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Abstract: The two-phase flow maldistribution phenomenon in microchannels with multi-parallel branches is inevitable in
almost all common conditions, and not only affects the performance of the facility but also increases the risk of system instability.
In order to better understand the distribution mechanism and to explore a potential strategy to improve uniformity, the pressure
evolutions under different split modes in a microchannel with multi-parallel branches, were analyzed numerically. The results
show that the fluctuations of transient pressure exhibit similar trends at various split modes, but the time-averaged pressure
drops in the branches are very different. This may be related to the maldistribution of mass flow. Thus, the outlet pressures of
the branches are numerically changed to explore the relationship between differential pressure and flow distribution. From this
study, the flow distribution is seen to display a strong sensitivity to the branch differential pressure. By changing the pressure
conditions, the gas flow of the middle branch can be effectively prevented from the main channel, and the flow type in this
branch turns from gas-liquid to a single liquid phase. When the differential pressure of the first branch channel changes,
the maldistribution phenomenon of the model can be mitigated to a certain extent. Based on this, by adjusting the differential
pressures of the second branch, the maldistribution phenomenon can be further mitigated, and the normalized standard deviation
(NSTD) decreases from 0.52 to approximately 0.26. The results and conclusions are useful in understanding the two-phase flow
distribution mechanism and for seeking optimizing strategies.
Key words: Two-phase flow; Multi-parallel microchannel; Flow distribution; Slug flow; Split modes

1 Introduction
Because of trends in equipment miniaturization,
the requirements of heat dissipation performance are
significantly increased. Among many devices that
enhance heat transfer, microchannel heat exchangers
have always been favored by researchers for their
unique advantages such as large specific surface area,
high heat transfer coefficient, and low refrigerant flow
requirement (Hong et al., 2018). At the same time, with
the development of the new-energy vehicle industry
and in order to meet the increasingly stringent require‐
ments for thermal management of power batteries,
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some researchers have applied microchannel heat
exchangers to direct refrigerant two-phase cooling
systems for electric vehicle power batteries. Meinert
et al. (2015) conducted a study on the refrigerant direct
cooling system used on the BMW X5, and showed
that the use of microchannel heat exchangers can
provide 2 kW of cooling capacity for the battery while
reducing energy consumption and weight. Hong et al.
(2020) used experiments to compare liquid cooling
and direct cooling of the battery using a refrigerant
microchannel cold plate, and showed that the use of
microchannel direct cooling can reduce the weight of
the cooling system by 56% and achieve higher heat
transfer efficiency and improved temperature control
effect.
Although the heat exchange performance of the
microchannel is outstanding, there are also problems
such as large flow resistance, maldistribution, and block‐
age of the channel, which in turn cause instability of
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the heat exchanger (Liang et al., 2010). Among many
instability factors, the maldistribution phenomenon is
widespread. Maldistribution in multi-microchannels
will severely reduce the effectiveness of heat exchan‑
gers, even leading to mechanical failure of the devices
and hydraulic instabilities (Dario et al., 2013). There‐
fore, the distribution mechanism of two-phase flow in
microchannels is attracted increasing attention.
Analysis of previous research shows that the
main factors affecting the maldistribution phenom‐
enon include geometric structures, fluid properties,
and operating conditions (Liu et al., 2017a; Zhou et al.,
2017; Redo et al., 2019). Many researchers optimized
the cross section shape (Tonomura et al., 2004), branch
spacing (Liu and Wang, 2019), number of channels,
different refrigerant flow paths (Bao, 2019), micro‐
channel-header arrangements (Dario et al., 2015), and
orientations (Liu et al., 2017b) to reduce the negative
effects of maldistribution. Some researchers have used
special geometric structures such as a tree-shaped dis‐
tributor (Guo et al., 2020), protrusion configurations
(Kim and Han, 2008; Marchitto et al., 2016),
U-type configurations (Madanan et al., 2018), and a
honeycomb type with single-sided expansion configu‐
rations (Nie et al., 2020) to restrain maldistribution
phenomena. Moreover, the physical properties of the
working fluid, such as density (Chen et al., 2012),
viscosity (Zou and Hrnjak, 2014), wettability (Li
et al., 2017), and surface tension (He et al., 2011) will
affect the flow distribution of the microchannel heat
exchanger.
It can be seen that traditional research on micro‐
channel heat exchangers often requires a lot of experi‐
ments and data support. Numerous influencing factors
and the complexity of two-phase flow have caused
obvious differences between different experimental
results. The versatility of the experimental results is
low. The two-phase flow mechanism and the phase
separation mechanism in the microchannel heat exch‑
anger have not yet been unified. In view of this some
researchers have tried to use numerical models to
predict the flow distribution in the microchannel and
make a reasonable explanation for the flow mecha‐
nism in the channel. Lee and Jeong (2019) developed
a numerical analysis model to predict the quality
distribution of two-phase flow in the header and the
mass flow rate distribution in the branch channels.
Mahvi and Garimella (2019a) proposed a new liquid

distribution model for refrigerant flows in micro‐
channel heat exchanger headers. Giannetti et al.
(2020) developed a method to predict two-phase
flow distribution in microchannel heat exchangers
using an artificial neural network. These numerical
models all use channel pressure change to predict
the flow distribution in the microchannels.
For the phase separation mechanism, the compu‐
tational fluid dynamics (CFD) method is widely used
(Wang et al., 2014; Kumar et al., 2017). Three typical
split modes according to the gas bubble length and
flow ratio were identified by Kim and Lee (2015) and
they proposed that shorter bubbles would induce
more pronounced maldistribution. Dong et al. (2018)
denoted two typical split modes according to gas
bubble length and flow ratio. They pointed out that
for the obstructing mode, the dominant driving force
for phase split was upstream pressure. From these
studies, the pressure was shown to be a key indicator
inextricably linked with the flow distributions. The
pressure drop affected by flow pattern and split models
has been extensively studied. However, the aforemen‐
tioned research on the phase separation mechanism is
based on a T-junction. The phase separation process
of multi-microchannels is rarely mentioned. There‐
fore, this paper attempts to study the phase separation
mechanism of multi-microchannels from the perspec‐
tive of the pressure drop, and proposes an optimiza‐
tion method for the maldistribution phenomenon.
In this study, a 3D model with multi-branches is
established to simulate the two-phase flow distribution
in parallel microchannels, and this numerical method
is verified by experimental results. At the same time,
this paper analyzes the pressure changes in different
gas slug split modes, and achieves the goal of even
flow distribution by changing the differential pressure
of each branch channel. The results and conclusions
are helpful for understanding the mechanism of twophase flow and establishing a universal two-phase flow
distribution prediction model.

2 Numerical methodology
The numerical studies were performed by using
the interFlowRate solver. This solver was developed
based on an interFlow solver, an open-source CFD
code named OpenFOAM (Ver. 6.0). This solver is
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based on the volume of fluid (VOF) method and the
isoAdvector method to reconstruct the interface of
two fluids. The VOF method has been widely used in
the study of slug flow (Bordbar et al., 2018; Ferrari
et al., 2018; Yu et al., 2019). The isoAdvector method
is a new VOF-based interface advection method
developed by Roenby et al. (2016). The traditional
two-phase flow model in OpenFOAM uses the multi‐
dimensional universal limiter for explicit solution
(MULES) method for interface reconstruction, which
is an algebraic reconstruction method. The basic theory
of the MULES method is the flux corrected transport
(FCT) technique. Compared with the MULES method,
the isoAdvector method has unique advantages in
tracing the sharp interface and offers improved algo‐
rithm robustness even on unstructured meshes. It has
the same accuracy as the geometric reconstruction
schemes. The details of the numerical approach are
explained in the following section.
2.1 Governing equations

¶ρ
+ Ñ × (ρu) = 0
¶t

(1)

¶ ( ρu)
+ Ñ × (ρuu) =
¶t
-Ñp + Ñ × [ μ (Ñu + ÑuT ) ] + ρg + F s 

(2)

where ρ is the density of the fluid, u is the velocity, t
is the time, p is the pressure, g is the gravity acceler‐
ation, μ is the dynamic viscosity, and Fs is the interfa‐
cial tension force which can be calculated by the con‐
tinuum surface force (CSF) model:

]

F s = σκÑα = σ Ñ × (Ñα/ | Ñα | ) Ñα

(3)

where σ is the surface tension coefficient, κ is the in‐
terface curvature, and Ñα is the vector normal to the
interface.
The VOF method is used to trace the location of
the interface between two fluids. The volume fraction
(α) is an indicator function to distinguish different
fluids. It can be obtained by

(4)

where α =0 represents the gas phase, α =1 represents
the liquid phase, and 0< α <1 represents the interface
between two phases. According to the definition of
the volume fraction, the density and the viscosity in
the interface region can be expressed as follows:
ρ = αρ l + (1- α)ρ g 
μ = αμ l + (1- α)μ g 

(5)
(6)

where the indices l and g represent the liquid phase
and the gas phase, respectively.
Using the finite volume method (FVM), the α
equation is discretized as follows:
α (t + Dt ) = α (t ) -

∑ DV ( tDt )
f

f

V

∑ ∫u × α S dt 
= α (t ) f

As the evolution of bubbles keeps changing with
time, especially at the junctions of the main channel
and the branch channels, the transient equations should
be solved. The continuity and the momentum equations
are given as follows:

[

¶α
+ Ñ × (uα) = 0
¶t

f

f

(7)

f

V

where the subscript f represents the physical quantity
of the mesh surface center, and αf , uf , and Sf represent
the volume fraction, velocity, and area of the mesh sur‐
face center, respectively. V represents the volume of
the mesh cell, and DVf (t, Dt) represents the change of
the fluid volume in the mesh face.
In order to improve the accuracy of the α equa‐
tion, the isoAdvector method uses more precise pro‐
cessing which rewrites the above equation as follows
(Roenby et al., 2016):

∫

DV f (tDt) = u f × A f dt

(8)

where Af=αf Sf and Af represents the area occupied by
the fluid on the mesh surface.
2.2 Numerical model and boundary conditions
Liu et al. (2017a) experimentally studied the phase
distribution of two-phase slug flow in three parallel
microchannels under different inlet flow conditions.
In their study all the channels have square crosssections. The sizes of the main channel and branch
channel are 1 mm×0.5 mm and 0.5 mm×0.5 mm, respe‑
ctively. The length between the center of two branch
channels is 12 mm. There is also a buffer flow zone
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of 1 mm at the end of the main channel. The numeri‐
cal model used in this paper is shown in Fig. 1, which
is consistent with these sizes. The model has three
branches, and the gas bubble is generated from the
inlet boundary and will split successively at the
two T-junctions. The inlet volume flow rate is Q1 which
can be calculated by adding the inlet gas volume flow
rate Q1g and the inlet liquid volume flow rate Q1f. The
outlet volume flow rates are Q2, Q3, and Q4, respectively.

Fig. 2 Mesh independence test

Fig. 1 Computational domain used in simulations: (a) geometry
and boundary; (b) mesh of main channel; (c) mesh of
T-junction

A structured mesh was used to divide the com‐
puting domains. In order to capture the liquid film
around the gas slug, it is necessary to refine the mesh
near the wall. As shown in Fig. 2, the mesh indepen‐
dence test was conducted with the boundary layer
minimum cell size, ranging from 0.016 mm to 0.05 mm.
The liquid film thickness around the gas bubble was
increased by decreasing the minimum cell size of the
boundary layer, which was almost unchanged with
the boundary layer cell size below 0.02 mm. The y+
value of this cell size is 0.634 684, which meets the
requirements of the boundary layer calculation. Thus,
a boundary layer minimum cell size of 0.02 mm was
selected to generate the structured mesh. The cross
sections of the main channel and the branch channel
were divided into 522 and 324 meshes, respectively.
To improve calculation accuracy, the meshes were
compressed gradually from the center of the channel
to the wall. The total number of the meshes in this study
is 1.6 million. The maximum aspect ratio is 3.401 36.
The maximum non-orthogonality is 5.781 85 and the
maximum skewness is 0.087 052 2. The quality of all
the meshes meets those requirements.
In this study, transient, periodic inlet, and boundary
conditions are used to generate the inlet slug flow.
Asadolahi et al. (2011) developed a method to achieve

this. As shown in Fig. 3, there are two processes for the
inlet boundary. First, the inlet surface is full of liquid
and then the gas slug with a thin liquid film enters the
main channel from the inlet surface. These processes
occur periodically over the simulation time. The
velocity at the inlet boundary is set to be constant.
Thus, the total time of an unit cell tUC can be divided
into two parts:
t UC = t g + t f 

(9)

where tf represents the time of the first process and tg
represents the time of the second process. tg can be
calculated by the gas bubble volume, which can be
expressed as follows (Kim and Lee, 2015):
Vg = Sg (Lg + Lf)×

jg

ub

(10)

where Lg is the length of gas bubble, Lf is the length
of the liquid slug, jg is the superficial velocity of the
gas, ub is the velocity of the gas bubble, and Sg is the
area of gas at the inlet surface. It is necessary to
undertake preliminary simulations to obtain the length
of the liquid film around the gas bubble and, based on
that value, Sg can be determined.
The relation between tg and Vg can be expressed
as follows:
u inlet × S g × t g = V g 

(11)

where uinlet is the total superficial velocity at the inlet.
tf can be obtained by the length of the liquid slug:

72 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(1):68-82

tf =

Lf
.
u inlet

(12)

To create multiple bubbles, a non-dimensional
number Rt is created as follows:
R initial =
Rt =

t
t UC

tf
t UC

- int



( )
t

t UC

(13)


(14)

where t is the simulation time. The function int can
return the integer part of its argument. Based on this,
the two processes described above can be expressed as

{

0 < R t < R initial  liquid slug entry
R initial < R t < 1 gas bubble entry.

(15)

For the outlet boundary conditions, the volume
flow rates through outlet 1 and outlet 2 were set to be
constant at Q2 and Q3, respectively. The corresponding
pressure boundary condition is fixed in FluxPressure
which can adjust the pressure gradient to fit the velocity
boundary condition. As for outlet 3, a pressure outlet
boundary condition is used. Moreover, a no-slip boun‑
dary condition is set at all the channel walls and the
constant contact angle (θ=30°) is imposed. In order to
obtain the result for the full-developed state, the length
of the main channel should be of sufficient length. At
the initialization process, all computation domains are
full of fluid. In order to calculate the average flow
rate, it is necessary to save the data of the instanta‐
neous flow rate during the simulation process. Based
on interFlow solver, the interFlowRate solver embeds
the code of instantaneous flow rate calculation and
output data to the file over time. The total flow rate

Fig. 3 Periodic inlet boundary conditions

can be obtained by adding all flux (e.g. parameter phi
in the solver code) on the sample surface. Moreover,
the flow rates of liquid and gas are calculated by mul‐
tiplying the volume fraction with the total flow rate.
In this study, 0.03% (in weight) sodium dodecyl sulfate
(SDS) solution and nitrogen were chosen to be the
liquid phase and the gas phase, respectively. The
physical properties are as shown in Table 1.
2.3 Numerical scheme
The governing equations were discretized through
the FVM method. The pressure-implicit with splitting
of operators (PISO) algorithm was used to couple the
pressure and velocity. Finally, the volume fraction of
each phase in the computational nodes was calculated.
The discretization of the convection terms in the mom‑
entum equations and α equation were performed using
the Gauss up-wind scheme and the Gauss van Leer
scheme. The discretization of the grad terms was per‐
formed using the Gauss linear scheme.
In order to ensure computational convergence, the
adaptive time-step was used to maintain the value of
the maximum Courant number below 0.8. Adaptive
time-step is an algorithm that can modify the time-step
during the simulation process. Compared with the
fixed time-step algorithm, this algorithm can reduce
the simulation time while ensuring the Courant number
meets the requirements of users. At the same time,
MATLAB was used to post-process the data in the file
which was output by the interFlowRate solver. Thus,
the average flow rate, average pressure, and split ratio
can be obtained.

3 Results and discussion
3.1 Model validation
The test experimental data is taken from case
A-LGS/Dh=2.05 and case C-LGS/Dh=0.95 in Liu et al.
(2017a)’s research (where LGS/Dh represents the ratio of
the length of the gas slug to the hydraulic diameter of
the microchannel header). The flow rate of the outlet is
calculated by the relation between the phases split

Table 1 Physical properties of fluids used in the study
Fluid
SDS solution (0.03%, in weight)
Nitrogen

Density, ρ (kg/m3)
997.35
1.25

Viscosity, μ (mPa·s)
0.8670
0.0178

Surface tension, σ (mN/m)
29.2
29.2
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ratio and the phases inlet flow rate. By calculating the
Bond number, Reynolds number, Capillary number,
and Weber number, the flow can be confirmed to be
laminar and the influence of gravity can be ignored.
Fig. 4 compares the experimental pictures taken
from Liu et al. (2017a) with the cloud maps of liquid
volume fraction by simulation. The visualized slug
flow and distributions are displayed in Figs. 4a and
4b, respectively, where the upper pictures are taken
from Liu et al. (2017a), and the contours of liquid vol‐
ume fraction displayed at the bottom are calculated by
the simulation in this study. The simulated gas slug
lengths display obvious similarity with experiments,
whether before or after the splitting, at all these three
conditions. Some feature zones are extracted from

Fig. 4a, where m 1 , m 2 , and m 3 represent different
regions in the main channel, and b1, b2, and b3 repre‐
sent the regions in various branches. Comparing the
length ratios of gas bubble to liquid slug at all these
six feature points, the simulation results and experi‐
mental results have very similar trends. This indicates
that the simulation model is credible for analyzing the
two-phase flow distribution in multi-branches.
3.2 Transient pressure evolution and split modes
For the convenience of analysis, the parallel
microchannels with three branch channels can be rega‑
rded as two T-junctions connected: T-junction 1 and
T-junction 2 from left to right. As shown in Fig. 4,
different split modes are presented under different

Fig. 4 Comparison of the experimental results (Liu et al., 2017a) against numerical simulations in the present study. The
visualized slug flow and distributions are displayed in case A-LGS/Dh=2.05 (a) and case C-LGS/Dh=0.95 (b). The length ratios
of gas bubble to liquid slug at different feature points are plotted in case A-LGS/Dh=2.05 (c) and case C-LGS/Dh=0.95 (d)
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simulation conditions. In case A-LGS/Dh=2.05, the split
modes of T-junction 1 and T-junction 2 belong to the
breakup with part obstruction (B2) modes. In case
C-LGS/Dh=0.95, the split modes of T-junction 1 belong to
the breakup with permanent tunnel (B3) and T-junction
2 belongs to the non-breakup/branch-flow (NB/B). In
case A-LGS/Dh=3.46 (Fig. 5), all T-junctions belong to
the breakup with permanent obstruction (B1) mode.
Here, all split modes are reported by Wang et al. (2014)
and Ménétrier-Deremble and Tabeling (2006).
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Fig. 5 Pressure evolution in the main channel
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Fig. 5 shows the pressure change curve on the
central axis of the main channel. It can be seen that
the main channel presents a typical slug flow pressure
drop. The entire graph can be divided into three parts
based on the branch channels. Each time the slug bubble
passes through a branch channel, the pressure drop rate
for the liquid phase in the main channel will decrease.
This can be derived from the difference between the
adjacent lowest pressure points of the pressure curve in
the figure. Each time the slug bubble passes through a
branch channel, the difference between the adjacent
lowest pressure points is significantly reduced. As
shown in Fig. 6a, in order to facilitate the analysis,
one cycle data is selected for processing. The data point
selection is the geometrical abrupt position of the
branch channel. For branch channel 1, there is a sudden
increase in pressure at 7.418×10−2 s. This is mainly
because the gas slug blocks both the main channel and
the branch channel, which leads to an increased resis‐
tance to flow of the continuous fluid. It is worth noting
that the thickness of the liquid film between the gas

7.477×10-2

(b)

7.542×10-2

Fig. 6 Evolution of the static pressures in one cycle: (a) case
A-LGS/Dh=2.05; (b) case A-LGS/Dh=3.46

slug and the wall in the main channel reaches a mini‐
mum value at this time. At the same time, due to the
increased pressure of the continuous fluid, the neck
which connects the daughter bubble in the branch
channel to that in the main channel becomes thinner.
Subsequently, due to the stretching of the neck, the
thickness of the liquid film in the main channel gradu‐
ally increases and the pressure drops. This is consis‐
tent with the pressure change process observed by
Singh et al. (2020). The only difference between that
and this study is the gradient of pressure change. The
reason is that the dispersed phase is gas and the contin‐
uous phase is liquid in this study. The density of these
two phases is quite different whilst in Singh et al.
(2020)’s experiment, both the dispersed phase and the
continuous phase are liquid.
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Pressure (Pa)

pressure rises sharply. Compared with Point a, the
pressure at Point b has been maintained at a higher
level. It can be observed from the vector graph in Fig. 8.
When the fluid enters into the branch channel from
the main channel, more fluid tends to enter the branch
channel from the side of Point b due to the inertia of
the fluid. This causes the fluid velocity at Point b to be
higher than the fluid velocity at Point a, resulting in an
obvious vortex at the inlet of the branch channel. There‐
fore, the vortex area in the branch channel (Point a)
shows a lower pressure, while Point b, which is
impacted by more continuous fluid, shows a higher
pressure.
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b
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-1500
8.60

1400
1300
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There is a significant pressure drop at the moment
when the neck of gas slug breaks. The reason for this
is mainly related to the surface tension, according to
the Laplace pressure calculation formula, DpL= γ(ra−1+
rr−1), where ra is the axial curvature, rr is the radius of
the radial curvature, and γ is the surface tension coeffi‐
cient. At this time, the radial curvature tends to infinity,
so the Laplace pressure is quite large. The large gasliquid differential pressure causes a sudden pressure
change. Conversely, the pressure will have a small fluc‐
tuation because of the influence of the downstream
branch channel. With the generation of the daughter
bubbles, the pressure in the channel recovers.
As shown in Fig. 6b, for case A-LGS/Dh=3.46, the
general law of pressure evolution is similar to the case
A-LGS/Dh=2.05. At 7.477×10−2 s, the gas slug blocks
the main channel which causes a pressure increase.
At 7.542×10−2 s, the gas slug breaks which leads to a
sudden drop in pressure and an obvious pressure fluc‐
tuation. It can be seen from the above analysis that
the pressure will appear as a unique crest and trough
in the process of the gas slug break, which corresponds
to different break phases. The crest corresponds to the
pressure increase caused by the gas slug blocking the
main channel. The trough corresponds to the moment
when the gas slug breaks into two daughter bubbles.
Due to the breaking of the gas slug, the pressure in
the microchannel will fluctuate significantly.
For case C-LGS/Dh=0.95, the pressure evolution
law is obviously different from the previous two cases.
As shown in Fig. 7a, for branch channel 1, there is no
sudden increase in pressure. The reason is that, for the
B3 mode, there is no block phenomena in the main
channel during the gas slug split process. The flow
resistance of the continuous fluid does not change
significantly, so the pressure evolution is relatively
stable. Similar to the aforementioned modes, the pres‐
sure suddenly decreases at the moment the gas slug
breaks. However, the pressure evolution change process
of branch channel 2 (NB/B) does not show any of the
aforementioned phenomena. When a gas bubble enters
branch channel 2, the flow resistance in this branch
channel increases, causing the pressure upstream of
the gas bubble in this channel to be maintained at a
low level. Therefore, the pressure at Point a drops
significantly. At 8.951×10−2 s, the next bubble moves
to Point a. At this time, the pressure at Point a repre‐
sents the internal pressure of the bubble, that is, the

8.65
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Time (×10-2 s)
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Fig. 7 Evolution of the static pressure of case C-LGS/Dh =0.95:
(a) branch channel 1; (b) branch channel 2

From these studies, it can be observed that the
pressure changes of different split modes have similar‐
ities and differences. For all split modes with bubble
break (e.g. B1 mode, B2 mode, and B3 mode), when the
gas slug is about to break into daughter bubbles, the
pressure in the channel drops sharply and obvious
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3.3 Time-averaged pressure drop and flow
distribution
In order to study further the relationship between
pressure and flow distribution, the time-averaged pres‐
sure drop of each branch channel flow path was calcu‐
lated based on the plane M, as shown in Fig. 9a. Taking
flow path MC as an example, the total pressure drop
includes the pressure drop of two parts of slug flow in
the main channel between plane M and the crossing
of branch channel 3 (ΔP-header), the pressure drop at
the crossings of three branch channels (ΔP-crossing),
and the pressure drop of slug flow in branch channel
3 (ΔP-branch). It can be seen from Figs. 9b and 9c that
the pressure drop of the branch channels dominates,
and the flow distribution of the microchannel is closely
related to the pressure drop in each branch channel. For
flow path MA, as the length of the gas slug in the main
channel decreases, the corresponding pressure drop at

MA

200

ΔP (Pa)

fluctuations appear. For the B1 and B2 modes, the gas
slug is longer, which will block the channel during
the split process and cause the pressure to increase.
Conversely, the B3 mode does not experience this phe‐
nomenon. For the NB/B mode, the pressure changes
show obvious differences. Due to the mutual coupling
between different branch channels, the pressure change
of one branch channel will be reflected to other branch
channels at the same time. This also further demon‐
strates that the pressure distribution of the branch
channel is inseparable from the flow distribution of the
microchannel, which provides a possible optimizing
method for multi-branch distribution.

0

C

ΔP-header

1.00×10-4

ΔP-branch
ΔP-crossing

1.20×10-4

Mass flow rate

1.40×10-4

(c)

Mass flow rate (kg/s)

Fig. 8 Vector graph of branch channel 2 (U: velocity)

B
(a)

1.60×10-4

Fig. 9 Schematic diagram of pressure drop and mass
flow rate distribution in microchannels: (a) scheme of
the flow path diagram; (b) case A-LGS/Dh=2.05; (c) case
C-LGS/Dh=0.95

the branch channel 1 crossing increases gradually.
The main reason is that the longer the gas slug length,
the closer it is the single-phase flow during the split‐
ting process which means that the pressure drop is rel‐
atively small. In flow path MC, the pressure drop of
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the crossing of branch channel 3 is large. This might be
because the end of the main channel is closed which
leads to a vortex structure there.
From Fig. 9, it can be observed that the pressure
drops in branches are very different. Meanwhile the
mass flow rates in branches are also different, and show
similar trends to the pressure drops. This indicates
that the pressure characteristics may be closely related
to the flow distribution. Both pressure drop and mass
flow rate in branch 3 are the greatest, with a large
difference from the second greatest one. In Fig. 9b,
the mass flow rate in branch channel 3 is even greater
than those in branch channels 1 and 2. Thus, the direc‐
tion of optimization is to increase the mass flow rate
in branch channels 1 and 2. By adjusting the outlet
pressure of the upstream two branches properly, the
flow distribution may be changed effectively. There‐
fore, the following discussion is about the effects of
changing the outlet pressures of the branches.
3.4 Optimization scheme
The two-phase flow distribution can be specified
by the mass flow rates of each branch channel. In this
study, the average mass flow rate in the branch channel
is derived from simulation data processing. In order
to compare the maldistribution of the microchannel
heat exchanger under different working conditions, the
average mass flow rate needs to be normalized. The
normalization process is as follows:
ṁ *j [ i] =

(

ṁ j [ i]

∑i = 1 ṁ j [ i]
N ch

)



(15)

N ch

where i denotes the branch channel number, ṁ is the
mass flow rate, j specifies the phase (l represents
liquid, g represents gas, and t represents total), and Nch
is the total number of branch channels (Nch=3 in this
study). ṁ * is the non-dimensional mass flow rate in a
given branch channel.
The normalized standard deviation (NSTD) is
defined in Eq. (16). This parameter is the ratio of the
standard deviation of the branch channel mass flow
rates to the maximum possible standard deviation. The
value range of NSTD is 0–1. An NSTD value close to
0 indicates a more even distribution. Conversely, an
NSTD value close to 1 indicates a less even distribu‐
tion (Mahvi and Garimella, 2019b).

∑ ( ṁ [i]- 1 )
(N - 1) N
N ch

NSTD j =

i=1

ch

*
j

2

.

(16)

ch

Compared with the liquid phase, the gas mass
flow rate has an order of magnitude difference. Thus,
the total mass flow rate is similar to the liquid mass
flow rate, and the NSTDt and NSTDl are also similar.
However, in the actual application process, the uni‐
form liquid mass flow rate is beneficial to the uniform
distribution of the temperature of the heat exchange
equipment. Therefore, the subsequent analysis process
mainly focuses on the uniformity of the liquid mass
flow rate distribution. As shown in Table 2, the NSTDl
is greater than 0.5, and the liquid mass flow rate of
branch channel 3 is always the greatest, even four time
that of branch channel 1. Therefore, in order to reduce
the maldistribution phenomenon, it is necessary to
reduce the mass flow rate of the third branch channel.
Pressure is often a very important parameter in affecting
the mass flow distribution. The differential pressure
distribution in different branch channels directly deter‐
mines the mass flow distribution. However, the differ‐
ential pressure cannot be directly controlled. Thus, in
order to optimize the existing model, the differential
pressure is indirectly changed by changing the outlet
pressure of different branch channels. In the simula‐
tion, increasing the outlet pressure of one branch
channel means that the differential pressure of this
branch channel decreases. In practical applications,
the purpose of controlling the differential pressure of
different branch channels can be achieved by changing
the diameter of the branch channels.
Table 2 Non-dimensional flow rate and NSTDl (for case
A-LGS/Dh=2.05)
Branch
1
2
3
NSTDl

m*
0.49
0.47
2.04
0.52

On the basis of the case A-LGS/Dh=2.05, the
pressure of branch channel 1 is reduced at interval
of 50 Pa, and the mass flow distribution is as shown in
Fig. 10a. The data corresponding to the solid circle in
this figure is based on the experimental conditions
of Liu et al. (2017a)’s research. As the differential
pressure of branch channel 1 continues to increase,
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0.55
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(360, 0.52)

(592, 0.44)

0.45
NSTDl

the mass flow rate of this branch channel also increas‐
es. For branch channel 2 and branch channel 3, the di‐
rection of trend is opposite, and there is a turning
point. When the differential pressure of branch chan‐
nel 1 is lower than 487 Pa, the mass flow rates of
branch channel 1 and branch channel 2 have little
change. When the differential pressure of branch
channel 1 is between 487 Pa and 531 Pa, with the in‐
crease of the differential pressure, the mass flow rate
of branch channel 2 shows an increasing trend, while
the mass flow rate of branch channel 3 shows a de‐
creasing trend. This change trend makes the mass
flow distribution in the microchannel tend to be uni‐
form, that is, the value of NSTDl decreases (Fig. 10c).
However, when the differential pressure of branch
channel 1 is higher than 531 Pa, the flow change
trend of branch channel 1 and branch channel 2 will
turn. The mass flow rate of branch channel 2 gradual‐
ly decreases and the mass flow rate of branch chan‐
nel 3 gradually increases. This results in an increase
in the flow difference of these three branch channels
and the maldistribution is more obvious, that is, the
value of NSTDl increases accordingly.
The main reason for the above phenomenon can
be observed from the phase fraction contour (Fig. 10c).
When the differential pressure of branch channel 1 is
lower than 531 Pa, the flow regime of all three branch
channels belongs to two-phase flow distribution. As
the differential pressure of branch channel 1 increases
gradually, it can be observed that more gas tends to
enter branch channel 1. The gas phase in branch
channel 2 decreases gradually until the gas phase
completely disappears and branch channel 2 becomes
a single-phase flow. For branch channel 3, the gas
mass flow rate increases when branch channel 2 is
two-phase flow. When branch channel 2 becomes
single-phase flow, the gas mass flow rate of branch
channel 3 decreases rapidly (Fig. 10b). The most intu‐
itive explanation of this process is that the length of
the gas slug in branch channel 1 is increasing in length,
and the bubble size in the downstream part of the
main channel gradually decreases. Based on the above
analysis, before branch channel 2 becomes singlephase flow completely, due to the reduction of the gas
phase ratio, the volume of the daughter bubble located
in branch channel 2 is reduced during the split of the
gas slug. Thus, the blocking effect on branch channel
2 is weakened, and the flow area of the liquid phase is

0.40
0.35
0.30

(531, 0.30)

350

400
450
500
550
Differential pressure (Pa)

600

(c)

Fig. 10 Effects by changing the outlet pressure of branch
channel 1: (a) liquid mass flow rate distribution; (b) gas mass
flow rate distribution; (c) change of NSTDl

increased. However, the special elongated bubble
structure formed during the split of the gas slug will
cause a significant vortex above the bubble, which
will help the liquid phase flow into the branch channel.
Under the combined action of these two, the liquid
mass flow rate in branch channel 2 is increased. When
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branch channel 2 is completely converted to singlephase flow, the elongated bubble structure disap‐
pears, and the bubbles in the main channel become sig‐
nificantly smaller. Thus, there is basically no blocking
effect on the branch channel and main channel. As a
result, due to the influence of fluid inertia, more liquid
does not enter into branch channel 2, but tends to
flow into branch channel 3. The liquid mass flow rate
in branch channel 2 is decreased, and that in branch
channel 3 is increased.
From the foregoing analysis, the following infer‐
ences can be made: (1) The change in differential
pressure of branch channel 1 can reduce the NSTDl of
the entire model significantly. However, because
branch channel 2 becomes single-phase flow state pre‐
maturely, this reduction effect is limited to a certain
extent. (2) Before the turning point, the influence of
the differential pressure of branch channel 2 on the
liquid phase mass flow rate of branch channel 1 and
branch channel 3 is not obvious. Therefore, while
changing the outlet pressure of branch channel 1, and
changing the outlet pressure of branch channel 2
appropriately, branch channel 2 maintains two-phase
flow which can further mitigate the maldistribution
phenomenon of the entire model.
In order to verify the above hypothesis, the outlet
pressure of branch channel 2 is reduced on the basis
of the differential pressure of branch channel 1 being
531 Pa (NSTDl=0.30). The simulation results are shown
in Fig. 11 and the abscissa in this figure is the differ‐
ential pressure of branch channel 2. It can be seen
from Fig. 11b that there is a turning point in the opti‐
mization process of the NSTDl. Before the turning
point, the liquid phase mass flow rate of branch channel
2 increases as the differential pressure of branch channel
2 increases. At the same time, branch channel 2 changes
gradually from single-phase flow to two-phase flow.
The liquid phase mass flow rate of branch channel 3 is
further reduced, while the liquid phase mass flow rate
of branch channel 1 does not change significantly.
Within this range, the NSTDl of the whole model is
reduced from 0.30 to 0.26, and the maldistribution
phenomenon is further optimized. After the turning
point, if the differential pressure of branch channel 2
is increased continuously, the flow difference of these
three branch channels will increase. The value of
NSTD will also increase rapidly and the maldistribu‐
tion phenomenon of the whole model will be more

0.32
0.30
0.28
0.26
150

200

(c)

Fig. 11 Thermal equilibrium temperatures of the foundation
material with different operating temperatures: (a) liquid
mass flow rate distribution; (b) gas mass flow rate
distribution; (c) change of NSTDl

obvious. Therefore, the maldistribution phenomenon
of the whole model can be significantly minimised by
effectively controlling the differential pressure of the
three branch channels.
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As shown in Fig. 12, through optimization, the
flow rate distribution of the microchannel tends to be
uniform by changing the outlet pressure of branch
channels 1 and 2, and the value of NSTDl can be
reduced from 0.52 to 0.26. In the actual application
process, a similar effect can be achieved by changing
the length, diameter or other geometric parameters of
the branch channels. For example, three branch channels
with different lengths or diameters, or even any number
of branch channels, can be used to obtain the combi‐
nation of different differential pressures and achieve
the optimal distribution effect.
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Fig. 12 Mass flow rate distributions at different conditions
(DP: differential pressure)

4 Conclusions
A numerical method for the splitting process of
two-phase flow in a microchannel with multi-parallel
branches is developed to analyze the pressure changes
in such a microchannel under different split modes
and the flow distribution under different differential
pressures. In order to improve the two-phase flow
distribution uniformity, an optimization scheme of contr‑
olling the outlet pressure of branches is proposed and
numerically analyzed. The results indicate a strong
bidirectional coupling effect between the outlet pres‐
sure and the mass flow rate in the branches. Through
optimizations, the value of NSTDl of this model can
be reduced from 0.52 to 0.26. The main findings are
summarized as follows:
1. As the gas slug moves and splits in the liquid
phase, the pressure in the channel shows a trend of
periodic changes. For different gas slug splitting modes,
the pressure changes are similar. That is, when the gas
slug is about to split into daughter bubbles, the pressure
in the channel drops sharply and pressure fluctuations

appear. For B1 and B2 modes, a sudden increase in
pressure can be observed due to the gas slug blocking
the main channel, but for B3 and NB/B modes, there is
no such phenomenon. Among them, NB/B mode shows
a completely different pressure trend from the other
three separation modes.
2. The differential pressure of each branch channel
directly affects the flow distribution in the microchannel.
By controlling the branch pressure, different flow
distributions can be obtained. If the differential pres‐
sure of branch channel 1 is changed separately, the
maldistribution phenomenon of the whole model can
be optimized to some extent. The NSTDl value of the
model decreases from 0.52 to 0.30. However, changing
the differential pressure of branch channel 2 alone
will make the maldistribution phenomenon more
obvious which means that the flow difference between
the three branch channels will be further increased.
3. The special elongated bubble structure formed
during the gas slug splitting process helps the liquid
phase enter the branch channel. When the flow state
of a branch channel changes from two-phase flow
to single-phase flow, the mass flow rate of the branch
channel, with the change of differential pressure, has
an obvious turning point.
4. When changing the differential pressure of
branch channel 1, also changing the differential pres‐
sure of branch channel 2 appropriately to maintain
branch channel 2 in a two-phase flow state can further
minimise the maldistribution phenomenon of the
whole model. The optimum NSTDl value was reduced
from 0.52 to 0.26. In the actual application process,
the same optimization effect can be achieved by
changing the diameter of each branch channel.
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