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Abstract

Configuration of the microchannels connection to the manifold in microchannel
heat exchangers significantly influences flow uniformity in the microchannels
and significantly affects the even thermal dissipation to the surroundings. This
paper presents the uniformity anxieties of the flow through a non-protruded
microchannel heat exchanger that has been explored experimentally and
numerically. The prototype consisted of 5-mm-diameter inlet and outlet headers
with 20 microchannels of 0.96-mm-diameter and 50-mm-long with no protrusion
depth. The velocities were measured by particle image velocimetry at 308 and
617 ml/min flow rates, corresponding to Reynolds numbers of 1500 and 3000
based on the header diameter. Using ANSYS FLUENT, a CFD simulated the
flow in the microchannels heat exchanger at Reynolds numbers of 1500, 3000,
4500, 6000, and 7500, allowing a detailed flow field visualization. The numerical
procedure was validated by comparing the simulation velocity results with the
experimental results, showing a mean relative error of all the 20 microchannels
of 3.8% and 8.2% for flow rates of 308 and 923 ml/min, respectively. Both
experimental and numerical results show that the microchannels' velocity
distribution is not uniform at the last few microchannels. The present work results
support the concept of a protruded microchannel that produces better uniform
flow. Hence, extended investigations are recommended to explore the effect of
the channel's protrusion on flow uniformity and address the high inconsistency
in the pressure drop prediction. Also, the simulation could be beneficial if
extended to compare the maldistribution with various manifold diameters.

Keywords: Flow maldistribution, Flow uniformity, Manifolds, Microchannel
heat exchanger.
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1.Introduction

Microdevices' dominant features are the high ratio of surface area to volume, the
effective internal volume of microdevices is very small, and the flow is mostly
laminar. In their review article, Lerou et al. [1] discussed some of the advantages
of a microchannel heat exchanger (MCHE). The fluid flow is vastly distributed,
requiring only a shorter flow length through microchannels. So, the overall pressure
drop is lower than in the conventional heat exchanger. In industries, the micro-
channel heat exchanger provides a smaller footprint, lower capital and operating
expenditure, and higher system capacity for the same compression capacity. Even
with the advantages stated above, the industry still faces several challenges in
designing a performance-wise optimized MCHE. One major problem is the
refrigerant's maldistribution flowing from the header into the microchannels.

A simplified 2-D view of the micro-channel heat exchanger with a single pass
is shown in Fig. 1. The fluid entering the manifold is distributed to the various
tubes. There will be a maldistribution of flow as equal flows entering the whole
channels are not achieved.
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Fig. 1. 2D Configuration of a microchannel heat exchanger.

It has been experimentally shown by Liu and Garimella [2] that fully turbulent
flow is less likely to happen in a microchannel (MC) (with a hydraulic diameter of
less than 1 mm). Wen et al. [3] used CFD simulation in FLUENT and Particle
Image Velocimetry (PIV) to determine the turbulent flow structure inside the
entrance of a plate-fin heat exchanger. The simulation and the experiment were
conducted under the same inlet Reynolds number of Re = 6.0 x 104. The authors
conclude that PIV and CFD are well-suited for analysing intricate flow patterns.
Their numerical findings indicate that fluid maldistribution efficiency at the
traditional entrance has declined. With a punched baffle, the enhanced design can
effectively increase performance in both radial and axial directions.

Foli et al. [4] introduced multi-objective genetic algorithms to determine MCs'
optimal geometric parameters in the MCHE to achieve a maximum heat transfer
rate under the required design constraints. CFD analysis was also performed with
an analytical method of calculating the optimal geometric parameters. They advised
that the experimental research has shortcomings, such as many data errors and
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failure to cover all heat exchanger conditions. Therefore, the numerical simulation
of nonuniform flow is a crucial issue.

Alnaimat and Mathew [5] investigated the fluid distribution in multichannel
microfluidic devices with U-shaped manifolds at various flowrates and channel
width and spacing. The model has 50 microchannels with water as the working
fluid. The flow distribution in the microfluidic device is investigated for
microchannel widths between 100 um to 500 um and Reynolds numbers ranging
between 0.04 to 100. Results show that an increase in Reynolds number increases
the nonuniformity of the flow. Pressure and flow distribution have been
investigated and presented in contour plots.

A numerical analysis of the flow patterns of compact plate-fin heat exchangers
was conducted by Sheik et al. [6] since air (gas) flow maldistribution in the headers
impacts the exchanger's efficiency. Three standard compact plate-fin heat
exchangers were analysed using Fluent software to measure flow maldistribution's
effects with ideal and actual cases in their analysis.

The effect of maldistribution is illustrated quantitatively by Chin and Raghavan
[7]. They reported that maldistributed flow could account for a net reduction of 2.2%
in thermal performance and a net increase of 62.8% in mass-averaged pressure drop.
Maldistribution is never advantageous and is always adverse in a heat exchanger. The
aforementioned adverse effect can only be minimized by decreasing the standard
deviation of the flow distribution. The event of flow maldistribution in the header is
hardly preventable in the presence of several head losses, geometrical configurations,
or unknown factors. The mass flow rate of refrigerant entering each micro-channel is
not always uniform throughout the manifold.

The effects of nonuniform flow on the heat exchanger performance have been
well investigated over the decades. Jiao et al. [8] have shown that the flow distribution
efficiency in the heat exchanger is effectively improved by the optimum design of the
second header installation through experimental studies. The findings show that when
the outlet pipe diameter to the inlet pipe diameter ratio of the two headers of the heat
exchanger is equal, the flow distribution becomes more uniform.

Bobbili et al. [9] performed experimental investigations to find the pressure drop
and flow through the port to the channel in the plate heat exchangers for a wide variety
of Reynolds numbers. The results showed that the flow maldistribution increases with
an increase in the total pressure drop in the heat exchangers.

The maldistribution problem has been studied numerically by many researchers
(e.g., Lu et al. [10], Pan et al. [11], Tonomura et al. [12], Tong et al. [13], Kim et
al. [14], Lee et al. [15]). Countless contributions made by various researchers are
yet to be listed here. Until recently, several related models and solution methods
have been thoroughly integrated by Liu and Garimella [2] into one theoretical
framework. The results discussed in Ke et al. [16] investigation focus on a problem
similar to Fig. 1, i.e., where no protrusion effect was considered. Dabrowski et al.
[17] conducted experimental investigations on the channel blockage and flow
maldistribution during unsteady flow in a model microchannel plate heat
exchanger. They concluded that channel blocking could only occur between the
end of the channels and the outlet collector. The increase in the flow resistance and
the pressure drop for the increasing flow rates is also a reason for the blockage. A
review paper by Xiong et al. [18] presented the research progress on the
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hydrothermal and drainage performance of MCHEs. They focused on the type of
MCHE under frosting, defrosting, and wet conditions. They summarised the
experimental research on the frosting and drainage characteristics of MCHEs and
introduced three methods for improving the frosting and defrosting performance.

However, there is a clear shortage in the literature on two issues related to the
MCHE. First is the lack of flow structure analysis in MCHE with circular tubes.
Second, no sufficient analysis and information on the header diameter effect on the
maldistribution and the flow uniformity. Wen et al. [3] and Borreani et al. [19]
recommended combining CFD and experimental tests to analyse microchannel
flows, and this study adopted their recommendation.

Based on the identified research gap, this paper presents insight into the flow
within the MCHE to address the flow nonuniformity issue. The selected MCHE is
a tubular type with a circular cross-section that comprises inlet and outlet headers
of 5 mm diameter and 20 microchannels of 1 mm diameter. As such assessment
requires flow visualization, the analysis is mostly obtained by validated CFD
simulation, while the experimental findings are used to validate the numerical
procedure. The flow in each channel is measured by particle image velocimetry
(P1V) at various Reynolds numbers ranging from 1500 to 7500. The CFD is
achieved by simulation in ANSYS FLUENT software. The CFD simulated the
MCHE at Reynolds numbers of 1500, 3000, 4500, 6000, and 7500 to explore the
flow rate contribution on the uniformity and maldistribution in the MCs. The
investigation has not considered any thermal analysis, as the project focuses on the
nonuniformity of the MCs' flow.

2. Methodology

Wen et al., 2006 used the PIV and CFD to investigate the flow pattern in a flat plate
heat exchanger, and they recommended the use of CFD and PIV to investigate flow
issues in MCHEs. Their recommendation is adopted in the current investigation.
An experimental setup has been designed and fabricated, and a computational
model has been developed for CFD simulation. The experimental measurements,
using PIV, provided benchmark data for validation of the CFD simulation.

However, to calculate the overall maldistribution coefficient, ¢ in each of the
three different header diameters with various flow rates, Eq. (1) recommended by
Dabrowski et al. [17] has been adopted, with N = 20 channels.

|Vi_ Vml
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2.1. Experimental setup

The model has three main parts: inlet header, outlet header, and microchannels. The
entire flow passages, including the inlet header, outlet header, and microchannels,
considered throughout this work, are constant in their cross-sectional area.

The geometrical parameters in the current investigation to design and fabricate
the MCs are adopted from the industrial MCs used by Khan and Fartaj [20]. The
values of the geometries are shown in Table 1.

Figure 2 shows the assembled MCHE. The MCHE was fabricated using the
SLA 3D printing method with a clear resin, allowing the instrumentation to capture
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the prototype's flow. The prototype was made of male and female parts facing each
other and tightened by bolts and screws.

Table 1. Constant parameters of the microchannel heat exchanger.

Constant Parameters Value
Channel type Circular channel
Header diameter (Manifold Diameter), Dh 5mm
Outflow port diameter, Dc 0.96 mm
Channel Spacing, S 0.96 mm
Length of the manifold, L 60 mm
Number of ports, n 20
Length of port (Microchannel length) 50 mm

Fig. 2. 3D printed microchannel heat exchanger.

The experimental setup is shown schematically in Fig. 3. Water flow is
discharged and controlled by a Peristaltic pump through a 6.4-mm-diameter plastic
tube connected to the 5-mm-diameter inlet header of the MCHE. Water flows up in
20 MC risers with 0.96-mm-diameters and exits at the top into the 5-mm-diameter
outlet header. A digital differential pressure manometer is connected at the headers
inlet and out to measure the pressure drop across the MCHE.

Pressure
sensor

+

‘é +f Valve

3

Prototype of MCHE

Effluent water
collector

Pressure Data logger

Fig. 3. Schematic of the experimental setup.
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2.2.Numerical method

In their experimental and numerical investigations, Liu and Garimella [2] have
demonstrated that the flow analysis of MCHE by commercial software packages is
satisfactory and can aid the study of flow characteristics in MCs. Accordingly, to
reduce the time and cost of a wide range of Re, ANSYS Fluent 2020 R1 commercial
software has been used in the current investigations to extend the investigation from
two Reynolds numbers in the experiment to five Reynolds numbers in the
simulation. The model was simulated with five different flow rates of 308, 617,
923, 1234, and 1543 ml/min, covering corresponding Reynolds humbers of 1500,
3000, 4500, 6000, and 7500.

2.2.1. Computational model and boundary conditions

The computational fluid dynamic (CFD) software ANSYS Fluent 2020 R1 was
used to solve the three-dimensional fluid flow equations. The simulation was
performed with the help of a pressure-based solver. The fluid flow in the MCHE
was assumed to be steady-state and incompressible. The fluid is water at room
temperature of 25 °C with a density of 998.2 kg/m3 and viscosity of 0.001 kg/s.
The fluid flows from the down inlet header, enters the MCs from the bottom, passes
through the micro-channels, proceeds upward, and exits from the outlet header, as
shown in Fig. 4.

0. =

Outlet
P .=0.0gauge

20 channels of
50 mm 0.56 mm Dia.

Velocity Inlet
0.262 m/s
0.786 m/s
1.31m/s

Fig. 4. Computational model of the MCHE in ANSYS-FLUENT.

This paper focuses on the flow distribution inside the micro-channel heat
exchanger, not the walls' heat transfer. The geometry was extracted using a volume
extractor using space claim on ANSYS Fluent 2020 R1 with the same volume
dimensions as the real prototype used at the experiment, and wall thickness was
neglected. The gravity effect on the flow is negligible.

2.2.2. Meshing criteria

The meshing process was challenging as the MCHE's geometry in total was tiny,
mostly since the micro-channel was in micro size. The best accurate results were
achieved with the smallest mesh possible. The meshing was done in two phases:
meshing the inlet and outlet headers and micro-channel ports. Both meshing phases
were done separately with different mesh sizes. The mesh used in the setup has a
total of element number 11.432 million with an excellent average aspect ratio of
1.85 < 5 and an average orthogonal quality of 0.772.
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2.2.3. Mesh independency check

A grid independence test was performed to obtain the most convenient mesh
structure, ensuring high accuracy with less computational time. The number of
mesh elements was changed from 4.909 million to 11.432 million for the Re of
1500 in the test. Table 2 briefly demonstrates the relative error defined in Equation
(2) between the grid (G1) and the other grids (G2, G3, and G4). It has been
concluded that the computational model with 11.432 million provided a reasonable
error for the average velocity value at a fixed point inside the MCHE compared to
the other models with a different number of elements.

e% = 142V | % 100 @)
L
Table 2. Mesh independency test.
Grid Velocity Error

No. Re Number (m/s) %

1 1500 4,909,915 0.2435 -

2 1500 6,325,274 0.2450 0.61

3 1500 8,378,822 0.2449 0.57

4 1500 11,432,581 0.2447 0.49

2.2.4. Governing equation

The governing equations of incompressible flow in the MCHE are provided by
Munson et al. [21], Hasan and Thena [22], and Bayrak et al. [23]: Continuity and
momentum equations for steady-state, incompressible, and 3D fluid flow have been
used. They can be expressed respectively:

Flow transforms from laminar characteristics to turbulent characteristics. The
realizable k-¢ model with scalable wall function and default settings of the model
constants was chosen to solve the continuous flow [24]. The realizable k-¢ is based
on modified transport equations for an alternative formulation for the turbulent
kinetic energy, k, and its dissipation rate, .

The transport equations for k and ¢, in the realizable k- ¢ model Arie et al. [25],
are represented below in Egs. (3) and (4), respectively.

9y =2 ey Ok

a—xj(pku]-) = [(u ) ax,-] + G+ Gy +pe + Yy + S, ©))
9 =2 By 92 £ e

2 (pey) = o |G+ 2| 4 pCiS, + PO GGy 45 ()

where, C; = max [0.43 n"?] n=5%5= /25,5,

In these equations, G, characterizes the production of turbulence kinetic energy
due to the mean velocity gradients, G, is the initiation of turbulence kinetic energy
due to the buoyancy effect, Y,, represents the involvement of the fluctuating
turbulence in the overall dissipation rate, C, and C,, are constants. g, and o, are
the turbulent Prandtl numbers for k and ¢, respectively. S, and S, are user-defined
source terms. The model constants have been determined to guarantee that the
model operates well for specific undisputed flows Hanjalic and Launder [26]. The
function of Prandtl numbers g, and o is to connect the diffusivities of k and ¢ to
the eddy viscosity ;. So that its effect is accounted for within the gradient diffusion
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term of the turbulent transport equations Versteeg and Malalasekera [27]. n is the
expansion parameter, which is defined as the ratio of the turbulence to the mean-
strain time scales. And S;;is the strain-rate tensor, which is calculated indirectly by
using the gradient transport hypothesis presented in Tsan-Hsing et al. [28].
Therefore, the following constants have been established by a comprehensive data
fitting for the realizable k-£ model Versteeg and Malalasekera [27].

Cie =144, (=192, 0, =10, 0. =12

3. Results and Discussion

The experimental velocity measurements were carried out at Re values of 1500 and
3000 with 5-mm-diameter headers. The pressure measurements were carried out at
1500, 3000, 4500, 6000, and 7500. The numerical simulations were carried out at
1500, 3000, 4500, 6000, and 7500, where detailed pressure, velocity, and flow
patterns were obtained. The experimental measurements at 1500 and 3000 Re were
used to validate the numerical procedure. The simulation inputs are constant, except
the inlet velocity and pressure are changeable. The input boundary conditions for
each flow rate are shown in Table 3.

Table 3. Input variable used at the 5-mm-diameter
inlet header as boundary conditions to ANSYS-FLUENT.

Flow rate Reynolds Velocity Pressure
(ml/min)  Number (m/s) (kPa)

308 1500 0.262 2.2
617 3000 0.524 6.2
923 4500 0.786 115
1234 6000 1.048 20
1543 7500 1.310 30.5

3.1. Validation of numerical procedure

The present simulation was validated by comparing the numerical results with
experimental measurements. The experiment was conducted for 308 and 617
ml/min flow rates, corresponding to Re of 1500 and 3000, respectively.

The experimental data validated the numerical results, as shown in Table 3. The
numerical and experimental results show the fluid's velocity inside MCs 1, 10, and
20 at Re 1500 and 3000 flow rates. The maximum relative error percentage between
the numerical and experimental results is 6.8% and 9.16 % for Re of 1500 and 3000,
respectively. The mean relative percentage of error of all compared cases is 5.6%,
indicating a good agreement and proving validation of the computational
simulation procedure.

Table 4. CFD simulation prediction and experimental
measurement of velocity results with the relative error percentage.

Velocity at Re 1500 Velocity at Re 3000

Micro- (m/s) Relative (m/s) Relative
0, 0,
channel Sim. Exp. error (%) Sim. Exp. error (%)
MC-1 0.337 0.323 4.04 0.633 0.593 6.05
MC- 10 0.330 0.316 4.38 0.633 0.575 9.16
MC - 20 0.381 0.355 6.85 0.733 0.711 2.93
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3.2. Qualitative analysis

The experimental results have been accomplished using PIV. The results of the
flow structure were mapped as velocity vectors in each channel. Figure 5 shows the
particle image velocimetry measurements' scalar map, where this map represents
the velocities inside the MCs of the MCHE.

Fig. 5. Scalar mapping of the particle
image velocimetry measurement results.

Figure 6 shows the velocity contours at Re of 1500. The fluid's inlet angle was
large when fluid flowed into the channel, which caused a clear flow separation and
a strong eddy current at the channel's inlet. The flow is slowing down as moving
downstream in the inlet header. The velocity flow field differs from one MC to
another. The flow velocity in the last MC is higher than in the first MC. The right-
side velocity vector figures are enlarged sections for better clarification.
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Fig. 6. The velocity vector field in the MCHE at Re = 1500
with enlarged segments at the microchannels’ inlets and outlets.

Circulation and dead zones exist in some flow regions. A nearly zero velocity

zone is present at the inlet header's end. The reason is that most of the fluid is
already flowing inside the MCs, and velocity is decreasing towards the close end
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of the header. In the lower end corner, there is a completely dead zone with almost
standstill water particles. This is also can be visualized in the velocity vector shown
in Fig. 6. However, there is still water flowing up in the last MC.

The flow field in the MCHE in terms of the velocity vector at Re = 7500 is
presented in Fig. 7. The figure shows the entire MCHE and enlarged segments of
the inlets and outlets of the MCs. The trend of flow behaviour is similar to the case
of flow with Re = 1500. However, the distortion and nonuniformity are more
obvious due to the higher velocity in each MC. For the flow to reach the fully
developed status, it requires a shorter distance than in the case of Re = 1500.
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Fig. 7. The velocity vector field in the MCHE at Re = 7500
with enlarged segments at the inlets and outlets of the microchannels.

3.3. Quantitative analysis

The simulation’'s predicted mean velocity is presented in Fig. 8 in a comparative
histogram for MCs 1, 10, and 20 at various Re of 1500, 3000, 4500, 6000, and
7500. The flow is nonuniform as the difference percentage of the velocity between
channels 1, 10, and 20 is more than 10% at Re 1500, 3000, and 4500 flow rates.
Furthermore, the nonuniformity increases with a higher flow rate, at Re 6000 and
7500, where the velocities difference between becomes more than 15%. The flow
velocity in channel 20 is considerably higher at all flow rates than MCs 1 and 10,
which proves the misdistribution concept.

EMC1 BMC10 EMC20

Velocity (m/s)
=
= wn
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w
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1500 3000 4500 6000 7500
Reynolds number

Fig. 8. Predicted velocity inside the microchannels 1, 10 and 20.
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4.Conclusions

Flow nonuniformity in non-protruded microchannel heat exchangers is investigated
in the current research experimentally and computationally. ANSYS Fluent 2020
R1 was used to simulate the flow distribution inside the heat exchanger's
microchannels at the five different flow rates referring to Reynolds numbers 1500,
3000, 4500, 6000, and 7500. The numerical procedure is validated by comparing
the experimental results with a mean relative error percentage of 5.56%. The results
indicated the existence of flow maldistribution and nonuniformity in the examined
microchannel heat exchanger, as the flow distribution differs in the 20
microchannels in all cases of flow rates. The velocities in the latest microchannels
are higher than in the early microchannels. The increment of the velocity values in
the microchannels is not uniform or consistent. All tested flow cases showed that
the flow increases gradually in microchannels 1 to 9 and suddenly reduces in
microchannel 10. Then, the flow increases gradually in microchannel 11 up to 20.

An important finding, which requires further independent study, is the structure
of the flow exit from the microchannels into the outlet header in the shape of jet
flow. This observation justifies the discrepancy in predicting the pressure drop in
microchannels. Extending the study with a focus on the pressure drop in the
microchannels is highly recommended. Also, it is recommended to explore the
effect of the header diameters on the flow maldistribution in the circular
microchannel heat exchanger.
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