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Abstract: Technological advances are contributing to the search for highly efficient energy designs, and increasing interest in compact
heat exchangers. Indeed, small channel diameters determine large heat transfer coefficients and condition a significant heat transfer area
about the overall volume of the heat exchanger, as well as a smaller amount of refrigerant flowing in the system. Nevertheless, the operat-
ing stability and energy efficiency of compact heat exchangers are influenced by two-phase flow structures, which depend on thermal flow
parameters. Knowledge of the structures formed during the condensation process is therefore essential for optimising the operation of re-
frigeration and air-conditioning equipment. This article presents the results from experimental studies of the HFE7100 refrigerant, from the
hydrofluorocarbon group, condensation process in mini-channels with hydraulic diameters dn = 2.0 mm, 1.2 mm, 0.8 mm and 0.5 mm.
Thermal flow characteristics were determined, and the forming structures of two-phase flow were recorded. The results of visualisation
were subjected to morphological image analysis, based on a special algorithm written in MATLAB software. The algorithm makes it possi-
ble to determine the void fraction, which is necessary for calculating the vapour quality, as well as the area of vapour bubbles and their

number, directionality and length along the x- and y-axes.
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1. INTRODUCTION

The condensation process is one of the frequently used phase
transformations in heat pumps, refrigeration systems, air-
conditioning systems, thermal power plants and heat recovery
systems. The performance of these devices is significantly affect-
ed by the physical and chemical parameters of refrigerants [1].
The mutual configurations of the gas and liquid phases in radial
and axial directions that form during the condensation process
also affect the stability and efficiency of thermal machines[2].
However, their formation is interdependent on momentum and
energy exchange mechanisms, which are directly shaped by
changes in the conditions of the condensation process. Accord-
ingly, thermal flow effects depend on flow structures. It should be
noted that the diameter of the channel significantly affects the
resulting flow structures of two-phase condensation, which are
subject to changes in the length and cross-section of the channel
[3, 4]. These changes are related to the type and nature of the
flow, as well as the cross-section shape and spatial orientation of
the channel. In addition, the formation of two-phase flow struc-
tures during condensation is affected by mechanisms of reciprocal
relationships of internal forces that are formed in the area of the
interfacial surface [5, 6]. It is worth noting that some structures
intensify heat transfer, while others inhibit it. In terms of horizontal
axis mini-channels, four main groups of structures can be distin-
guished, i.e. intermittent, dispersed, stratified and annular. Inter-
mittent structures include slug and plug substructures. In the
group of dispersed structures, which occur in the form of bubbles,
droplets or particles suspended in the continuous phase, the
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bubble and mist substructures are distinguished. Stratified struc-
tures include wave substructures. There are also transitional
structures, such as the annular-wave flow. The most commonly
observed structure in mini-channels is the annular flow. In micro-
channels, a common structure is bubbly flow; dispersed, stratified
and intermittent structures are observed much less frequently

[7, 8]. The characteristics of the basic structures are described

below (Fig. 1).

1. Mist flow—a structure in which the heat transfer process
occurs with the highest intensity, while the pressure drops are
the highest. With the increase in inertia forces, liquid droplets
are entrained from the condensate film; hence, the liquid film
disappears, and gas, in which there are fine liquid droplets,
flows through the entire cross-section of the channel.

2. Bubble flow—a phase structure in which gas bubbles occupy
a small part of the cross-section of the channel flow in the lig-
uid phase.

3. Wave flow—liquid and gas flow through the channel co-
currently, separated by strong gravitational force. Higher ve-
locities of the gas phase determine the formation of disturb-
ances at the boundary layer, resulting in the formation of
waves on its surface. This contributes to an increase in the in-
tensity of heat transfer.

4. Plug flow—gas bubbles of size comparable to the dimension
of the channel diameter moving mainly in the upper part of the
cross-section of the channel.

5. Slug flow—as a result of an increasing flow rate, shear stress-
es contribute to an increase in the range of waves responsible
for the formation of gas bubbles according to the direction of
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flow in the channel. As a result, large gas bubbles and some

amount of liquid phase with small bubbles suspended alter-

nately flow through the channel [9-11].

To recognize the conditions for the formation of two-phase
condensation flow structures, it is necessary to conduct visualiza-
tion studies [12]. The recorded image of the refrigerant flow, to-
gether with the thermal flow tests conducted, forms the basis for
the development of maps of two-phase flow. These maps graph-
ically depict the transition boundaries of the flow structures based
on the characteristic parameters of phase transformation. They
are usually two-dimensional drawings described by two quantities
characteristic of the phenomenon [11].
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Fig. 1. Schematic view of described two-phase flow structures: M — mist
flow, W —wave flow, S - slug flow, P — plug flow, B — bubbly flow

In nonadiabatic flows, the transition boundaries of structures
are most often described by the vapour quality x and mass flux
density G. These quantities, in addition to the flow parameters,
also make it possible to consider parameters that describe heat
transfer. Flow maps are important due to the increased interest in
compact heat exchangers in air-conditioning and refrigeration
solutions. Therefore, it is important to develop visualisation stud-
ies during the condensation process in mini-channels, which, due
to the difficulty in the implementation of the condensation trans-
formation itself, as well as in the measurement of its parameters,
is much less frequently described compared to boiling or adiabatic
two-phase processes [13].

Coleman and Garimella (1999, 2003) [7, 14] conducted an ex-
tensive study of two-phase condensation transformation during
the flow of the R134a refrigerant in nine air-cooled mini-channels
with circular, square and rectangular cross-sections in the range
of hydraulic diameter dh = 1-4.91 mm and mass flux density G =
50-150 kg/(m2s). They conducted flow visualisation studies and
observed intermittent, dispersed, annular and wave structures. In
addition, they demonstrated the effect of vapour quality, flow rate
and channel diameter dimension on the flow structures formed.
They also showed the effects of gravity, inertia and interfacial
interactions on the formed structures.

Sikora (2015) [15] carried out visualisation studies during the
condensation process of the HFE7100 refrigerant in a mini-
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channel with a hydraulic diameter of dh = 2.0 mm in the mass flux
density range below 200 kg/(m2s). Wave, plug, bubble and annu-
lar-wave structures were observed in the flow. This study reported
that systematic studies of the condensation process of various
low-pressure refrigerants may make it possible in the future to
create a general structure map for refrigerants.

Al-Zaidi et al. (2018) [16] conducted a study of flow structures
during the two-phase condensation flow of the HFE7100 refriger-
ant in a multiport, which was made in rectangular mini-channels
with a hydraulic diameter of dh = 0.57 mm in the mass flux density
range G = 48-126 kg/(m2s). They observed that at high mass flux
densities, a ring structure was most often formed in the flow, while
at lower values, a slug and bubble structure was observed.

Xiao and Hrnjak (2019) [17] presented the condensation re-
sults of the following refrigerants: R134a, R1234ze, R32, R245fa
and R1233zd. These tests were performed in channels with a
hydraulic diameter dh = 1.4-6.0 mm. They described the exact
conditions under which transitions between structures occur.
According to this, in the annular flow, the influence of surface
tension and shear forces prevails over gravity. The increase in the
condensate film thickness affects the increase in the gravitational
force impact. When its value exceeds the force of surface tension
and shear stress, a stratified structure is formed in the flow. The
formation of Kelvin—Helmholtz instability determines the transition
between stratified and wave structures. Wave heights depend on
the velocity difference of both, liquid and gas phases. At wave
heights close to the inner diameter of the channel, the transition to
an intermittent structure occurs. Indeed, low values of mass flux
density determine low wave heights; hence, the discontinuous
structure is not formed although there is an increase in the con-
densate film thickness.

Sikora (2020) [11] carried out visualisation studies of
HFE7100, HFE7000 and Novec649 refrigerants under condensa-
tion conditions in mini-channels in the range of hydraulic diameter
dh = 0.5-2.0 mm, which were subjected to image analysis. As a
result, the geometric dimensions of the structures, the vapour
quality, the void fraction and the velocities of various phases were
determined. The author analysed the results of modelling the heat
transfer process and flow resistance; hence, it was shown that
there are correlations between the flow resistance and the heat
transfer coefficient with the type of two-phase flow structures. This
paper mapped the flow structures considering the three factors
studied and presented the conditions under which the transitions
between the structures occur based on the magnitude of mass
flux density and the void fraction.

2. RESEARCH STAND

Fig. 2 schematically illustrates the research stand for conduct-
ing thermal flow and visualisation tests during the condensation
process of the HFE7100 refrigerant. From the analysis of this
scheme, it can be observed that liquid refrigerant flows through
the pump, and is successively pumped to the evaporator. An
Endress + Hauser Coriolis mass flow meter 34XIP67 (accuracy
class 0.5) is placed on the inlet to the evaporator. Then, using an
electric heater system, heat flux is supplied to the refrigerant until
it evaporates. The vapour of the refrigerant, at a constant temper-
ature that is maintained by a thermostat, reaches the heat ex-
changer. This heat exchanger takes away the heat of vapour
superheating to regulate the inlet vapour quality of the refrigerant.
The next element is the measuring part of the research stand,
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which includes a stainless steel mini-channel placed in the water
channel. The refrigerant also flows through a glass mini-channel,
where its flow is recorded with an Olympus i-speed 3 (CMOS)
time-lapse camera (with a maximum recording speed of 10,000
fps and a maximum resolution of 1280 x 1024 pixels). The meas-
uring section of the stand includes K-type thermocouples (with a
thermocouple diameter of 0.1 mm), which are distributed along
the length of the mini-channels and the water channel. A piezore-
sistive pressure sensor (with a measuring range of 0-40 MPa and
a class of 0.5) and differential pressure transducer (Endress +
Hauser Deltabar SPMP, with a measuring range of 0-1.5 MPa
and a class of 0.075) are also mounted. After leaving the measur-
ing section, the refrigerant flows into a water-cooled heat ex-
changer, which is responsible for its subcooling. Then, the refrig-
erant is directed to the liquid refrigerant tank. As a result, a series
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of phase transformations begins again.

The research stand was subjected to tests to evaluate the cor-
rectness of its operation and zeroing of the measuring sensors.
The test results are shown in Fig. 3. Testing of the stand consist-
ed of passing only the liquid of the refrigerant through the measur-
ing section and comparing the frictional coefficient of flow re-
sistance with the results of theoretical calculations under the same
conditions. For this purpose, the Blasius equation (Eq. [1]) and
Hagen-Poiseuille equation (Eq. [2]) were used.

A =0.3164/Re025 (1)
A =64/Re (2)

As can be seen, the discrepancy between theoretical and ex-
perimental results is about £20%.
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Fig. 2. Scheme of the test stand
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Fig. 3. Comparison of experimental and theoretical frictional coefficient of flow resistance A versus Reynolds number Re
for the HFE7100 agent in tubular mini-channels with internal diameter dn = 0.5-2.0 mm
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3. RESEARCH METHODS

Determination of thermal flow characteristics of the condensa-
tion process and visualisation studies of two-phase flow structures
were carried out simultaneously, which is innovative since previ-
ous studies have first performed thermal and then visualisation
studies, such as Bohdal et al. (2015) and Sikora and Bohdal
(2020) [15, 18]. In the thermal tests, the following parameters
were measured using control and measurement equipment: the
temperature of the wall surface and cooling water, as well as the
mass flow rate of the cooling water and the refrigerant. The over-
pressure of the refrigerant on the inlet and the pressure difference
along the length of the mini-channel were also measured directly.
Appropriate instrumentation of the heat exchanger made it possi-
ble to record temperature measurements of the refrigerant and the
cooling water, which in turn made it possible to determine the
vapour quality of the refrigerant on the mini-channel, according to
the equation:

Q:mR'CR'(TR_Ts)+mR'7"(1_x); )

where mg is mass flux density of refrigerant, cR is the specific
heat of the refrigerant, TR is the temperature of the refrigerant and
TS is the saturation temperature under given conditions and r is
the unit heat of the phase transformation of condensation.

In the thermal study, the local value of the vapour quality xi
along the mini-channel during condensation was calculated by
using the following equation:

[ -cw (Twi—1 = Twi)l
- : )

Xi =Xj—1 —

where xi-1 is vapour quality from the previous section, m,, is
mass flux density of the cooling water, cw is the specific heat of
the water, Twi-1 is the channel wall temperature in the previous
section and Twi is the channel wall temperature in this section.
Both the vapour quality and the heat flux density were deter-
mined indirectly, the values of which at individual cross-sections of
the mini-channel made it possible to determine the heat transfer
coefficient during the equation:
@ =5 ©)
where ATi is the difference between the saturation temperature of
refrigerant TS and the temperature of the channel wall in a given
cross-section Tci under the given conditions.

a)

Fig. 4. Interpretation of image processing and analysis steps: a) image
after cutting out the inside of the channel, b) binary image,
¢) image after inversion, d) image after noise removal
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The computational method was also used to determine the
mass flux density. To visualise the two-phase flow structures, a
time-lapse camera was used to record images of the refrigerant
flow. Frames were generated from the recorded image, from
which the image of the inside of the mini-channel was sequentially
cut out (Fig. 4a). In the next step, the phase separation line was
closed. The image thus prepared was subject to morphological
analysis by a special algorithm written in MATLAB R2019a. The
algorithm performed binarisation (Fig. 4b), as a result of which
black pixels occupied fields filled with the gas phase, while white
pixels occupied those filled with the liquid phase. The next step
was to perform inversion (Fig. 4c) and remove the “noise” (Fig.
4d). After this step, the gas phase was described by the white
pixels, while the liquid phase was described by the black pixels.
Based on the given image dimensions and the black and white
pixels counted by the algorithm, the area occupied in the image by
each phase was determined. The ratio of the area of the white
pixels to the total area of the image is the void fraction ¢, and
based on this, it is possible to determine the vapour quality x [19]:

_ Pv
x= (% —p1+py) ©)

where pl is the density of the liquid phase and pv is the density of
the vapour phase. A full description of the investigation methodol-
ogy and accuracy of the measurement equipment is provided in
the studies of Sikora et al. [18] and Sikora [19]. The heat transfer
coefficient was determined with an accuracy of 10%, and the
accuracy of pressure drop measurement was 8%. The vapour
quality in visualisation studies was determined based on a two-
dimensional image, and accordingly the accuracy of its determina-
tion is at the level of 12%.

4. PROPERTIES OF THE HFE7100 REFRIGERANT

A non-flammable, low-toxicity and thermally stable refrigerant
from the hydrofluoroether group was used to perform thermal flow
and visualisation studies. Selected physical properties of this
odourless and almost colourless substance are shown in Table 1.
The HFE7100 refrigerant is distinguished by its zero ozone deple-
tion potential (ODP) and low global warming potential (GWP)
parameter of 320. lts lifetime in the atmosphere is less than 5
years.

Tab. 1. Physical properties of the HFE7100 refrigerant for a temperature
of 25°C and normal pressure

Chemical Formula C4F9OCHs
Molar Mass [Kg/Kmol] 250
Boiling Point [°C] 61
Frizzing Point [°C] -135
Liquid Density [Kg/M3] 1510
Critical Pressure [Mpa] 2.23
Critical Temperature [°C] 195
Dielectric Constant 74
Latent Heat [Kj/Kg] 112
Specific Heat [J/(Kg-K)] 1170
Heat Conductivity [W/(M-K)] 0.0069
Vapour Pressure [Kpa] 26.9
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Therefore, its environmental safety profile is excellent. In addi-
tion, its good dielectric properties mean that there is no risk of
damage to electrical equipment during operation due to a leak or
other failure. Most metals (aluminium, copper, brass, stainless
steel) and hard polymers (polycarbonate, polypropylene, polyeth-
ene, acrylic) offer a good compatibility as candidates for material
to be used in the installation of the refrigeration circuit through
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Fig. 5. Selected physicochemical relationships of the HFE7100 refrigerant
5. EXPERIMENTAL THERMAL FLOW CHARACTERISTICS

The basic thermal characteristic, which is the dependence of the
heat transfer coefficient a on the vapour quality x, is illustrated in
Fig. 6. From its course in a = f(x), it can be observed that heat
transfer intensifies as a result of the increase in the vapour quality
and the density of the mass flow. One reason for this is the in-
crease in turbulence due to higher refrigerant flow velocity, which
results in more efficient heat transfer. In addition, increasing the
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which the HFE7100 refrigerant flows. Based on the specified
thermodynamic properties of the HFE7100 refrigerant, significant
relationships were developed and used in the study. Fig. 5 illus-
trates some of them. A plot of the dependence of saturation tem-
perature on saturation pressure was made. Characterisations of
density, dynamic viscosity and specific heat of the liquid phase as
a function of saturation temperature were also made.

20 El] 10 SO &0

saturation temperature [*C7]

amount of the gas phase in the system also intensifies heat trans-
fer, since gas has a higher thermal conductivity coefficient than
liquids, and the condensate layer is similar to an insulator. From
an analysis of the graphical summaries in Fig. 6, it can also be
observed that a decrease in the dimension of the hydraulic diame-
ter determines the increase in the value of the heat transfer coeffi-
cient. Indeed, increasing the energy efficiency of heat transfer has
a beneficial effect on the two-phase transformation of condensa-
tion.

d)

X

Fig. 6. Dependence of the heat transfer coefficient a as a function of the vapor quality x for different mass flux densities G during the condensation process
of the HFE7100 agent in a mini-channel with a diameter: a) dh = 2.0 mm, b) dh = 1.2 mm, ¢) dh = 0.8 mm, d) dh = 0.5 mm
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Fig. 7 illustrates the dependence of flow resistance Ap/L as a
function of vapour quality x for different values of mass flux densi-
ty G. From the analysis of the characteristics presented in the
graphical form, it is noticeable that the flow resistance increases
with an increase of the vapour quality. Undoubtedly, the increas-
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ing flow velocity of the refrigerant determines the increased pres-
sure drop along the length of the mini-channel. The hydraulic
diameter of the channel also has a significant impact on flow
resistance. A decrease in its dimension contributes to an increase
in flow resistance.
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Fig. 7. Dependence of flow resistance Ap/L on the degree of dryness x for different mass flux densities G during the condensation process
of the HFE7100 refrigerant in a mini-channel with diameter: a) dh = 2.0 mm, b) dh = 1.2 mm, c) dh = 0.8 mm, d) dh = 0.5 mm

6. RESULTS OF VISUALISATION STUDIES OF TWO-PHASE
FLOW STRUCTURES

Example results of visualisation of two-phase condensation
flow structures of the HFE7100 refrigerant in a mini-channel with a
diameter of 2.0 mm are shown in Fig. 8. The following structures
were observed: plug (Fig. 8a), bubble (Fig. 8b), annular-wave
(Fig. 8c) and slug (Fig. 8d).

Fig. 8. Experimental results of visualization studies during the
condensation process of the HFE7100 refrigerant in a mini-
channel with a diameter of dh = 2.0 mm: (a) plug structure,

G =150 kg/m2s, Ts = 67.4°C, ¢ = 0.36, (b) bubble structure

G =300 kg/m2s, Ts = 67.1°C, ¢ = 0.23, (c) annular-wave
structure G = 309 kg/m2s, Ts = 67.6°C, ¢ = 0.56, (d) lug structure
G =504 kg/m2s, Ts =70.9°C, ¢ = 0.63

Fig. 9 shows images of the structures that were observed dur-
ing the testing of the condensation process of the HFE7100 re-
frigerant in a mini-channel with a diameter of 1.2 mm. In this case,
bubble (Fig. 9a), plug (Fig. 9b), annular (Fig. 9¢) and annular-
wave (Fig. 9d) structures were observed. Example results of two-
phase flow structures visualisation during condensation of the
HFE7100 refrigerant in a mini-channel with a diameter of 0.8 mm
are shown in Fig. 10. The following structures were observed:
annular-wave (Fig. 10a), bubble (Fig. 10b), slug (Fig. 10c) and
annular (Fig. 10d).

a)
b)
c)

Fig. 9. Experimental results of visualization studies during
the condensation process of the HFE7100 refrigerant in a mini-
channel with a diameter of dh = 1.2 mm: (a) bubble structure
G =270 kg/m2s, Ts = 70.7°C, ¢ = 0.17, (b) plug structure
G =491 kg/m2s, Ts = 70.8°C, ¢ = 0.63, (c) annular structure
G =786 kgl kg/m2s, Ts = 71.1°C, ¢ = 0.62, (d) annular-wave
structure G = 2801 kg/m2s, Ts = 74.6°C, ¢ = 0.54
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Fig. 10. Experimental results of visualization studies during
the condensation process of the HFE7100 refrigerant
in a mini-channel with a diameter of dn = 0.8 mm:
(a) annular-wave structure G = 884 kg/m?s, Ts = 70.6°C,
@ =0.70, (b) bubble structure G = 884 kg/m2s, Ts = 70.7°C,
@ =0.38, (c) slug structure G = 2045 kg/m2s, Ts = 68.5°C,
@ =0.37, (d) annular structure G = 4257 kg/m?s, Ts = 82.7°C,
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Fig. 11. Two-phase flow structures in a mini-channel with diameter
dh = 1.2 mm for mass flux density G = 2833 kg/m2s,
Ts=74-78°C during condensation of the HFE7100 refrigerant
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Fig. 12. Two-phase flow structures in a mini-channel with diameter
dh = 1.2 mm for mass flux density G = 519 kg/(m2s),
Ts=71-74°C during condensation of the HFE7100 refrigerant

The type of structure formed is mainly influenced by flow pa-
rameters [20]. Among these are the mass flux density G and the
liquid and vapour phase velocities, as well as the vapour quality x
and the void fraction ¢. As can be seen in Figs. 11 and 12, a
change in the vapour quality x and mass flux density changes the
flow structure that occurs, and these structures closely affect the
intensity of heat transfer, i.e. an increase in the liquid phase
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amount causes a decrease in the heat transfer coefficient. How-
ever, the shape of the phase separation surface is not insignifi-
cant. The more developed the phase separation surface, the
higher the heat transfer coefficient resultantly obtained. The de-
velopment of the phase separation surface is closely related to the
flow velocity of the gas phase since a high value of it disturbs the
interfacial surface.

7. CONCLUSIONS

Heat transfer and visualisation studies were carried out during
the condensation process of a substance from the hydrofluoro-
ether group, HFE7100, in horizontal mini-channels. Based on the
obtained results, the dependence of the heat transfer coefficient
and flow resistance as a function of the vapour quality was shown
in a graphical form. An analysis of the effect of mass flux density
and the dimension of the hydraulic diameter of the mini-channel
on the energy efficiency of heat transfer and pressure drop along
the length of the channel was carried out. The observed structures
of two-phase flow during condensation of the HFE7100 refrigerant
were presented. The following conclusions can be drawn from the
experimental results obtained:

— A significant effect on the heat transfer coefficient a is deter-
mined by the vapour quality x and the mass flux density G. In-
creasing the values of these parameters leads to an intensifi-
cation of heat transfer. An increase in the heat transfer coeffi-
cient is also observed following a decrease in the dimension
of the hydraulic diameter dh of a single-pipe mini-channel.

— The value of flow resistance Ap/L is determined not only by
the vapour quality x but also by the mass flux density G.
Therefore, an increase in the vapour quality and mass flux
density contributes to an increase in flow resistance. The di-
mension of the hydraulic diameter of the mini-channel also
has a significant effect on flow resistance. Under the same
conditions of the condensation process, an increase in the hy-
draulic diameter of the mini-channel is accompanied by a de-
crease in flow resistance.

— The type of structure formed is mainly influenced by the fol-
lowing flow parameters: mass flux density G and liquid and
vapour phase velocity, as well as the vapour quality x and the
void fraction ¢.

— The thermal flow effects of two-phase condensation depend
on the flow structure. On the other hand, some two-phase flow
structures intensify heat transfer, whereas others limit the en-
ergy efficiency of heat transport (annular, annular-wave, slug
and plug structures). Unfortunately, these structures with giv-
en higher heat transfer coefficients are given high pressure
drops too.
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