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Two-phase flow regimes were experimentally investigated during the entire condensation
process of refrigerant R152a in a circular glass minichannel. The inner and outer diameters
of the test minichannel were 0.75 and 1.50 mm. The channel was 500mm long to allow
observation of all the two-phase flow regimes during the condensation process. The
experiments used saturation temperatures from 30 to 50°C, a mass flux of 150 kg/(m2·s)
and vapor qualities from 0 to 1. The annular, intermittent and bubbly flow regimes were
observed for the experimental conditions in the study. The absence of the stratified flow
regime shows that the gravitational effect is no longer dominant in theminichannel for these
conditions. Vapor-liquid interfacial waves, liquid bridge formation and vapor core breakage
were observed in the minichannel. Quantitative measurements of flow regime transition
locations were carried out in the present study. The experiments also showed the effects of
the saturation temperature and the cooling water mass flow rate on flow regime transitions.
The results show that the annular flow range decreases and the intermittent and bubbly
flow ranges change little with increasing saturation temperature. The cooling water mass
flow rate ranging from 38.3 kg/h to 113.8 kg/h had little effect on the flow regime
transitions.
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INTRODUCTION

Mini/Microchannels are widely used in many fields due to the advantages of enhanced heat transfer.
The minichannels improve the system efficiency by reducing the air-side pressure drop and
increasing the in-tube heat transfer coefficients. The minichannel heat exchangers also have the
advantages of a smaller refrigerant charge, which leads to lower greenhouse gas emissions. Channels
with hydraulic diameters ranging from 0.2 to 3 mm are defined as minichannels by Kandlikar and
Grande (2003) for single-phase and two-phase fluid flows. Therefore, the test channel used in this
study with a hydraulic diameter of 0.75 mm is classified as a minichannel. The flow regimes in
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Abbreviations: D, tube diameter, mm; Dh, hydraulic diameter, mm; hlv, latent heat, J/kg; ts, saturation temperature, oC; ps,
saturation pressure, MPa; Z, flow regime coordinate, cm; Zc, length of the entire condensation process, cm Greek symbols; α,
aspect ratio; λ, thermal conductivity, W/(m·K); μ, viscosity, Pa·s; σ, surface tension, N/m.

Frontiers in Energy Research | www.frontiersin.org November 2021 | Volume 9 | Article 7925861

ORIGINAL RESEARCH
published: 12 November 2021

doi: 10.3389/fenrg.2021.792586

http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2021.792586&domain=pdf&date_stamp=2021-11-12
https://www.frontiersin.org/articles/10.3389/fenrg.2021.792586/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.792586/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.792586/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.792586/full
http://creativecommons.org/licenses/by/4.0/
mailto:liuna@qut.edu.cn
https://doi.org/10.3389/fenrg.2021.792586
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2021.792586


minichannels differ from those in conventional channels because
of the relative influences of gravity, shear stresses and surface
tension.

Previous researchers, such as Alves (1954), Baker (1954) and
Govier and Omer (1962), have given flow regime mappings for
relatively large channels using air-water or air-oil mixtures. Suo
and Griffith (1964) and Barnea et al. (1983) gave flow regime
maps of air-water mixtures in small diameter circular channels.
Investigations by several researchers (Damianides andWestwater
(1988); Fukano et al. (1990)) showed that the flow regime maps of
Mandhane et al. (1974), Taitel and Dukler (1976) and Weisman
et al. (1979) in conventional channels failed to predict the flow
regimes in small channels with hydraulic diameters ranging from
1 to 5 mm. Kawaji and Chung (2003) reviewed the previous
research on adiabatic two-phase flows in narrow channels and
performed new experiments. They concluded that the reduction
of the tube diameter had a great influence on the flow regimes.
Coleman and Garimella (1999) studied the effects of tube
diameter and geometry on flow regimes and transitions of air-
water flows in tubes with hydraulic diameters ranging from 1.3 to
5.5 mm. Then, Coleman and Garimella (2003) also conducted an
experimental investigation of the two-phase flow mechanisms
during condensation of refrigerant R134a in six round, square
and rectangular tubes. Flow regimes of n-pentane during
condensation in tubes with diameters of 10, 1.1 and 0.56 mm
were experimentally investigated by Médéric et al. (2004). They
found that the effect of gravity and capillary forces on the flow
regimes were quite different for inner diameters less than 1 mm.

Two-phase flow regimes during condensation of FC-72 in
1 mm parallel, square micro-channels were experimentally
observed by Kim et al. (2012). Five flow regimes were divided
as smooth-annular, wavy-annular, transition, slug and bubbly
flow. The smooth-annular flow and the wavy-annular flow were
most prevalent among all flow regimes. Al-Zaidi et al. (2018)
carried out flow visualization of HFE-7100 in a 0.57 mm
rectangular multi-microchannel. Wang et al. (2017), Wang
and Li (2018) studied two-phase flow regimes of R134a in
301.6 μm oval parallel microchannels. Nasrfard et al. (2019)
experimentally studied the condensation heat transfer of
R141b in intermittent flow regime within a smooth horizontal
tube. Lei and Chen (2019) conducted numerical research on flow
regimes of R134a based on the VOF approach. Jige et al. (2018)
experimentally observed the two-phase flow characteristics of
R32 in horizontal multiport rectangular minichannels with
hydraulic diameters of 0.5 and 1.0 mm. A new prediction
method of flow regimes for multiport minichannels,
considering channel size, was developed based on the
experimental results. Keniar and Garimella (2021) studied the
intermittent flow of R134a during condensation in circular
microchannels. Li et al. (2021) experimentally studied the flow
pattern change in horizontal minichannels under electric field
force. The results showed that the bubble behavior was
suppressed by the electric field force.

Recent increased attention to environmental issues has
brought substantially more stringent requirements for
refrigerants in air-conditioning and refrigeration applications.
The transition fromCFCs to HCFCs and to HFCs has reduced the

environmental impact of refrigeration systems. Since R22 is
widely used in domestic air conditioners in China, the
substitution is quite urgent. Although HFCs have zero ozone
depletion potential (ODP), many have high global warming
potentials (GWP). Therefore, much effort is being focused on
finding alternative refrigerants to conventional HFCs.

Table 1 listed the thermophysical and environmental
characteristics of R22, R134a and R152a. The GWP of R152a
is an order of magnitude smaller than that of R22 and R134a. The
thermal conductivity, latent heat of vaporization and surface
tension of R22 and R134a are lower than R152a. The heat
transfer performance of R22, R134a and R152a during
condensation was theoretically investigated by Wang and Rose
(2011). The results showed that R152a had better heat transfer
performance than R22 and R134a. The experimental research of
Liu and Li (2015) also showed that the heat transfer coefficients
during condensation of R152a were greater than those of R22.
Although R152a is a potential substitute for R22, no experimental
study has been carried out on the flow regimes during the entire
condensation process in minichannels.

EXPERIMENTAL METHODS

Experimental Rig
Figure 1 shows a schematic of the experimental rig established for
flow regime observation. The rig consists of one refrigerant and
two cooling water loops. The experimental apparatus consists of a
refrigerant and two cooling water circuits. The subcooled
refrigerant in the reservoir is filtered, circulates through the
magnetic-driven gear pump that can be adjusted by the
frequency converter, and then flows through the Coriolis effect
mass flowmeter. Themass flow rate is controlled by a bypass loop.
The refrigerant in the vapor generator is heated to saturation by
adjusting the electric heating power. The liquid-level meter is
used to monitor the liquid phase level and keep it steady in the
vapor generator. The saturated fluid then flows into the circular
glass channel in the test section. The vapor refrigerant is fully
condensed by the cooling water in the test section. After the test
section, the refrigerant flows to the post-condenser, where it is
further subcooled, and finally returns to the reservoir. The
operating pressure in the refrigerant circuit is controlled by
adjusting the electric heating power of the heater installed in
the reservoir.

The purity of the refrigerant R152a provided by the
manufacturer is larger than 99.9%. The measures are taken to
ensure that the vapor contains no incondensable gas: the
experimental system is vacuumed for half an hour to remove
the air; some R152a is filled into the system; vacuum the system
again. The filling and evacuating measures were repeated several
times to ensure that the system contained as little incondensable
gas as possible. After the above measures, R152a was filled into
the system.

The refrigerant and cooling water temperatures are measured
using PT100 resistance thermometers. All PT100 resistance
thermometers are calibrated using a 6,020 Series high
precision calibration bath before the experiments. Trafag 8,251
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pressure sensors are used to measure the refrigerant pressures
through 1.0 mm pressure taps. Two Coriolis mass flowmeters are
used to measure the mass flow rates of the refrigerant and the
cooling water in the test section, respectively. The flow regimes
during condensation are observed by an imaging system as shown
in Figure 2. A MV-VS078FC industrial CCD camera is used with
a resolution of 1,024 × 768 pixels, a light sensitivity of 0.01 LUX

and a shutter speed of 1 × 10–4 s. Experimental data are collected
by an Agilent 34970A acquisition system.

Test Section
The test section was a counter flow tube-in-tube condenser as
shown in Figure 3. The refrigerant was condensed inside the glass
test tube by the cooling water flowing in the cooling water jacket.
The test tube was a circular glass minichannel with inner and
outer diameters of 0.75 and 1.50 mm. The test tube was 500 mm
long to allow observation of all the flow regimes during the
condensation process in the test section. A special external
structure is required to bear the stress generated during the
installation of the test section to ensure that the glass tube is
not damaged. Copper joints with internal and external treads are
connected to both ends of the glass tube in order to provide a
labyrinth seal for the glass tube. Raw tape is wrapped on the ends
of the glass tube and the adhesive is evenly covered on the raw
tape to ensure the tightness and pressure resistance of the
connection. The nuts filling with the mixture of raw tape and
adhesive are installed under small squeeze force to avoid putting
lateral stress on the glass tube. Two copper plates are installed
outside the glass tube to transfer the torsion and bending stress
generated during the installation process of the test section. Two
glass sheets are installed on the front and back of the test section
to offer the visual observation of the flow regimes. The cooling
water jacket was rectangular, 500 mm long with the hydraulic
diameter of 16 mm. The top and bottom materials of the cooling

TABLE 1 | Thermophysical and environmental properties of R22, R134a and R152a.

Fluids ts/
oC ps/MPa hlv/kJ/kg μl/μPa·s λl/W/(m·K) σ/N/m ODP GWP

R22 50 1.943 154.2 123.0 0.0719 0.00474 0.05 1700
R134a 1.318 151.8 141.8 0.0704 0.00489 0 1,300
R152a 1.177 245.4 122.2 0.0875 0.00648 0 120

FIGURE 1 | Schematic of the experimental rig.

FIGURE 2 | Imaging system.

FIGURE 3 | Test section schematic.

Frontiers in Energy Research | www.frontiersin.org November 2021 | Volume 9 | Article 7925863

Liu et al. Condensation Flow Regimes in Minichannel

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


water jacket were copper, while the front and rear materials were
glass for the observations. Two hard rubber supports were
installed in the cooling water jacket to support the long glass
tube. During the experiments, the cooling water jacket was
exposed to the atmosphere which was around 18°C.

The locations of the flow regime transitions during the entire
condensation process were recorded to investigate the effects of
the experimental conditions on the flow regime transitions. The
location determination method is shown in Figure 4. The
coordinate measurement device consisted of a ruler placed
parallel to the test section, the viewing device and the
separation blade perpendicular to the test section. The ruler
reading at the blade’s left side was regarded as the local
coordinate of the observed flow regime element.

Uncertainty Analysis
The experimental uncertainties of the parameters are listed in
Table 2. The thermophysical properties of R152a are obtained
through the REFPROP 9.0 software (Lemmon et al., 2010).

RESULTS AND DISCUSSION

In order to verify the reliability of the experimental system,
single-phase heat transfer experiments were carried out in a
1.09 mm circular tube by Zhang et al. (2012). Experimental
pressure drops agree well with the predicted results of

equation Blasius (1908), and the average deviation and root
mean square deviation are within 1.7 and 8.8%, respectively.
Experimental heat transfer coefficients agree well with the
predicted results of correlation Gnielinski (1976), and the
average deviation and root mean square deviation are within
4.1 and 12.8%. The deviation of the heat transfer rate between the
refrigerant and the cooling water is within ±5%. The heat loss in
the test section was within ±0.25 W. Single-phase verification
experiments show that the experimental apparatus is reliable and
can be used for two-phase flow and condensation heat transfer
experiments.

Flow Regimes During Condensation
The test section for the flow regime experiments was long
enough to observe the entire condensation process. The
annular, intermittent and bubbly flow regimes were
observed in the present study as listed in Table 3 as the
vapor quality was reduced, which differs from the results of
Coleman and Garimella (2003). In Coleman and Garimella’s
study, the flow regimes were categorized into four different
flow regimes as intermittent flow, wavy flow, annular flow and
dispersed flow. The relative importance of gravity, surface
tension and interfacial shear stress differs for different flow
regimes and transitions. In the present study, the interfacial
shear stress is not large enough to entrain liquid droplets into
the vapor core for G � 150 kg/(m2·s); therefore, the mist flow
regime is not observed. In addition, the absence of the stratified
flow regime suggested that gravity was no longer dominant for
the 0.75 mm diameter tube. At low vapor qualities, the
dispersed flow regime with bubbles dispersed across the
tube cross section was also not observed in the study.

Annular Flow Regime
The annular flow regime occurred at the very beginning of
the condensation process with the vapor flowing in the
channel core and a uniform thin liquid film flowing along
the channel periphery. Vapor-liquid interfacial waves were

FIGURE 4 | Determination of the flow regime transition locations.

TABLE 2 | Uncertainties of the measured parameters.

Parameter Uncertainty

Local coordinate (Z) ±0.5 mm
Temperature (RTD) ±0.1°C
Refrigerant mass flow rate ±0.2% (5 kg/h)
Cooling water mass flow rate ±0.2% (5 kg/h)
Pressure ±0.3% (6 MPa)
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caused by the shear stress between the two phases flowing
with different velocities. There was no distinct difference
between the top and bottom channel wave strengths because
the liquid film was quite thin. The interfacial shear stress
dominants at this stage.

The liquid film became thicker as the condensation proceeded.
Gravity caused the liquid film to be thicker at the bottom of the
channel than at the top. Therefore, the interfacial waves were no
longer uniform around the channel periphery. The wave
frequency decreased while the wave amplitude increased.
According to Barnea et al. (1983), the current flow pattern can
be subdivided as the wavy-annular flow regime which still belongs
to the annular flow regime.

The interfacial waves then caused the vapor core to deform
with the deformation becoming stronger as the liquid film
became thicker. Two kinds of interfacial waves were observed
during the wavy-annular flow regime. One occurred when the
wave crests at the top and bottom channels locally reduced
the vapor core size. The other occurred when the wave crests
at the top and bottom channels were not at the same location
and deformed the vapor core channel.

Three kinds of vapor core deformations were frequently
observed during the wavy-annular flow regime as the vapor
quality was reduced for the same refrigerant saturation
temperature, cooling water mass flow rate and inlet
cooling water temperature. Any vapor core deformations
often led to the formation of liquid bridges and finally

vapor core breakage. The liquid film thickness at the top
and bottom channels both increased causing vapor core
deformation. The liquid film thickness at the bottom
channel increased faster than that at the top channel.
Strong interfacial waves caused several vapor core
deformations in a short channel. Vapor core deformations
indicate the occurrence of the surface tension effect. The
combination of interfacial shear stress and surface tension
will cause the transition from annular flow to intermittent
flow with the increase of the liquid film thickness.

Intermittent Flow Regime
The flow regime transitioned from wavy-annular flow to
intermittent flow as the liquid film became thicker and the
interfacial waves were strong enough to form liquid bridges
across the vapor core which broke the vapor core. The
intermittent flow regime consisted of vapor slugs in the
channel core with a liquid film coating the channel wall
around the vapor slugs. Three types of liquid bridge
formations and vapor core breakages corresponding to the
vapor core deformations were observed during the
intermittent flow regime with decreasing vapor quality for the
same refrigerant saturation temperature, cooling water mass flow
rate and inlet cooling water temperature. 1) Liquid films at the top
and bottom of the channel become thicker which reduces the
vapor core cross-sectional area. The top and bottom liquid films
eventually join and the vapor core is broken into two parts. 2) The

TABLE 3 | Flow regimes during condensation of R152a in a 0.75 mm circular minichannel.

Annular Intermittent Bubbly

Annular flow with a very thin liquid film Liquid bridge formation Bubble sizes are close to the channel diameter

Quasi-symmetric waves at the top and bottom channels Vapor core breakage Buoyancy effect on the bubbles

Vapor core deformation caused by waves Intermittent flow with a smooth vapor-liquid interface Decrease of the bubble size until completely condensed

The vapor core being locally very thin Coalescence between slugs

Intermittent flow dominated by short slugs
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liquid bridge is caused by the liquid film thickness increasing at
the bottom of the channel. The liquid bridge forms when the
bottom liquid film is thick enough to reach the top liquid film.
The resulting slug end is close to the top wall which creates a small
thermal conduction resistance through the liquid film there and a
high condensation rate. The slug end then condenses quickly and
the liquid bridge forms. 3) Two liquid bridges forming in a short
channel due to frequent strong waves. The vapor core is broken
into several slugs. The short slug flows and condenses, which
implies that short slugs also occur during the early period of the
intermittent flow regime in addition to later on. Since short slugs
appear for only a short time due to the high condensation rate, the
intermittent flow regime is dominated by long slugs during the
early period.

During the intermittent flow regime, the slug length
decreases and the liquid bridge width increases due to
condensation. Surface tension dominants among the three
forces for the intermittent flow. However, slug coalescence
due to the flow velocity difference was also observed. The
coalescence frequency between slugs is much smaller than the
breakage frequency of the slugs. Slug coalescence has little
effect on the condensation heat transfer. In general, the slug
lengths decrease as the condensation continues during the
intermittent flow regime. The slug surface becomes very
smooth implying the surface tension effect.

Bubbly Flow Regime
The flow regime transits to the bubbly flow regime when the
bubble sizes are almost equivalent to the channel diameter.
Gravity, surface tension and interfacial shear stress work
simultaneously at this stage. The liquid film thickness around
the channel increases and the condensation rate decreases with
the decrease in the vapor quality. Bubbles rise to the top channel
due to buoyancy as the bubbles become smaller. The movement
of bubbles is mainly affected by gravity. The liquid films are thin

near the top channel so the conduction thermal resistance is small
as the bubbles rise to the top channel. Therefore, the bubbly flow
regime does not last for long and the flow finally transits to all
liquid.

Effects of the Experimental Conditions on
the Flow Regime Transitions
Effect of Saturation Temperature
Thermophysical properties especially the vapor-liquid density
difference were directly influenced by the refrigerant saturation
temperature. On the one hand, the vapor-liquid density
difference decreases with increasing saturation temperature

FIGURE 5 | Effect of saturation temperature on flow regime transitions. FIGURE 6 | Effect of saturation temperature on relative lengths of the
flow regimes.

FIGURE 7 | Effect of the cooling water mass flow rate on flow regime
transitions.
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resulting in smaller vapor core shear stress and weaker waves for
which condition liquid bridges are not easy to form. On the other
hand, the heat transfer temperature difference between the
refrigerant and the cooling water increases with increasing the
refrigerant saturation temperature for constant inlet cooling
water temperature and mass flow rate resulting in faster
condensate film growth for which condition liquid bridges are
easy to form. The saturation temperature effect on the flow
regime transitions depends on the relative size of the above
two factors.

The flow regime transitions were identified as the annular-
intermittent flow regime transition which occurs when liquid
bridges form, the intermittent-bubbly flow regime transition
which occurs when most bubble sizes are equivalent to the
channel diameter and the bubbly-full liquid flow regime
transition which occurs when the small bubbles disappear
completely. Figure 5 shows the effect of saturation temperature
on the flow regime transitions for a constant cooling water mass
flow rate of 61.0 kg/h with an inlet cooling water temperature of
15°C. Z represents the appearance of the flow regime along the test
section. Zc represents the length needed for the entire condensation
process for each experimental condition.

Figure 5 show that flow regime transitions advance with
increasing saturation temperature. The length for the entire
condensation process decreases from 32.0 to 18.0 cm with
saturation temperatures increasing from 30 to 50°C. The range
of the annular flow regime decreases while the ranges of the
intermittent and bubbly flow regimes change little with
increasing saturation temperature or the temperature difference
between the saturation temperature and the wall temperature. Thus,
these results indicate that the heat transfer during condensation
mainly occurs during the annular flow regime. The condensation
process becomes faster and the condensation length needed for the
same refrigerant mass flow rate becomes shorter with increasing the
refrigerant and cooling water temperature difference. However, the
saturation temperature has little effect on the heat transfer rates
during the intermittent and bubbly flow regimes for constant
cooling water mass flow rate and inlet cooling water temperature.

Figure 6 shows the effect of saturation temperature on the
relative lengths of the flow regimes. The results show that the
annular flow regime is dominant accounting for 75% for the total
condensation range with the intermittent and bubbly flow regimes
accounting for 11 and 14% for the saturation temperature of 30°C.
The proportions of the annular, intermittent and bubbly flow
regimes are 31, 30 and 39% for the saturation temperature of
50°C. Therefore, the actual ranges and the proportions of the
annular flow regime both decrease with increasing saturation
temperature. However, the actual ranges of the intermittent and
bubbly flow regimes change little and the proportions increase with
increasing saturation temperature.

Effect of the Cooling Water Mass Flow Rate
Figure 7 shows the effect of the cooling water mass flow rate
(ranging from 38.3 kg/h to 113.8 kg/h) on the flow regime
transitions for a saturation temperature of 45°C and an inlet
cooling water temperature of 20°C. The results show that flow
regime transitions advance slightly with increasing the cooling

water mass flow rate. For the mass flux of 150 kg/(m2·s), the flow
regimes and transitions are significantly affected by the
temperature difference between the saturation temperature of
the refrigerant and the cooling water. However, the cooling water
mass flow rate of 38.3 kg/h is high enough for the condensation
heat transfer and further increasing the cooling water mass flow
rate has little effect on flow regime transitions in the present
study. In further research, different mass fluxes of the refrigerant
should be experimentally studied to analyzed the effect of the
cooling water mass flow rate.

CONCLUSION

The flow regimes during condensation of R152a were investigated
experimentally in a 0.75 mm circular glass minichannel. The
experiments used saturation temperatures from 30 to 50°C, a
mass flux of 150 kg/(m2·s) and vapor qualities from 0 to 1. The
results show that:

The annular, intermittent and bubbly flow regimes were
observed during the condensation process. The absence of the
stratified flow regime shows that the gravity effect is no longer
dominant in the minichannel. The observations show the
importance of the vapor-liquid interfacial waves, the vapor
core deformations and the liquid bridge formations. The
effects of the saturation temperature and the cooling water
mass flow rate on the flow regime transitions were also
investigated. Quantitative measurements of flow regime
transition locations were carried out. The results show that the
actual ranges and the proportions of the annular flow regime both
decrease with increasing saturation temperature. However, the
actual ranges of the intermittent and bubbly flow regimes change
little and the proportions increase with increasing saturation
temperature. The cooling water mass flow rate is significantly
high and has little effect on the flow regime transitions in the
present study.
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