 1.085 mm (circular)
Dh = 0.952 mm
G = 200–800 kg/m2s
Tsat = 30–50 ◦C
x = 0.1–0.9

Heat transfer and
pressure drop

Al-Zaidi et al. [58] HFE-7100 rectangular
multi-microchannels Dh = 0.57 mm

Heat transfer
coefficients and flow
visualisation

3.2. Numerical Studies Focused on Mini/Microchannel Condensation of Refrigerants

Numerical simulations offer a valuable avenue for comprehending microchannel
condensation in the absence of dedicated experimental data or correlations. In an effort
to mitigate experimental costs and efforts, there is a growing emphasis on developing
numerical models that are independent of particular geometries and fluid properties.
Existing literature features several numerical investigations concentrated on elucidating
the fluid flow and heat transfer mechanisms associated with refrigerant condensation
within mini/microchannels. In numerical simulation studies of condensation flow in
microgeometries, researchers first addressed the dynamics of liquid film formation and the
behaviour of the flow regimes that occur during condensation. Following this, in light of
experimental findings, simulation studies have begun to be carried out on the effects of
parameters such as steam quality, mass flux, and hydraulic diameter on the flow regime
and heat transfer mechanisms in order to clarify local flow phenomena.

Wu and Li [59] proposed a transient numerical investigation for analysing conden-
sation heat transfer and flow characteristics. Their research delved into simulating the
condensation flow of R32 within a circular tube of 0.1 mm diameter. They systematically
investigated four distinct flow patterns (annular, injection flow, slug flow, and bubbly flow)
within a two-dimensional computational domain. Da Riva and Del Col [60] conducted
simulations of R134a condensation within a circular minichannel with a 1 mm inner di-
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ameter, considering both high (G = 800 kg/m2s) and low (G = 100 kg/m2s) mass fluxes.
Their study incorporated the influences of interfacial shear stress, gravity, and surface
tension on horizontal tube orientation. Subsequently, they extended their simulations to
vertical downflow under normal gravity conditions and also performed simulations to
assess non-gravity effects. Similarly, in their work, Da Riva and Del Col [61] developed
a numerical model to simulate laminar liquid film condensation in a horizontal circular
minichannel with a 1 mm internal diameter. Utilising the volume of fluid (VOF) method,
they conducted three-dimensional simulations of R134a fluid film condensation within the
minichannel, exploring the impact of surface tension by comparing simulations with and
without its consideration under their specified conditions. Ganapathy et al. [62] introduced
a numerical model based on the VOF method to simulate fluid flow and heat transfer dur-
ing condensation within a single microchannel. They conducted transient two-dimensional
simulations for the condensation of R134a in a microchannel with a diameter of 100 µm.
Their simulations encompassed a range of vapour mass fluxes at the channel inlet, varying
from 245 to 615 kg/m2s, and heat fluxes spanning 200 to 800 kW/m2. Chen et al. [63]
conducted a numerical simulation based on the VOF method. Their study focused on simu-
lating the condensation flow of refrigerant FC-72 within a rectangular microchannel with a
hydraulic diameter of 1 mm. Turbulence effects were simulated using the realisable k−ε

model. Their simulations revealed that reducing the wall cooling heat flux or increasing
the mass flux of the flow led to an increase in the length of the vapour column. Bortolin
et al. [64] conducted steady-state numerical simulations to investigate the condensation
of R134a within a 1 mm square minichannel. Their simulations used the VOF approach
to track the vapour-liquid interface during mini/microchannel condensation. Operating
at mass fluxes varied from 400 to 800 kg/m2s, the simulations maintained a uniform wall
temperature as the boundary condition. Both the vapour core and liquid film were mod-
elled as turbulent phases using a low-Reynolds number version of the SST k−ω model.
The findings suggested that gravity had minimal influence in the square minichannel, with
heat transfer primarily governed by shear stress and surface tension under the considered
mass flux conditions. Tonelli et al. [65] conducted steady-state numerical simulations to
analyse R134a condensation within horizontal channels. They explored the impact of hy-
draulic diameters ranging between 1 and 3.4 mm on two-phase fluid flow and heat transfer.
Subsequently, the authors carried out two-dimensional transient simulations to assess the
influence of wave phenomena on the condensation flow. Employing the VOF method at
a saturation temperature of 40 ◦C and various mass fluxes (50–200 kg/m2s), these simu-
lations provided insights into the heat transfer coefficient trends. As for their study, the
steady-state simulations indicated an increase in heat transfer coefficient with decreasing
channel diameter from 3.4 to 1 mm, with surface tension exhibiting negligible effects on
the liquid film distribution in the 3.4 mm channel. Zhang et al. [66] conducted a numerical
exploration of the heat transfer and pressure drop behaviours during the condensation
of R410A within horizontal microchannel tubes (with hydraulic diameters of 0.25, 1, and
2 mm). The various saturation temperatures were considered in their study. The author’s
main emphasis was on understanding how the saturation temperature of R410A influenced
these characteristics. Employing the volume of fluid (VOF) model, they utilised the SST-k-ω
turbulent model to simulate both vapour and liquid phases. A steady-state numerical
simulation of the condensation flow of R600a was conducted by Basaran et al. [7]. The
authors numerically investigated the heat transfer characteristic condensation flow at mass
fluxes ranging from 200 to 600 kg/m2s inside a single circular microchannel with varying
diameters. The VOF model was employed to simulate a two-phase flow, with phase change
occurring at the saturation temperature, as represented by the Lee model [67]. Basaran
et al. [6] also conducted a further study on the condensation flow of R600a simulations
inside the microchannel. In their study, they investigated fluid flow as well as heat transfer
characteristics. They made a numerical investigation to analyse the effects of mass flux,
hydraulic diameter, and vapour quality on both heat transfer rate and pressure drop. To
achieve this, steady-state numerical simulations were conducted to study the condensation
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flow of R600a within a single circular microchannel with varying diameters (0.2–0.6 mm),
spanning mass fluxes from 200 to 600 kg/m2s. The authors utilised the VOF model to simu-
late multi-phase flow during steady-state condensation in their simulations. Validation was
conducted by comparing the model results with experimental and visual data from existing
literature. For analysing the flow regime, a Reynolds Averaged Numerical Simulation
(RANS) approach employing the Shear Stress Transport (SST) k-ω model by Menter [68]
was utilised. They proposed a new heat transfer coefficient and pressure drop correlations
based on their validated simulation model for R600a microchannel condensation flow. The
key studies on the condensation of refrigerants in mini- and microchannels are summarised
in Table 6.

Table 6. Overview of recent numerical studies on the condensation of refrigerants in mini- and
microchannels.

Researcher Working Fluid Domain Numerical Conditions Numerical Methods Purpose of Study

Wu and Li [59] R32 A 2D smooth circular tube
(Dh = 0.05mm)

Transient
Tsat = 60 ◦C
G < 300 kg/m2s

The VOF method Heat transfer and flow
characteristics

Da Riva and Del Col [60] R134a A circular tube (Dh = 1 mm) G = 100 and 800 kg/m2s The VOF method The fluid flow and heat
transfer

Da Riva and Del Col [61] R134a A 3D horizontal circular
minichannel (Dh = 1 mm) G = 100 kg/m2s

The VOF method, a
uniform wall
temperature,

The fluid flow and heat
transfer

Ganapathy et al. [62] R134a A 2D circular tube (Dh = 0.1 mm)
Transient
G = 245–615 kg/m2s
q′′ = 200–800 kW/m2

The VOF method The fluid flow and heat
transfer

Chen et al. [63] FC-72 Rectangular microchannel
(Dh = 1 mm)

Transient
Tsat = 60 ◦C
q′′ = 30 kW/m2

G = 100–150 kg/m2s

The VOF method, the
realisable k−ε model

The fluid flow and heat
transfer

Bortolin et al. [64] R134a A square channel (Dh = 1 mm) Steady state
G = 400 and 800 kg/m2s

The VOF method, a
uniform wall
temperature, and the
SST k−ω model

Heat transfer and flow
characteristics

Tonelli et al. [65] R134a A 2D horizontal circular channel
(Dh = 1 and 3.4 mm)

Steady-state and
transient
G = 50–200 kg/m2s
Tsat = 40 ◦C

The VOF method Two-phase flow
mechanisms

Zhang et al. [66] R410A Horizontal microchannel tubes
(Dh = 0.25, 1, and 2 mm)

Tsat = 310, 320, and 330 K
G = 400 and 1000
kg/m2s
x = 0.5–0.9

The VOF method, SST
k−ω model

Heat transfer and
pressure drop
behaviours

Basaran et al. [7] R600a 2D single circular microhannel
(Dh = 0.2–0.6mm)

Steady-state
G = 200–600 kg/m2s
Tsat = 40 ◦C
x = 0.3–0.9

The VOF method, SST
k−ω model Heat transfer

Basaran et al. [6] R600a 2D single circular microhannel
(Dh = 0.2–0.6mm)

Steady-state
G = 200–600 kg/m2s
Tsat = 40 ◦C
x = 0.3–0.9

The VOF method, SST
k−ω model

Heat transfer and
pressure drop

3.3. Predictive Models for Condensation Flow of Refrigerants Inside Mini/Microchannel

In the majority of studies on condensation flow at the micro/mini-scale, R134a has
been used as a working fluid. In the literature, many predictive correlations have been de-
veloped based on experimental studies for R134a condensation inside micro/minichannels.
These studies have mainly focused on condensation mechanisms in single [69] and multiple
rectangular cross-section microchannels [1,69–73] and in single [69,74,75] and multiple
microchannels with circular cross-section [73,76–78]. Similarly, predictive empirical cor-
relations are available in the literature for other pure R11 [79], R12 [70,80], R22 [74,75,80],
R32 [69,74,80], R123 [79,80], R125 [74], R236ea [72,74,81], R236fa [73,80], R245fa [69,80].
Experimental correlations have been produced for various microchannel geometries, hy-
draulic diameters, mass fluxes, and condensing temperatures for these refrigerants. Addi-
tionally, experimental studies have been conducted on the micro/mini-scale condensation
mechanisms of R1234ze [73,80] and R1234yf [69], which are from the HydroFluoroOlefin
(HFO) refrigerant family that has been produced and used in recent years. Experimental
correlations regarding the condensation flow in microchannels of refrigerant mixtures such
as R404A [80,82] and R410A [72,74,75,81,83], which are widely used in the refrigeration
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industry along with pure refrigerants, are also available in the literature. Although a large
number of correlations exist to predict two-phase heat transfer in microchannel flows, most
of these correlations can be verified for relatively small numbers of working fluids and
narrow ranges of geometric and flow parameters [31].

3.3.1. Heat Transfer Coefficient Correlations

Experimental determination of the heat transfer coefficient in small-sized channels
such as microchannels brings it along with some difficulties. In particular, limited space for
the placement of measurement probes, small mass flux in the microchannel corresponding
to low heat transfer rates, and high heat transfer coefficients causing small temperature
differences make it difficult to measure experimental data accurately [33]. For this reason,
it is useful to employ condensation predictive models that form the basis of condensation
flow models in microchannels. The predictive empirical correlations developed for the
condensation flow of refrigerants inside small-scale channels provided in this section.

The most important of these classical correlations is the model developed by Dobson
and Chato [84], which depends on the flow regime. This correlation is based on the flow
regime and comprises only stratified, wavy, and annular flow regimes. According to the
correlation between Dobson and Chato [84], the heat transfer coefficient of two-phase flows
corresponding to annular flow, which is controlled by shear stress, is the product of the heat
transfer coefficient of the liquid calculated as a single phase with the Dittus-Boelter [85]
model with a two-phase multiplier. Empirical constants and exponents of the Dobson
and Chato [84] correlation are adjusted based on experiments for R134a, R22, R32, and
R125 fluids with mass velocities between 25 and 800 kg/m2s, saturation temperatures of
35 to 45 ◦C, and heat fluxes of 5 to 15 kW/m2. According to the Dobson and Chato [84]
model, when the Soliman Froude (FrSo) number is greater than 20 (FrSo > 20), the flow is
considered an annular flow regime. Otherwise, the flow is considered to be in the stratified
wavy flow regime. The Soliman Froude (FrSo) number can be computed as follows:

FrSo =


0.025Re1.59

l

(
1+1.09X0.039

tt
Xtt

)
1

Ga0.5 , Rel ≤ 1250

1.26Re1.04
l

(
1+1.09X0.039

tt
Xtt

)
1

Ga0.5 , Rel > 1250

(14)

where Xtt and Ga stand for the modified Martinelli parameter and Galileo number, re-
spectively. Dobson and Chato [84] suggest using the void fraction model of Zivi [35]
in calculating the Galileo number (Ga). The modified Martinelli parameter and Galileo
number are indicated in Equations (15) and (16):

Ga = gρl(ρl − ρv)

(√
∝Dh

)3

µ2
l

(15)

Xtt =

(
ρv

ρl

)0.5( µl
µv

)0.1(1 − x
x

)0.9
(16)

where subscript l and v stand for “liquid” and “vapour”, respectively. According to the
heat transfer coefficient model of Dobson and Chato [84], when the regime of the flow is
annular (where the gravity effect may be neglected and the shear stress force is dominant),
the Nusselt number is as in Equation (17):

Nuannular = 0.023Re0.8
l Pr0.4

l

(
1 +

2.22
X0.89

tt

)
(17)

Moser et al. [86] proposed an analytical model on condensation in the annular flow
regime, which is a shear stress-controlled flow regime, in circular cross-section tubes with
hydraulic diameters between 3.14 and 20 mm. They conducted their experiments on seven
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different types of halocarbon refrigerants in the mass flux range of 87 to 862 kg/m2s and at
temperatures between 22 and 52 ◦C. Their model is based on an equivalent Reynolds num-
ber (Reeq), which requires prediction methods for the single-phase heat transfer coefficient
and the two-phase frictional pressure gradient:

Reeq = ∅
8
7
loRelo (18)

To compute the Reeq, the friction coefficient of each phase, it is required separately.
The friction coefficients of the phases can be calculated with the following expressions:

∅2
lo = A1 +

3.24A2

Fr0.045
TP We0.035

TP
(19)

A1 = (1 − x)2 + x2
(

ρl
ρv

)(
fvo

flo

)
(20)

A2 = x0.78(1 − x)
0.24
(

ρl
ρv

)0.91(µv

µl

)0.19(
1 − µv

µl

)0.7
(21)

FrTP =
G2

gDhρ2
TP

(22)

WeTP =
G2Dh
ρTPσ

(23)

ρTP =

(
1
ρb

+
1 − x

ρs

)−1
(24)

where FrTP and WeTP are Froude and Weber numbers for two-phase condensation flow,
respectively. Also, subscripts lo is liquid-only”, subscripts vo is “vapour-only”, and TP
is “two-phase”. According to the Moser et al. [86] model, the Nusselt number can be
calculated as given in Equation (25):

Nu =
0.09940.126×Pr−0.448

l Re
−0.113×Pr−0.563

l
l Re

1+0.11025×Pr−0.448
l

eq Pr0.815
l[

1.58 × ln
(

Reeq
)
− 3.28

][
2.58 × ln

(
Reeq

)
+ 13.7Pr2/3

l − 19.1
] (25)

Koyama et al. [40] discussed the condensation of R134a in two different extruded
aluminium multi-port microchannel tubes and proposed a heat transfer model. One of
the tubes they used in their experimental setup had eight microchannels (ports) with a
hydraulic diameter of 1.11 mm; the other tube contained nineteen microchannels with
a hydraulic diameter of 0.8 mm. They carried out their tests in the mass flux range
of 100 to 700 kg/m2s at 60 ◦C. The model proposed by Koyama et al. [40] consists of
the asymptotic sum of terms related to forced convection condensation (F) and gravity-
controlled (B) condensation.

Nu =

(
Nu2

F + Nu2
B

)1/2
(26)

where NuF is the forced convection condensation term and NuB is the gravity-controlled
(buoyancy) condensation term. NuF can be computed as follows:

NuF = 0.0152
(

1 + 0.6Pr0.8
l

)(∅v

Xtt

)
Re0.77

l (27)

∅2
v = 1 + 21

(
1 − e−0.319Dh

)
Xtt + X2

tt (28)
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Rel =
GDh(1 − x)

µl
(29)

where Xtt is the modified Martinelli parameter (Equation (16)). Gravity controlled conden-
sation term (NuB) is expressed as in Equation (30):

NuB = 0.725H(ξ)

(
GaPrl

Ph

)1/4
(30)

H(ξ) = ξ +
{

10
[
(1 − ξ)0.1 − 1

]
+ 1.7 × 10−4Relo

}√
ξ
(

1 −
√

ξ
)

(31)

Ph =
Cpl(Tsat − Twall,i)

h f g
(32)

where Tsat is the saturation temperature, Twall,i is the inner wall temperature of the tube,
and h f g is the vaporisation enthalpy. At the same time, ξ represents the void fraction in the
Koyama et al. [40] model, and it is written as in Equation (33).

ξ =

1 +
ρv

ρl

(
1 − x

x

)0.4 + 0.6

√√√√ ρl
ρv

+ 0.4 1−x
x

1 + 0.4 1−x
x



−1

(33)

Bandhauer et al. [77] and Agarwal et al. [87] experimentally examined the condensa-
tion of R134a in circular microchannels with hydraulic diameters ranging from 0.506 to
1.524 mm and non-circular microchannels with hydraulic diameters ranging from 0.424 to
0.839 mm. They presented a new heat transfer coefficient model with the data obtained
from their experiments between 150 and 750 kg/m2s. Bandhauer et al. [77] stated that
applying the existing shear stress-controlled heat transfer models designed for large, scaled
channels to microchannels leads to poor predictions and is inadequate for microchannels.
Therefore, they based their models on boundary layer analyses. Assuming that all heat is
transferred within the liquid film, the following expression is given for the heat transfer
coefficient at the interface at saturation temperature:

h =
q′′

(Tsat − Twall)
=

ρlCplu
∗

T+
(34)

q′′ = −(k + ρ × εh × Cp)
dT
dy

(35)

τ = (µ + ρ × εm)
du
dy

(36)

where T+ denotes the dimensionless turbulence temperature, and it can be expressed
as follows:

T+ =
ρlCplu

∗

q′′
(Ti − Twall) (37)

where u∗ is defined as the friction velocity. Bandhauer et al. [77] and Agarwal et al. [87]
defined the friction velocity according to the interface shear stress instead of the commonly
used wall shear stress. In this respect, the friction velocity (u∗) is given in Equation (38).

u∗ =

√
τi
ρl

(38)

τi =

(
∆P
L

)√
∝Dh
4

(39)
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Based on the approach proposed by Bandhauer et al. [77] and Agarwal et al. [87],
the heat flux defined in Equation (35) needs the dimensionless temperature gradient. The
dimensionless temperature gradient is provided in Equation (40).

dT+

dy+
=

(
1

Prl
+

ρl × εh
µl

)−1
(40)

In order to integrate this expression, the liquid film thickness can be directly calculated
with the void fraction model of Baroczy [36] as follows:

δ f ilm =
(
1 −

√
∝
)Dh

2
(41)

The film thickness provided in Equation (41) is used to obtain dimensionless film thickness:

δ+f ilm =
δ f ilm × ρl × u∗

µl
(42)

Since the film thickness is small compared to the pipe radius, assuming εh = εm, the
simplified two-zone dimensionless temperature is expressed as follows:

T+ = 5Prl + 5ln

[
Prl

(
δ+f ilm

5
− 1

)
+ 1

]
, for Rel < 2100 (43)

T+ = 5Prl + 5ln(Prl + 1) +
∫ δ+f ilm

30

dy+[(
1

Prl

)
− 1
]
+
(

y+
5

)(
1 − y+

R+

) for Rel > 2100 (44)

Cavallini et al. [88] conducted an experimental study to develop a heat transfer model
for microchannels. They wanted to produce a model with high accuracy and ease of
application. They conducted a comparative study with refrigerants commonly used in
refrigeration, air conditioning, and heat pump applications. In their experiments, they
considered the condensation flow of R134a in a tube with a 3 mm hydraulic diameter. To
facilitate the applicability of the model, they included only two equations in their model:
∆T-dependent and ∆T-independent. According to Cavallini et al. [88], the heat transfer co-
efficient for a certain fluid depends on its mass flux, vapour quality, channel geometry, and
saturation temperature. However, it does not always depend on the difference between the
saturation temperature and the internal wall temperature (∆T). According to the authors,
the dependence of the heat transfer coefficient on ∆T only exists in the flow regime where
gravity effects dominate. Accordingly, the heat transfer coefficient of the condensation
flow in microchannels, where gravity loses its effect as a flow regime, is independent of ∆T.
It is worth noting here that the ∆T-independent flow regime and the ∆T-dependent flow
regime, respectively, correspond to the annular and wavy stratified flow regimes. Cavallini
et al. [88] also presented a transition criterion for ∆T-dependent and ∆T-independent flow
regimes. According to this transition criterion, when the dimensionless gas velocity (JG) is
greater than the dimensionless transition gas velocity ( JT

G
)

it is classified as microchannel
condensation flow. This corresponds to ∆T-independent flow regime. When the dimen-
sionless gas velocity (JG) is smaller than the dimensionless transition gas velocity ( JT

G
)
,

condensation flow is classified as ∆T-dependent flow regime where gravity effects are
dominant. JT

G and JG are expressed as in Equations (45) and (46).

JT
G =


[

7.5
4.3X1.11

tt + 1

]−3

+ C−3
T


−1/3

(45)

CT =

{
1.6, f or hydrocarbons
2.6, f or other re f rigerants

(46)
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JG =
xG√

gρv(ρl − ρv)Dh
(47)

The correlation proposed by Cavallini et al. [88] is given below for ∆T-independent
flow regimes (JG > JT

G);

hA = hlo

[
1 + 1.128x0.817

(
ρl
ρv

)0.3685(µv

µl

)0.2363(
1 − µv

µl

)2.144
Pr−0.1

l

]
(48)

hlo = 0.023Re0.8
lo Pr0.4

l
kl
Dh

(49)

For ∆T-dependent flow regimes (JG < JT
G), the heat transfer coefficient is provided in

Equations (50) and (51).

hD =

hA

(
JT
G

JG

)0.8

− hSTRAT

 JG

JT
G

+ hSTRAT (50)

hSTRAT = 0.725

{
1 + 0.741

(
1 − x

x

)0.3321
}−1

×
[

k3
l ρl(ρl − ρv)g∆hvl

µl Dh∆T

]0.25

+ (1 − x0.087)hlo (51)

Son and Lee [89] carried out experiments to determine the heat transfer characteristics
of the condensation flow of R22, R134a, and R410A in tubes with inner diameters of 1.77,
3.36, and 5.35 mm, at mass flux between 200 and 400 kg/m2s and at a saturation temperature
of 40 ◦C. The authors proposed a new correlation as another form of the Dobson and
Chato [84] model. They reported that they modified the Dobson and Chato [84] model
because the model could well predict the condensation flow heat transfer characteristics of
R22, R134a, and R410A at varying tube diameters. Regression analysis of the experimental
data obtained by using the Dittus-Boelter [85] correlation to determine the single-phase
Nusselt number gave the expression in Equation (52).

Nu = 0.034Re0.8
l Pr0.3

l fc(Xtt) (52)

where fc(Xtt) is a two-phase multiplier, and it can be found by the following expression:

fc(Xtt) =

[
3.28

(
1

Xtt

)0.78
]

(53)

Huang et al. [83] experimentally investigated the effect of oil on the condensation
flow of R410A in a small-scale horizontal tube with an inner diameter of 1.6 and 4.18 mm.
As a result of experiments conducted at 40 ◦C saturation temperature, Huang et al. [83]
presented a new correlation for the heat transfer coefficient of the R410A-oil mixture. The
correlation proposed by the researchers is as in Equation (54):

Nu = 0.0152
(
−0.33 + 0.83 Pr0.8

l

)∅v

Xtt
Re0.77

l (54)

∅v = 1 + 0.5

[
G√

gρv(ρl − ρv)Dh

]
X0.35

tt (55)

where ∅v is a two-phase multiplier.
Park et al. [73] experimentally compared and examined the condensation flow of the

new refrigerant R1234ze with the condensation flows of R134a and R236fa. The experiments
were carried out in a tube with vertically arranged rectangular microchannels with a
50–260 kg/m2s mass flux and under 25–70 ◦C saturation temperature conditions. They
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presented a modified correlation for the heat transfer coefficient according to the data
they obtained as a result of their experiments. They concluded that their correlation
provided a good fit for three refrigerants (R1234ze, R134a, and R236fa) over a wide range
of operating conditions. Park et al. [73] model suggests Equations (56) and (57) to compute
the Nusselt number.

Nu = 0.0055Pr1.37
l

∅v

Xtt
Re0.7

l (56)

∅v = 1 + 13.17
(

ρv

ρl

)0.17
1 − exp

−0.6

√
g(ρl − ρv)D2

h
σ

Xtt + X2
tt (57)

Bohdal et al. [82] comparatively examined the condensation flow of R134a and R404A
refrigerants in tubes with 0.31–3.30 mm inner diameters. As a result of their experimental
studies, they derived their own correlations for annular and annular layered flow under
the conditions of mass flux 0–1300 kg/m2s, vapour quality 0–1, and saturation temperature
20–50 ◦C. The correlation presented by Bohdal et al. [82] is given in Equation (58).

Nu = 25.084Re0.258
l Pr−0.495

l p−0.288
r

(
x

1 − x

)0.266
(58)

pr =
psat

pcr
(59)

where pr is the reduced pressure ratio and is the ratio of saturation pressure to critical
pressure.

Shah [90] proposed flow regime-based extended heat transfer coefficient correlations
for condensation flow in all mini/microchannel orientations. In the study, where two
alternative correlations are presented, the correlations include 33 different fluids, mass
fluxes between 1.1 and 1400 kg/m2s, various geometries (circular, square, quadrangular
cross-sectional areas) with hydraulic diameters between 0.1 and 49 mm, and all orientations
(horizontal, vertical, inclined, etc.). The author compared correlations with a comprehen-
sive database. Shah [90] defined three different flow regimes: Regime I, which covers
intermittent, annular, or mist regimes; Regime II, which covers wavy flow regimes; and
Regime III, which includes stratified flow. The transition criterion between these flow
regimes was determined according to the Weber number (We) of the vapour phase. The
Weber number is the ratio of inertial forces to the surface tension force. In this respect, the
Weber number of the vapour phase (Wev) can be calculated as follows:

Wev =
G2Dh
ρvσ

(60)

According to the Shah [90] model, the transition from Regime I to Regime II oc-
curs when Wev = 100. On the other hand, Regime I is valid when Wev > 100 and
JG > 0.98(Z + 0.263)−0.62. It is worth noting here that JG is the dimensionless gas (vapour)
velocity (Equation (47)) and Z is the correlation constant. The correlation constant, Z, is
expressed as follows:

Z =

(
1
x
− 1
)0.8

pr
0.4 (61)

where pr is the reduced pressure ratio (Equation (59)).
Regime III occurs when Wev > 20 and JG > 0.95

(
1.254 + 2.27 × Z1.249)−1. According

to these criteria, if the flow is not Regime I or Regime III, it can be defined as Regime II.
Alternative correlations presented by Shah [90] are as follows:

Correlation #1

hI = hlo

[(
1 +

3.8
Z0.95

)(
µl

14µv

)(0.0058+0557Pr)
]

(62)



Appl. Sci. 2024, 14, 2988 24 of 34

hNu = 1.32Re−1/3
lo

[
k3

l ρl(ρl − ρv)g
µ2

l

]1/3

(63)

hlo = 0.023Re0.8
lo Pr0.4

l
kl
Dh

(64)

Correlation #2

hI I = hlo

[
1 + 1.128x0.817

(
ρl
ρv

)0.3685(µv

µl

)0.2363(
1 − µv

µl

)2.144
Pr−0.1

l

]
(65)

Correlation #2 is the same as the model developed by Cavallini et al. [88] for ∆T-
independent flow regimes. Heat transfer coefficients can be predicted depending on the
flow regime, as shown in the following list:

If the flow is Regime I, h = hI I (Correlation #2)
If the flow is Regime II, h = hI+ hNu (Correlation #1)
If the flow is Regime III, h = hI (Correlation #1).

3.3.2. Pressure Drop Correlations

Although the studies in the literature for small tubes are mostly on nitrogen-water
and air-water mixtures, in recent years, experimental studies have also been carried out on
the condensation flows of refrigerants in mini/microchannels. The empirical pressure drop
correlations on condensation flows of refrigerants inside microchannels are provided in
this section.

Pressure drops of mini/microchannel condensation flows are generally modelled by
applying a flow regime-based approach or by experimentally modifying the two-phase
multipliers of classical correlations. In this way, flow phenomena occurring at the microscale
can be taken into account [33]. For this reason, it would be useful to first examine the
classical correlations that are the subject of the models developed for microchannels. The
most well-known classical correlations are Lockhart and Martinelli [34] and Friedel [91].

The correlation of Lockhart and Martinelli [34] is given in Equation (66), and it is
based on the two-phase multiplier (∅2

l ) given in Equation (67). The two-phase multiplier
is basically defined as the ratio of a two-phase pressure drop to a single-phase (liquid or
vapour) pressure drop.

∆P
L

= ∅2
l

(
dP
dz

)
l

(66)

∅2
l = 1 +

C
X

+
1

X2 (67)

where C is a parameter depending on the flow regime and X is the Martinelli parameter.
The parameter C and Martinelli parameter X are computed as in Equations (68) and (69),
respectively.

C =


20, Liquid : Turbulent/ Vapor : Turbulent
12, Liquid : Laminar / Vapor : Turbulent
10, Liquid : Turbulent / Vapor : Laminar

5, Liquid : Laminar/Vapor : Laminar

(68)

X =


(

dP
dz

)
v(

dP
dz

)
l

1/2

(69)

On the other hand, Friedel [91] produced the following correlation based on 25,000 data
points obtained for adiabatic flow in channels with a hydraulic diameter greater than 1 mm.

∆P
L

= ∅2
lo

(
dP
dz

)
lo

(70)
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∅2
lo = E +

0.32FH
Fr0.045

TP We0.035
TP

(71)

E = (1 − x)2 + x2 ρl fvo

ρv flo
(72)

F = x0.78(1 − x)
0.24

(73)

H =

(
ρl
ρv

)0.91(µv

µl

)0.19(
1 − µv

µl

)0.7
(74)

where fvo and flo are the single-phase friction factors for only vapour and only liquid,
respectively.

Mishima and Hibiki [92], who studied the flow regime and void fraction with an
air-water mixture in small channels with diameters of 1 to 4 mm, suggested using the C
expression given in Equation (75) for small-scale channels using the correlation of Lockhart
and Martinelli [34]. In this respect, the parameter C (Equation (75)) is applied to the
correlation of Lockhart and Martinelli [34] and is given in Equations (66) and (67) according
to the Mishima and Hibiki [92] correlation.

C = 21
(

1 − e−0.319D
)

(75)

In addition to these classical correlations, empirical correlations were derived for the
condensation flow of refrigerants in microchannels. Garimella et al. [93] developed an
experimental correlation based on the flow regime at mass fluxes of 150–450 kg/m2s for
the condensation flow of R134a in circular cross-section channels with diameters ranging
from 0.5 to 4.91 mm. Garimella et al. [93] presented a pressure drop model for annular
flow condensation in microchannels, assuming an equal pressure gradient in vapour and
liquid at any cross-sectional area and uniform film thickness. According to Garimella
et al. [93], the pressure drop taking into account the interface friction factors of the phases
is as follows:

∆P
L

=
1
2

fiρv
G2x2

ρv ∝2.5
1

Dh
(76)

where, ∝, is the void fraction according to the Baroczy [36] model and fi is the interface
friction factor. To compute the interface friction factor fi according to the Darcy friction
factor, it is necessary to calculate the Reynolds number of each phase occupying the cross-
sectional area (for the annular flow model). In this context, the Reynolds numbers of each
phase occupying the cross-sectional area can be calculated as follows:

Rel,∝ =
GD(1 − x)(
1 +

√
∝
)
µl

(77)

Rev,∝ =
GDx√

∝µl
(78)

The interface friction factor, fi, can be found by proportioning it to the liquid phase
Darcy friction factor, fl , and can be correlated according to the Martinelli parameter, X:

fi
fl
= AXaRel,∝

b φc (79)

where φ denotes the surface tension factor. It is computed by using Equations (80) and (81).
The friction factor ( fl and fv) of each phase is determined by f = 64/Re for laminar flow
(Rel,∝ < 2100) and by using the Blasius expression with f = 0.316 × Re−0.25 for turbulent
flow (Rel,∝ > 3400).

φ =
Jlµl
σ

(80)
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Jl =
G(1 − x)
ρl(1− ∝)

(81)

The constants in the Garimella et al. [93] correlation depend on the flow regime, and
they can be computed as follows:

I f Rel,∝ < 2100


A = 1.308 × 10−3

a = 0.4273
b = 0.9295

c = −0.1211

(82)

I f Rel,∝ > 3400


A = 25.64
a = 0.532

b = −0.327
c = 0.021

(83)

Cavallini et al. [74] performed an experimental study on the condensation pressure
drop of refrigerants R22, R134a, R125, R32, R236ea, R407C, and R410A in a circular tube
(Dh = 8 mm). They took into consideration mass fluxes between 100 and 750 kg/m2s and
saturation temperatures varied from 30 to 50 ◦C. Cavallini et al. [74] suggested modifying
the Friedel [91] correlation for the microchannel condensation flow of refrigerants. It
is worth noting here that the E parameter (Equation (72)) of the Friedel [91] correlation
remains the same. The correlation proposed by Cavallini et al. [74] is given below:

∆P
L

= ∅2
lo

(
dP
dz

)
lo

(84)

∅2
lo = E +

1.262FH
We0.1458 (85)

F = x0.6978 (86)

H =

(
ρl
ρv

)0.3278(µv

µl

)−1.181(
1 − µv

µl

)3.477
(87)

Bohdal et al. [82] experimentally examined the pressure drop during condensation
flow of R134a, R404A refrigerants in microchannels with an inner diameter of 0.31–3.30 mm.
As a result of their study, they obtained their own correlations for annular and annular
layered flow under the conditions of mass flux between 0 and 1300 kg/m2s, vapour quality
between 0 and 1, and saturation temperature ranging from 20 to 50 ◦C. The correlation
derived by Bohdal et al. [82] is:(

dP
dz

)
f
=

(
dP
dz

)
lo

[
0.003

(
Psat

Pcr

)−4.722
E−0.992 + 143.74

(
F0.671H−0.019

We0.308

)]
(88)

F = x0.98(1 − x)0.24 (89)

H =

(
ρl
ρv

)0.91(µv

µl

)0.19(
1 − µv

µl

)0.7
(90)

fx = 8

( 8
Rex

)
+

2.457 × ln

[(
Rex

7

)0.9
]16

+

(
37, 530

Rex

)16


−1.5


1/12

(91)

where the E parameter is the same with Equation (72). The subscript “x” represents the
subscripts “lo” or “vo”.

Son and Oh [94] experimentally investigated the condensation flows of R22, R134a,
and R410A refrigerants in a small-scale channel. They used a tube with a hydraulic diameter
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of 1.77 mm in their experiments. According to their experimental data, they developed a
new correlation for condensation pressure drop using the superposition model. In their
pressure drop model, they derived a new Chisholm factor (C) as a function of the two-phase
Weber number (WeTP) and the two-phase Reynolds number (ReTP). The pressure drop
model presented by Son and Oh [94] is as follows:

∆P
L

= ∅2
l

(
dP
dz

)
l

(92)

∅2
l = 1 +

C
X

+
1

X2 (93)

C = 2485 We0.407
TP Re0.34

TP (94)

where two-phase Weber number (WeTP) is given in Equation (23). The two-phase Reynolds
number (ReTP) can be written as in Equations (95) and (96).

ReTP =
GDh
µTP

(95)

µTP =

(
1

µv
+

1 − x
µl

)−1
(96)

Sakamatapan and Wongwises [95] conducted an experimental study on the conden-
sation flow of R134a in two types of multi-port microchannels: fourteen microchannels
with a hydraulic diameter of 1.1 mm and eight microchannels with a hydraulic diameter of
1.2 mm. In their study, they found that the friction factor is dominant in the total pressure
drop. It is observed that the friction factor increases with the increase in mass flux and
vapour quality and decreases with increasing saturation temperature and channel size.
Therefore, they developed a correlation to predict the friction factor of condensation flow
at small scales using the equivalent Reynolds number (Reeq):

∆P
L

=
2 f TPRe2

eqµ2
l

ρl Dh
3 (97)

fTP = 6977Re−0.337
eq x−0.031

(
ρl
ρv

)6.510(µv

µl

)−11.883
(98)

Reeq =
GeqDh

µl
(99)

Geq = G
[
(1 − x)x

√
ρl
ρv

]
(100)

Lopez-Belchi et al. [96] examined the two-phase pressure drop of refrigerants R1234yf,
R134a, and R32 for condensation flow in a 1.16 mm inner diameter microchannel. With
the obtained experimental data, they determined that mass flow, vapour quality, and
thermophysical properties of the refrigerant influence pressure drop. According to their
findings, they presented a new correlation model for the pressure drop of refrigerant inside
mini/microchannels: (

dP
dz

)
TP

= ∅2
l

(
dP
dz

)
l

(101)

∅2
l = 1 +

C
X

+
1

X2 (102)

X2 =
(dP/dz)l
(dP/dz)v

(103)
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(
dP
dz

)
l
=

2 f lG
2(1 − x)2

Dhρl
and

(
dP
dz

)
v
=

2 f vG2x2

Dhρv
(104)

fx =



16
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, Rex < 2000

0.25(1.1525Rex + 895)× 10−5, 2000 ≤ Rex < 3000

1
16

[
log
(

150.39
Re0.98865

x
− 152.66

Rex

)]−2
, Rex ≥ 3000

(105)

where the subscript “x” represents the subscript “v” or “l”. Lopez-Belchi et al. [96] model
expresses the C parameter in accordance with their experimental data as follows:

C = 4.6468 × 10−6
(

Psat

Pcr

)5.5866
Re0.4387

l

(
ρl
ρv

)5.7189
X−0.4243 (106)

4. Conclusions and Suggestions for Future Work

The current review study presents an up-to-date, comprehensive review of studies
on condensation in mini/microchannels. The transition from the macro to the micro/mini
dimension as well as the void fraction and flow regimes of microchannel condensation
flow were discussed as a basis for understanding small-scale condensation. The review
includes experimental studies as well as correlation models, which are developed to
predict condensation heat transfer coefficients and pressure drop. Predictive models for
the condensation flow of refrigerants inside mini/microchannel were explored in detail.
Moreover, numerical studies on micro/minichannel condensation were comprehensively
presented. Environmental impacts of refrigerants were also discussed to encourage the
usage of climate-friendly refrigerants together with micro/minichannels. Key conclusions
of this study and future research needs are listed as follows:

• HCs emerge as promising alternatives to HFCs and HCFCs for HVAC-R systems
because they are harmless to the environment. However, there is a notable scarcity of
studies focusing on crucial parameters essential for optimising systems employing
them, such as heat transfer coefficients and pressure drop (Section 3.1 and Table 5).
Experimental and numerical studies, particularly involving mixtures of HCs, are also
lacking. Flow pattern and void fraction have an impact on the heat transfer coefficient.
Mass flux and vapour quality during condensation flow are key phenomena in flow
patterns. However, investigations into flow patterns and void fractions are notably
lacking. Despite the apparent diversity in experimental conditions reported in the
literature, the limited number of studies has resulted in sparse experimental conditions
that lack complementarity with each other.

• It is clear that conducting experimental studies on microchannels involves some
difficulties. On the other hand, it is recommended to carry out experimental studies on
the microchannel condensation flows of new refrigerants, especially those developed
to be environmentally friendly. It has been concluded that the dissemination of these
studies will make a significant contribution to the introduction of highly efficient,
environmentally friendly, and ecological systems. This situation is compliant with
sectoral needs as forced by regulations.

• In addition to the manufacturing of microchannels and minichannels, the difficulty
of experimental studies and the safety risks of environmentally friendly refrigerants
emphasise the importance of numerical studies. In this context, it was concluded that
validated numerical models are needed for various working fluids, geometries, and
operating conditions. In particular, numerical models made with open-source CFD
codes are quite limited. The spread of these studies will contribute to the emergence
of new technologies.

• Many prediction models that can be applied to micro/minichannels exist in the litera-
ture, but they are developed especially for HFCs, HCFCs, and mixtures of them. The
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prediction models for heat transfer coefficient were presented in Section 3.3.1, whereas
pressure drop prediction models were provided in Section 3.3.2. Overall, researchers
validated comparable qualitative behaviour in heat transfer coefficient and pressure
drop when comparing pure and mixture HCs to HFCs and HCFCs across a range of
parameters, including mass and heat flux, diameter, saturation temperature, vapour
quality, etc., during condensation flow. Regarding the comparison between experimen-
tal data from the literature and prediction methods, it is concluded that reasonable
agreements exist in the heat transfer coefficient of HC in micro/minichannels.

• The numerical studies on flow in nanochannels, in addition to the microscale, may
lead to enhanced nanochannel fabrication techniques.

• In actual systems, refrigerants mostly flow together with lubricants. Conducting
both experimental and numerical studies in which the working fluids are not only
refrigerants but also refrigerant-lubricant blends will be important to making the
correct designs.
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Nomenclature

Bo Bond number = g(ρl − ρv)D2
h/σ

Bocr Critical Bond number = [ρl/ (ρ l − ρv)− π/4]
C Chisholm factor
D Diameter, m
Dh Hydraulic diameter, m
Dv Vapour core diameter, m
EU European Union
f Friction factor
Fr Froude number = G2/gDhρ2

Frso Soliman Froude number
FrTP Two-phase mixture Froude number = G2/gDhρ2

TP→
F vol Volume force due to surface tension, N m−3

g Gravity acceleration, kg-s−2

G Mass flux, kg m−2 s−1

GWP Global warming potential
h Enthalpy, J kg−1

hlv Latent heat, J kg−1

HC HydroCarbon
HFC HydroFluoroCarbon
HTC Heat transfer coefficient, W m−2 K−1

kl Thermal conductivity of the liquid phase, W m−1 K−1

L Tube length, m
MCHE Microchannel heat exchanger
Nu Nusselt number = hDh/kl
p Pressure, Pa
Pr Prandtl number
Reeq All liquid Reynolds numbers = GeqDh/µl
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Rel Liquid Reynolds number = GDh(1 − x)/µl
Relo All liquid Reynolds numbers = GDh/µl
ReTP Two-phase mixture Reynolds number = GDh/µTP
Rev Vapour Reynolds number = GDhx/µv
Revo All vapour Reynolds numbers = GDh/µv
S Mass source term, kg m−3 s−1

SE Energy source term, J m−3 s−1

T Temperature, ◦C
u Velocity, m s−1

VOF Volume of fluid
We Weber number = G2Dh/ρσ

WeTP Two-phase mixture Weber number = G2Dh/ρ2
TPσ

x Vapour quality
Xtt Lockhart–Martinelli parameter = (ρv/ρl)

0.5(µl/µv)
0.1((1 − x)/x)0.9

Greek symbols
α Volume fraction
∝ Void fraction
β Tunable positive numerical coefficient, s−1

κL Interface curvature
µ Dynamic viscosity, Pa s
µTP Two-phase mixture viscosity = [(1 / µv) + (1 − x)/ µl)]

−1

ρ Density, kg m−3

ρTP Two-phase mixture density = [(1 / ρv) + (1 − x)/ ρl)]
−1

σ Surface tension, N m−1

φ Fluid properties
λ Thermal conductivity, W m−1 K−1

∅ Two-phase multiplier
Subscripts
cr Critical
e f f Effective
eq Equivalent
l Liquid
lo All-liquid
sat Saturation
v Vapour
vo All-vapour
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