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T Department of Mathematics, Microchannel heat exchangers have become the preferred choice in contemporary
Bangladesh University technologies like electronics, refrigeration, and thermal management systems. Their

of Engineering and Technology, popularity stems from their compact design and exceptional efficiency, which outper-
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E form traditional heat exchangers (HE). Despite ongoing efforts, the optimal microchan-

nels for enhancing heat management, minimizing pressure drop, and boosting overall
performance have yet to be identified. This study seeks to deepen our understand-

ing of heat transmission and fluid dynamics within a cross-flow microchannel heat
exchanger (CFMCHE). Utilizing numerical modeling, it examines how various physical
aspects—such as channel geometry, spacing between channels, the number of chan-
nels, and the velocity at the inlet—affect key performance indicators like pressure
drop, effectiveness, Nusselt number, and overall efficiency. To enhance the design, we
analyze six unique shapes of crossflow microchannel heat exchangers: circular, hexago-
nal, trapezoidal, square, triangular, and rectangular. We employ the Galerkin-developed
weighted residual finite element method to numerically address the governing three-
dimensional conjugate partial differential coupled equations. The numerical results

for each shape are presented, focusing on the surface temperature, pressure drop,

and temperature contours. Additionally, calculations include the efficacy, the heat
transfer rate in relation to pumping power, and the overall performance index. The
findings reveal that while circular shapes achieve the highest heat transfer rates, they
underperform compared to square-shaped CFMCHEs. This underperformance is largely
due to the increased pressure drop in circular channels, which also exhibit a 1.03%
greater reduction in effectiveness rate than their square-shaped counterparts. Conse-
quently, square-shaped channels, boasting a performance index growth rate of 53.57%,
emerge as the most effective design among the six shapes evaluated. Additionally,

for the square-shaped CFMCHE, we include residual error plots and present a multiple-
variable linear regression equation that boasts a correlation coefficient of 0.8026.

Keywords: Cross-flow, Microchannel, Effectiveness, Heat exchanger, Performance
index
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Introduction

Microchannel heat exchangers are crucial parts of heating, ventilation, and air condi-
tioning (HVAC) systems, automobile cooling systems, and electronics cooling systems
because of their higher heat transfer efficiency, smaller size, and more compact design
than traditional heat exchanger designs. Its heat transfer efficiency depends on various
factors, like surfaces that can transmit heat, the temperature difference between the flu-
ids, fouling, pressure drop, and fluid flow rate. [1-9] studied the heat transfer rate of
fin-tube and plate-fin heat exchangers. According to Khairul et al. [1], the CuO/water
nanofluids’ heat transfer coefficient rose from 18.50 to 27.20%. In comparison, the vol-
ume concentration of the nanoparticles increased from 0.50 to 1.50% compared to water.
They examined only the effects of water and CuO/water nanofluids on heat transfer per-
formance; other nanofluids were not considered. They should have conducted a com-
prehensive analysis of the pumping power. Yaici et al. [2] computationally investigate the
effect of inlet air flow maldistribution on the thermo-hydraulic performance of plate-
fin-and-tube heat exchangers, and their results indicate that up to 50% improvement or
deterioration in the Colburn j-factor is found compared to the baseline case of a heat
exchanger with a uniform inlet air velocity profile. This work does not thoroughly inves-
tigate the most effective header and distributor configurations to reduce maldistribution.
Ajeeb et al. [3] conducted an experimental investigation into the operation of a compact
gasket plate heat exchanger (PHEX) and discovered an increase in pressure drop of 8%
and a heat transfer enhancement as the concentration of the nanoparticles increased to a
maximum value of 27% at 0.2 vol%. The experiments may not apply to other operational
scenarios because they were conducted under specific heating settings, most notably
high temperatures. The optimal side ratio for heat exchangers was 0.25 by Cao et al. [4],
who investigated the effects of various hexagonal side ratios on heat transfer capacity
and fluid flow characteristics. Reducing the size of heat transfer equipment is possible
by using graphene-based nanoparticles, which enhance heat transfer [5]. Natesan and
Karinka [5] critically reviewed the numerous uses of graphene in heat exchangers and
electronic devices and improved heat transfer in heat exchangers, heat pipes, and elec-
tronic components. However, the simulation’s employed nanofluid is excessively costly,
and its environmental and human health impacts are unknown. A quantitative analysis
of the effects of flow maldistribution through compact plate-fin heat exchangers (HE)
with baffle plates and wavy fins was conducted by Ismail et al. [6]. A good agreement was
found after comparing the numerical and analytical results of the wavy fin to those of a
rectangular fin. A multi-objective topology was created by Ghasemi et al. [7] to improve
sink geometries and reduce pressure loss and heat resistance at the same time. Com-
pared to typical (circular) in-line and staggered fins, the optimized topologies showed
better cooling capabilities at lower pressure loss costs, proving the superiority of topol-
ogy over pure sizing optimization. Using mathematical modeling, Kalantari et al. [8]
conducted an analytical correlation to assess the importance of geometrical, design, and
operating characteristics for conjugate heat transmission via fin and tube HE by varying
Re numbers from 3000 to 12,000. The findings revealed a novel association that leads to
a conjugate heat transfer forecast that is more accurate than its conventional non-con-
jugate counterpart. Still, it does not reflect all flow conditions accurately. Raei et al. [9]
used a drag-reducing agent (DRA) nanofluid within a fin-and-tube HE to lower pressure
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drops and examine the heat transfer performance. They demonstrated that 0.2-weight
nanofluid can produce 20% more heat transfer at the cost of a 5% increase in pressure
drop (without the addition of DRA). They might look into the impacts of other variables,
including temperature, drag reduction, and flow rates.

Better temperature changes are possible with a double-tube heat exchanger than with
some other types because it uses two concentric tubes for improved heat transmission.
The heat transfer performance of water nanofluids (GNP/water) and graphene nano-
platelets (GNP) via a double-tube-type heat exchanger (DTHE) was investigated and
compared by Lima et al. [10] using computational fluid dynamics (CFD) simulation and
experimental methods. Their findings showed a 28% increase in temperature gain at
0.025 weight percent GNP, indicating superior thermal performance. These results agree
with those obtained from CFD modeling and empirical correlation calculations. Khos-
ravi et al. [11] proposed an innovative design to improve the performance of DTHE.
They demonstrated that, compared to a smooth tube, the convective heat transfer coef-
ficient for the cold fluid could be raised by up to 22% when employing nanofluids as
working fluids. The study did not look at pressure decrease or the overall effectiveness
of heat transfer; instead, it solely examined the cavern pressure evaluation curve. The
sensitivity analysis of heat transfer and heat exchanger effectiveness was studied by Shir-
van et al. [12] using the response surface (RSM) approach considering the nanoparticle
volume fraction (0.01 <¢ <0.05) and Reynolds number (50 <Re <250) by using Al;O3
nanofluid and found that the mean Nu number increased 57.70% with Re number when
the nanofluid entered the outer pipe where Re=50 to 150 and ¢ =0. They ignored the
other nanofluids’ effect. Bashtani and Esfahani [13] numerically examine the capacity of
a DTHE with a simple and corrugated tube, assuming three distinct wave amplitudes
and considering the k- shear stress transport (SST) turbulence model. The findings
demonstrated that, compared to the primary heat exchanger, the corrugated HE’s aver-
age Nu number was around 1.75 times higher, and its effectiveness ratio was 1.73 at
similar Reynolds numbers. They did not conduct experimental research; they just per-
formed numerical simulations. Using the Kays-Crawford model, Nasrin et al. [14] stud-
ied turbulent flow in a shell and tube heat exchanger (HEX). Their results showed that
using 3% concentrated water-multi-walled carbon nanotube (MWCNT) nanofluid, a
higher heat transfer rate (12.24%) was achieved compared to that of water, consequently
enhancing the efficiency of this heat exchanger. For a range of Re numbers between 100
and 1000, the significance of geometrical parameters on the properties of heat transmis-
sion and water flow in microchannels was numerically examined by Gunnasegaran et al.
[15]. They discovered that the rectangular heat sink with the minor hydraulic diameter
performs better regarding pressure drop and friction factor out of all the shapes. Zhu
et al. [16] offered a comparative study to discuss how well these geometric configura-
tions performed regarding the overall performance factor, friction coefficient, entropy
production, and average Nusselt number. The microchannel that combines elliptical rib
columns and water droplet cavities appeared to be the most effective in all scenarios,
achieving an overall performance factor of up to 1.513 at Re=331.32 with a =0.3 and
£=0.5. Starace et al. [17] numerically investigated the heat transfer mechanism in cylin-
drical micro-pin—fin heat exchangers. They provided a methodical examination of flow
boiling in a micro-pin—fin evaporator, covering heat transfer, thin-film dynamics, and
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bubbles. They found that increasing the mass flow rate causes bubbles to grow more
slowly and leave the nucleation sites earlier, which reduces the two-phase heat transfer.

Apart from the heat exchangers previously mentioned, flow-configuration-based heat
exchangers such as crossflow, counterflow, and parallel flow heat exchangers are also
employed to enhance heat transfer efficiency. Using numerical analysis, Mohammed
et al. [18] investigated the effects of various nanofluids on the heat transfer character-
istics and fluid flow through a square-shaped parallel flow microchannel HE with vary-
ing Reynolds numbers. They discovered that nanofluids could enhance the HE’s thermal
performance with only a slight increase in pressure drop. Still, they should have con-
sidered channel configuration, ignoring many characteristics that could impact overall
performance, such as the friction factor, pressure drop, and Colburn factor. The flow
through a parallel-plate micro-heat exchanger was studied statistically by Al-Nimr et
al. [19] to examine its thermal and hydrodynamic properties. Although they did not
examine all the other relevant variables in real-world applications, their results indicate
that the number of transfer units (NTU) increases as the heat capacity ratio increases at
a low Knudsen number. The efficiency of a new heat exchanger has been tested experi-
mentally and theoretically by Kragh et al. [20]. They presented and designed a revolu-
tionary counter-flow HE for cold climates that can continually defrost itself at outside
air temperatures below freezing. Still, their geometry is more significant than any other
geometry. Anjaneya et al. [21] investigated and compared the effectiveness of different
microchannel heat sinks based on hydraulic diameter, surface area, and number of chan-
nels. The absence of experimental validation in the study could potentially improve the
dependability of the CFD outcomes. They only used rectangular channels.

Larger in surface area and more efficient in heat transfer, cross-flow heat exchangers
are cheap, simple to install, and widely used in various industries, including portable
cooling systems and aircraft heat exchange. In a research experiment, Kalantari et al.
[22] looked into the impact of a CuFe;O4/water nanofluid on the enhancement of the
rate of heat transmission in a cross-flow type HE under turbulent flow at varying vol-
ume percentages of CuFeyOs/nanoparticle (0<¢ <0.9% vol.). A maximum perfor-
mance evaluation criterion (PEC) improvement of 44.46% was observed when using
nanofluids with a volume percentage of 0.1%. They only focused on a single nanofluid.
Masitah et al. [23] provided heat transfer and effectiveness analysis based on a cross-
flow heat exchanger physical model. The investigation reveals that heat is transported
through heat transfer plates at an increasing air velocity. Effectiveness, on the other
hand, rises when air velocity falls. Li et al’s study [24] looked at the effects of the cor-
rugation pitch, inlet cross-angle, and inlet temperature difference on the performance
of a W-alloy vertical cross-flow corrugated plate heat exchanger (VC-CPHE), which
has certain advantages over other heat exchangers in space reactor applications. They
discovered that while the heat transfer coefficient somewhat decreases with increas-
ing heat exchanger inlet temperature differential, overall heat transfer improves. A
cross-flow printed circuit HE is a reduced-order dynamic model presented by Furlong
et al. [25]. It assesses steady-state and transient performance, lessening fluctuations in
heat-integrated reactors and intensification processes. Important factors influencing
the transient response of large heat exchangers are initial variations in outlet temper-
atures from ideal-case models below 3.8% of unit step magnitudes, average differences
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below 0.75%, and limited fluid velocity. Their representation of the model’s behavior
under particular operating conditions was imprecise, and they only used half-circular
shape geometry, ignoring other shapes. By adjusting the number of heat pipes, fins,
and the inlet velocity variation at the heat exchanger’s inlet as fundamental parame-
ters for determining the thermophysical quantities of interest, Nogueira [26] theoreti-
cally analyzed the temperature efficiency of HE through a cross-flow finned heat pipe
heat exchanger (FHPHE) to control the quality of the air conditioning in operating
rooms. They discovered that the global heat transport rate varies from 0.5% to 35%.
Ghorbani et al. [27] focused on developing a numerical model and aimed to analyze
the Nusselt number in the air and oil channels that agree well with classical develop-
ing flow correlations. They provided accurate temperature distributions in both fluid
channels that closely matched the results of the experiments. Liu et al. [28] found
that when the thermodynamic characteristics were examined using counter-flow and
cross-flow plate-fin heat exchangers (PFHE), the efficacy of constant wall temperature
boundary conditions increased by 35.8% and the heat flux increased by 22.8%. The
study does not investigate the effects of different fluids. The study focuses on the ther-
modynamic characteristics of counterflow and crossflow PFHEs and does not con-
sider other types of heat exchangers. Mangrulkara et al. [29] reviewed the most recent
advancements and how they might enhance heat exchangers’ thermal performance.
They provided some suggestions for improving the next-generation cross-flow heat
exchanger. Specifically, they suggested that tube shapes, fins, and winglets increase
the heat exchanger’s effectiveness. Moosavi et al. [30] performed a numerical compar-
ison of the thermo-fluid behavior of wall-bounded and free cross-flow heat exchang-
ers at a Re number of 40,000 using the unsteady Reynolds-averaged Navier—Stokes
(URANS) method. Local Nu number distributions in the angular and spanwise direc-
tions showed significant changes. Still, the area-averaged mean Nu from 2 and 3D
models for free heat exchangers shows no significant difference compared to wall-
bounded heat exchangers. They only used circular-shaped channels, ignoring other
shapes. The experimental study of calcium sulfate crystallization fouling in cross-
flow heat exchangers was conducted by Jradil et al. [31] using RSM. According to the
results of their suggested model, anhydrite (CaSO,) is the primary crystal form that
fools those forms on HE walls. This suggests that crystallization fouling controls the
fouling process, for which fluid temperatures significantly raise the fouling resistance
on the surface. Toolthaison and Kasayapanand [32] carried out experimental research
using a modified air angle of attack with a constant flow rate and air at ambient condi-
tions with varying velocities (ranging from 2 m/s to 7 m/s) to improve heat transfer of
a nonfinal cross-flow HE. According to their findings, the adjusted air angle of attack
technique can raise the heat transfer coefficient overall, but there was also an increase
in pressure drop. Caceres et al. [33] used a numerical model, validated against pre-
liminary experimental data collected in their laboratory for chilled water flowing in a
single phase, to predict the transient response of a refrigerant-based crossflow HE as
part of a close-coupled hybrid cooling system (CCHCS) since the use of refrigerants
enhances the thermal performance of these systems. Starting from the results of the
numerical analysis at the micro-scale, Starace et al. [34] proposed a potent alternative
design procedure for the cross-flow compact heat exchangers design to find a wall
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temperature distribution throughout and to determine the mass flow rate distribu-
tions on both sides. They found that the multi-scale approach yields more accurate
results than the full-scale method.

Alonso et al. [35] examined membrane-based heat exchangers that may encounter
serious freezing issues to achieve zero-energy buildings in cold climates. Nevertheless,
smells can still transfer from extracted air to supplied air due to the delicate nature of
membrane-based heat exchangers and the need for careful optimization. Mortean et al
[36] examined a cross-flow heat exchanger’s theoretical and numerical thermal and
hydrodynamic behavior. In addition, the predicted pressure decrease has some limita-
tions, and the analysis was limited to square channels, so the results might not apply
directly to heat exchangers with other channel geometries. Mitra and Ghosh [37] cre-
ated a three-dimensional crossflow heat exchanger model that can regulate both bal-
anced and unbalanced flows. Their model only uses rectangular channels; it ignores
other geometries, transient behavior, irregular flow distribution, and fouling factors in
performance analysis. Zhong et al. [38] tested a plate-fin total heat exchanger’s (PFTHE)
enthalpy efficacy and sensibility. According to the findings, the PFTHE'’s enthalpy effi-
cacy and sensitivity and efficacy are best at 7.8% and 17.4% airflow rates, respectively.
Understanding the improved PFTHE's relative effectiveness is limited because the study
did not compare its performance with other heat exchanger types. Kang and Tseng [39]
created a theoretical model that forecasts a micro-cross-flow heat exchanger’s fluidic
and thermal properties. The analytical findings demonstrate that the average tempera-
ture of the cold and hot side flows strongly and equally influences the pressure drop and
the heat transfer rate. It is challenging to comprehend some design factors and how they
impact pressure drop and heat transmission rate due to the sources’ lack of information
about the heat exchanger’s dimensions.

According to the literature above, extensive research has been conducted on channel
shape’s impact on counterflow microchannel heat exchangers. Still, research has yet to
be done on cross-flow microchannel heat exchangers. In addition, more research needs
to be done on reducing the pressure drop, even though little has been done to improve
heat transfer. There has yet to be any comparative research on the heat transfer mecha-
nisms of various shapes in terms of specifics like pressure drop minimization and heat
transfer optimization. However, more than dealing with a limited number of shapes is
required. Thus, scientists ought to continue focusing on this issue as well as the follow-
ing topics:

+ No study has been done on effectiveness analysis through cross-flow through differ-
ently shaped microchannel heat exchangers.

+ No study has been done on overall performance analysis through different shaped
channel heat exchangers.

+ No thorough research has examined how channel shapes affect effectiveness analy-
sis.

+ The performance evaluation and effectiveness of various CHMCHE geometries have
not been compared.

+ No research on the impact of channel distance and geometry has been the subject of
comparative research.
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+ No research has been done on pressure drop minimization.
Thus, in this study, we investigate the following:

« We investigate increased heat transfer and fluid flow using variously shaped cross-
flow microchannel heat exchangers.

+ We explore how various channel forms affect heat transfer optimization and pres-
sure drop minimization through a cross-flow microchannel heat exchanger.

+ We look at the effectiveness and overall performance of different-shaped cross-flow
microchannel heat exchangers.

From this study, researchers will benefit and be motivated to use cross-flow micro-
channel heat exchangers with appropriate channel shapes to enhance performance in
hydraulic and thermal phenomena.

Physical modeling
The CFMCHE schematic figure in a square-shaped channel is presented in Fig. 1, and a
2D schematic sketch of trapezoidal, hexagonal, circular, square, rectangular, and trian-
gular forms is shown in Fig. 2. Although the microchannel heat exchanger consists of
20-unit cells for symmetry and reduces computational time and cost, only a single unit
of CFMCHE is chosen for this study. The physical structural properties are illustrated
in Table 1. Water is considered the base fluid, and stainless steel is the solid material
of CFMCHE. Table 2 contains a summary of both of their thermophysical character-
istics. We use pressure P = 0 Pa a at the outlet, 333 K at the hot inlet, and 298 K at the
cold inlet to simulate the model. The Reynolds number is taken into consideration when
computing the inlet velocities.

Regarding a variety of Reynolds numbers from 2 to 20, inlet velocities, dependent on
the number, vary from 0.024 m/s to 0.24 m/s.

Mathematical modeling

The CEMCHE controlling equations provided below are extracted from Refs. [41].
According to [41], the flow exhibits all these properties: laminar, single phase, forced
convection, viscous incompressible, and steady state.

Solid Surface I

Fig. 1 Schematic diagram of the 3D computational domain of square-shaped CFMCHE
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(a) Circular (b) Hexagonal

(¢) Rectangular (d) Square

AAAAAAAA AAAAAAAA

(e) Trapezoidal (f) Triangular

Fig. 2 a—f 2D computational domain for circular, hexagonal, rectangular, square, trapezoidal, and
triangular-shaped CFMCHE

Table 1 Physical structural parameter of the CFMCHE

Physical parameters L H w Len Hep W Dor D

Value (wm) 900 900 200 900 70 70 15 5

Table 2 Thermophysical characteristics of water [47] at T = 298K

Thermophysical properties Stainless steel Water
Density p[kg/m?3] 7800 997
Dynamic viscosity u[Pa sk 0.001
Heat capacity at constant pressure CplJ/kg K] 420 4178
Thermal conductivity k[W/mK] 15 0.609
du Jdv  ow _0
ax oy dz (1)
u ou u op  Wf 2u  u  9%u 5
P V— —_ = —_— JRE— R — |,
ax Ay dz dx  pr \dx2 32 8z? @)
v dv v 9 ur (3%v  %v 9%
U— +v— TP —f( st —=+—=) (3)
d ay 0z dy  pr \ox ay a
w  ow dw 3 Pw  Pw Pw
Uu— +v— ow_ % 1 o T3 ok (4)
d ay 0z 9z pr \dx ay 0z
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The following are the applying boundary conditions [40]:

At all bottom inlet: # = u;,, v = 0,w = 0, T.= 298K.
Atall top inlet: u = 0,v = v, w = 0, T}, = 333K
At all outlets: P =0

At top and bottom surfaces: symmetry (u.n = 0 and — n.q = 0)

At external walls: insulation % =0

At solid—fluid interface: kf(%)f = k5<%)s,Ts =Tpu=v=w=0.

where, n, u, q are the unit outward normal vector, velocity vector, and heat transfer

vector.

The following includes the required definitions for the current model along with

their related expressions:

+ Reynolds number [42],
Re = LuinDh.
Kf
+ Hydraulic Diameter [42],

2 WchH ch

h= v, s
Wch+Hch

» Heat transfer coefficient [45],

h=—1
ATy — To)

« Nusselt number [45],

hDy,
Ny =——-.
ke

« Total pressure drop [42],

AP = AP, + APj, = (P — Peo) + (Py; — Pio).
«+ Total Pumping power [18],

Py = QuAP, + QAP

« Volumetric flow rate [18],

(11)

Page 9 of 27
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Q = NepAcnthing (13)
» Effectiveness [42],

Gactual
E =

Gmax (14)
+ Heat exchanger performance (Thermal) [42],
e
=2 (15)
+ Heat exchanger performance (Hydraulic) [42],
= % (16)

where, Ny is  number of channel, guax = mCy(Ty; — Tei), and
Gactual = (MCp), (T, — Tpo) = (mCp) (T, — Tco), are the maximum and actual
heat transfer, respectively.

Numerical procedure

Galerkin’s weighted residual methods have been used to solve the Navier—Stokes
above Egs. (1-6) and related boundary conditions [43]. This method uses meshing,
essential in complicated geometry, to divide the solution domain into smaller parts
called finite elements. These elements comprise non-uniform 10-node tetrahedron
elements in the domain and 6-node triangle elements in the boundary. Refs. [44, 46]
comprehensively details Galerkin’s weighted residual approaches. For this solution
process, the convergence criteria are specified as |1 — y”| < 10~% where # is the
number of iteration and y is the function of dependent variables.

Mesh and grid test

The mesh utilized in this investigation for CFMCHE, which has circular, square, rec-
tangular, trapezoidal, hexagonal, and triangular shapes, is shown in Fig. 3a—f. The
domain’s solution has been partitioned into non-uniform finite element meshes. Ele-
ments in the border consist of 6-node triangles and 10-node tetrahedrons. Through
a square-shaped microchannel heat exchanger, shown in Fig. 4, five different types
of grids are executed at Re = 4, channel number 11, and Channel distance 5 pm. The
total number of meshes consists of 69,181 (coarser), 158,131 (coarse), 401,997 (nor-
mal), 1,644,033 (fine), and 32,352,494 (finer), respectively.

The computational times are 87 s, 164 s, 317 s, 1223 s, and 3836 s, respectively, and
the number of elements is 69,181, 158,131, 401,997, 1,644,033, and 3,252,494, respec-
tively. 2363.1401 [W/m2K], 2366.6112 [W/m*K], 2370.6531 [W/m?*K], 2371.5822
[W/m?*K], and 2371.7614 [W/m?**K] are the corresponding heat transfer coefficient
values. The computation time increases considerably, but the heat transfer coeffi-
cients after normal meshes increase so marginally that it has an insignificant effect.
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(a) Rectangular (b) Square

(e) Hexagonal (f) Circular

Fig.3 A 3D mesh of the computational domain of different channel-shaped CFMCHE

69181 158131 401997 1644033 3252494
Elements

Fig.4 Grid test at Re = 4, channel number 11 and distance 5 pm
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For the numerical simulation, we use a normal mesh for all shapes of heat exchange to
balance computational cost and accuracy.

Results and discussions

Six different shapes with constant heat exchanger dimensions are used to investigate
the overall performance of CFMCHE. In all cases, cold and hot fluids move at the same
speeds (u;,=v,,). We compare our current model to Ahmed et al. [45] to verify its valid-
ity and discover a firm agreement. We can infer that our model is trustworthy based on
the comparison findings. Our findings are categorized into three sections: the impact of
Reynolds number, the effect of Channel distance, and the impact of channel number on

Nu number, effectiveness, pressure drop, and overall performance index.

(d) Triangular

(e) Hexagonal () Circular

Fig.5 Surface temperature of CFMCHE at channel number 8 and distance 35 pm
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Role of channel shape

Surface temperature

Figure 5 shows the surface temperature profiles over six different-shaped microchannels,
including square, rectangular, triangular, trapezoidal, circular, and hexagonal, by keeping
the channel number fixed at 8, the distance between channels at 35 pum, and the Reynolds
number at 20. The above statistics from Fig. 5 demonstrate that heat exchange occurs
between cold and hot fluids, and temperature spreads across the surface. Out of these
six designs, square and circular both have a greater hydraulic diameter (7 x10~> m),
which means they should disperse more heat because the larger hydraulic diameter and
increased surface area enable better heat transfer with faster temperature spreading.
The square and trapezoidal shapes in this study disperse temperature more than other
designs of similar size because of their extended surfaces at the edges. Extended surfaces
promote better heat transfer and faster temperature spreading by allowing for a closer
connection with the surrounding environment and more efficient heat transfer. This
results in a larger surface area and greater temperature spreading. We notice that square
shapes have a heat exchange rate of 0.43%, trapezoidal shapes have a rate of 0.41%, and
triangular shapes have a rate of 0.36%. Among these six shapes, the temperature of the
square shape spreads very well, in which hot and cold channels exchange more heat
between them, and the temperature of the triangular shape applies less. After releasing
heat through the heat exchanger wall, the fluid from the hot channel cools in the heat
exchanger. Moreover, heat is transferred from the hot fluid to the cold channel, where
the fluid gets heated.

Isothermal lines
Isothermal contour lines represent the region of constant temperature within the chan-
nel. These lines show how each channel’s geometric variations impact the flow and heat

FPHOOOO0DD| | | PE2Q O0ODD]

(a) Circular

ooooooog | |

(c) Rectangular

vavavAvAvAVAVAVIRNIN e A AA A,
e 1= — |

(e) Trapezoidal (f) Triangular

Fig. 6 Isothermallines in the xz- plane for different CFMCHE with Re = 20
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transfer properties. Because of its concentric isothermal contours, the circular channel
facilitates consistent heat transfer across its cross-section. Hexagonal channels exhibit
uneven isothermal contours and intricate flow patterns. The uneven aspect ratio of
rectangular channels results in elongated isothermal contour lines. Uniform flow dis-
tributions and symmetric heat transfer are provided by square channels, which lead to
clearly defined isothermal contour lines. Because of its sharp corner edge, the triangular
channel displays non-uniform temperature distribution, asymmetric isothermal contour
lines, and concentric heat transfer distribution along the channel wall. The trapezoidal
channel displays both uniform and non-uniform flow distribution because it combines

the features of the rectangular and triangular channels.
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Fig. 7 Surface pressure for different shaped CFMCHE at Re = 8 and channel distance 35 um
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Figure 6 displays the isothermal contours over six different-shaped microchannels,
with 8 channels, 35 um channel distance, and Re=20. We observe from Fig. 6 that
in cold channels, the fluid temperature color is getting more yellow, which is getting
hotter, and the hot channel’s outlet temperature in the context of trapezoidal forms
is 314.26K, which is higher than other shapes; in the case of triangular shapes, it is
313.90K, which is less than trapezoidal shapes. Most isothermal lines in a trapezoidal
channel are yellow after half the channel length and at the cold outlet, which denotes
a higher heat transmission. A cold channel has an outlet temperature of 315.20 K,
more significant than other geometries’ outlet temperatures. Aside from this, the
temperature in the triangular channel is 314.26 K, the lowest temperature in the cir-

cular channel is 313.03 K, and the remaining channels have temperatures ranging

from 313 to 314 K.
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Surface pressure

Figure 7 illustrates how different microchannel forms affect pressure drop, where Re and
channel number are fixed at 8 and channel distance at 35 pm. A color legend with maxi-
mum and minimum values is included in this figure. According to Fig. 7, the pressure
drop varies between 0.817 Pa and 842 Pa, with triangle shapes experiencing the max-
imum pressure drop and square shapes experiencing the lowest pressure drop, which
ranges between 0.064 Pa and 432 Pa. In that order, the pressure drops are 680 Pa, 553 Pa,
491 Pa, and 614 Pa, in the remaining trapezoidal, rectangular, circular, and hexagonal
shapes. Therefore, triangle shapes have the most significant pressure decreases, and
square shapes have the lowest.

Role of channel number

Figures 8a—c illustrate how the number of channels affects the Nu number, effective-
ness, and pressure drops, respectively. The channel distance stays constant at 5 and
Reynold numbers stay constant at 20 for all channel shapes (circular, square, hexagonal,
trapezoidal, triangular, and rectangular), but channel numbers 6, 8, and 11 vary. Nusselt
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number, efficiency, and pressure drop are calculated accordingly using Egs. (10), (14),
and (11), respectively. Figure 8a shows that a rectangular channel has the lowest Nusselt
number, 0.60, and a circular channel has the highest, 0.85, at channel 11. It is observed
that Nu is the highest for circular shapes, but its increasing rate is highest for square
shapes (21.13%), while the rate for channels with a circular shape is 17.64%. Figure 8b
shows that a hexagonal channel produces the maximum efficiency value (0.42), while
a triangular channel produces the lowest (0.25) at Reynold number 20. As we can see,
the effectiveness growth rate for the circular channel is 18.18%; however, the effective-
ness growth rate for the hexagonal channel is 16.67%, as shown by the yellow shade in
this graph. As seen in Fig. 8c, the conduit with a triangular shape has the most signifi-
cant pressure drop, 4192.9 Pa; the square-shaped duct, on the other hand, has the low-
est pressure decrease 2159.8 Pa, at channel number 6. Furthermore, we observe that the

pressure decrease is unaffected by raising the channel number.

Role of channel distance

The channel distance varies between 5 um, 25 pm, and 35 pm when the channel number
is fixed at 8, and the Reynolds number at 20, and the heat exchanger’s size and shape
remain constant for all of the following channel shapes: circular, square, hexagonal, trap-
ezoidal, triangular, and rectangular. Figure 9a—c show the variation of the Nu number,
effectiveness, and the pressure decrease via the channel distance fluctuation, respec-
tively. The findings exhibit that the Nu value for the triangular-shaped channel is the
lowest at 0.56, while the most outstanding value is 0.96 for a circular channel. The graph
shows that, despite having the highest heat transfer rate, circular channels only have an
increasing rate of 24.41%, which is 24.68% less than that of rectangular channels, which
have the highest growth rate of 49.09%, and the lowest increase rate of 5.66% for triangu-
lar channels.

Graph 9b shows that a triangular channel yields the lowest efficiency, 0.32, which is
opposite to that value when we change the channel number. Besides, a circular channel
has the highest value, 0.44 at a distance of 35 um. We can observe that the effectiveness
growth rate for square-shaped channels is around 46.15%, the highest rate in this area,
and 10.26% for hexagonal, which is the lowest. On the other hand, this graph indicates
that the effectiveness growth rate for trapezoidal-shaped channels is just 17.95%. Fig-
ure 9c shows that the decrease rate is small, as it only amounts to 0.10% for a hexagonal

channel.

Role of Reynolds number

Figure 10a, ¢ demonstrate the impact of Re number variations on pressure drop and
Nu number across six different shapes for laminar flow with a fixed channel distance of
35 um and a fixed number of eight, respectively. Figure 10b depicts the error bar graph of
the demonstrated number. The inlet velocities for Re = 2,6, 8,10, 12,14, 16, 18, and 20
are 0.024 ms™ 1, 0.05 ms™1, 0.07 ms™1, 0.09 ms™1, 0.122 ms™1, 0.14 ms™*, 0.17 ms~, 0.19
ms~1, 0.22 ms~1, and 0.24 ms~! for the square-shaped channel. The rise in Reynolds
number and the Nu number are always seen simultaneously as Fig. 10a illustrates. From
this figure, we notice that the Nusslet number for circular-shaped channels is the highest
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when Re = 20; it is 0.96 for circular shapes and 0.82, 0.87, 0.92, 0.88, and 0.55 for hexag-
onal, rectangular, square, trapezoidal, and triangular shapes, respectively; however, the
rate at which the Nusslet number rises for trapezoidal shapes is 16.46%, which is 0.78%
higher than the circular one when Re is set at 20.

The error bar graph in Fig. 10b shows the heat transfer rate error for various Reynolds
values between 2 and 20. We have determined the average and standard deviation using
values of the Nusselt numbers. Each red bar has a tiny green line at the top representing
the error margin, a measure of variability or uncertainty. All of the Re values have rela-
tively small error bars, which suggests that the Nu measurements and computations are
accurate and consistent. When Re increases, the errors rise somewhat but stay within a
reasonable range in the observed or estimated Nu values. Utilizing the data supplied by
Nu, we create an error bar with a maximum average value of 0.84, a minimum average
value of 0.11, and a maximum standard deviation of 0.15 and a minimum standard devi-
ation of 0.02. The tiny error bars indicate the well-controlled experimental or simulation
setup and the consistent Nu values. We may conclude that the findings in this study are
precisely correct in terms of being short-tailed based on the length of the tail.
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Figure 10c shows us that, of all these shapes, triangles have the highest pressure drop,
at 4145.207 Pa, while the pressure drops of the other shapes are all under 3000 Pa, and
the lower pressure drop is 2134.34 Pa at Re = 20 for square shapes. This is because tri-
angles have a small cross-sectional area. The increasing rate of pressure decrease in the
case of a square shape is 51.23% smaller than that of a triangular shape, which is consid-
ered to be the lowest one for being high and has a maximum cross-sectional area com-
pared to others, even though CFMCHE'’s basic geometry is the same in each instance.

The variation of effectiveness, hydraulic and thermal performance index for changing
Reynolds number ranges between 2 and 20, shown in Fig. 11a—c, respectively, through
six different-shaped CFMCHEs with a constant Channel distance of 35 pm. Effective-
ness increases constantly for square, rectangular, hexagonal, and circular shapes before
declining in the case of Re < 4, increasing overall due to higher flow velocities; trian-
gular and trapezoidal channels show a progressive decline in effectiveness. As per the
computation, the efficiency of a triangular-shaped heat exchanger is reduced by high
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fluid velocity (0.39 ms™1), resulting in an effectiveness of 0.55. Similarly, the efficacy of a
circular-shaped CFMCHE is higher (0.60) as the fluid velocity is 0.24 ms™L.

A performance index’s definition and the things it measures determine whether it is
dimensional or dimensionless. Many performance indices are designed to be dimension-
less, meaning they don’t have physical units. They are often ratios of two quantities with
the same units, canceling out the units. For example, if a performance index combines
heat transfer rates and pumping power, it is typically dimensionless, as it’s the ratio of
physical quantities with the same units. However, there are cases where a performance
index might have dimensions, especially if it combines multiple physical quantities with
different units. For instance, a performance index combining effectiveness and pressure
drop could have dimensions, representing a trade-off between two quantities with differ-
ent units.

When evaluating the performance of a microchannel heat exchanger, two important
ratios often considered are the ratio of heat transfer rate to pumping power and the ratio
of heat transfer rate to pressure drop or efficiency to pressure drop. These ratios help
differentiate between thermal performance and hydraulic performance. Both indices
are crucial for evaluating the overall performance of a heat exchanger. Optimizing these
ratios ensures that the heat exchanger operates thermally and hydraulically efficiently.
Thermal performance index is the ratio of efficiency to pressure drop or the ratio of heat
transfer rate over pressure drop which is dimensional. Hydraulic performance index is
the ratio of heat transfer rate to pumping power which is dimensionless.
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Because square channels have the lowest pressure drop and triangle channels have the
most detrimental pressure drop of all other shaped channels, it is evident from Fig. 11b,
c that square channels have the highest and triangular channels have the lowest hydrau-
lic performance and thermal performance. In this instance, the only explanation is that
when the Reynolds number increases, more pressure falls and a decrease in effective-
ness. The reduction in heat transfer rate with increasing pumping power is directly cor-
related with the Re number; additionally, the triangular channel experiences the highest
rate of decline (94.34%), while the hexagonal-shaped channel experiences the lowest rate
(92.50%) is 5.22% higher than all other shapes at Re = 2. It is evident from diagram 11c
that channels with a square form have a better performance index (53.57%) than chan-

nels with triangular shape at Reynolds number 2.

Comparison
Due to Nusselt number
With water being the base fluid, the comparison between the current study and Ahmed
et al. [45] is displayed in Fig. 12a for the variation of Nu as a function of Re. They [45]
investigated two distinct scenarios: water and water-A/,03 pair nanofluid, and they car-
ried out CFD analysis of flow and heat transfer enhancement using water-alumina nano-
fluid through a CFMCHE composed of stainless steel. The size of their microchannel is
800 x 800 um. They have used five distinct rectangular-shaped channels. We maintain all
conditions and properties and compare our channel data in rectangular shape with their
first case of numerical data. The GetData Graph Digitizer program extracts the data for
this comparison from [45]. The results of this study and Ahmed et al. [45] fit each other
quite well.

Figure 12b shows the relationship between the Reynolds number (Re) and the Nusselt
number (Nu) using an error bar graph. The Nusselt number measurement uncertainty
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is shown by the vertical lines with caps on each bar, and a clear rising trend in the Nus-
selt number is observed as the Reynolds number increases This implies that convec-
tive exchange of heat improves with increasing flow rate (and hence Reynolds number),
which is characteristic behavior in heat transfer systems. Relatively short error bars for
lower Reynolds numbers (Re = 4 and 6) suggest more consistent measurements. Even
at higher flow rates, the measurements are accurate as evidenced by the short error bars
that remain as Re increases, particularly at Re = 20. We have calculated the error graph
by calculating the mean and standard deviation values: 0.79-0.35 and 0.05-0.01, respec-
tively. The reasonable proximity of the mean and standard deviation values leads us to
the conclusion that the data are appropriate.

Due to heat transfer coefficient

We evaluate our results with the fluctuation of the heat transfer coefficient (h) against
Re, provided by Ahmed et al. [45]. Figures 13a, b display the comparative results and
error bar plot between Ahmed et al’s study and the current one. Figure 13b shows the
relationship between the Reynolds number (Re) and the heat transfer coefficient (k)
using an error bar graph. The heat transfer coefficient is roughly 2000 W /(m*K) at the
lowest Reynolds number and rises to 20 before reaching roughly 6000 W /(#2K). This
threefold rise demonstrates the flow rate’s major influence on the microchannel heat
exchanger’s heat transfer efficiency. For lower Reynolds numbers (Re = 4 and 6), rela-
tively short error bars indicate more consistent measurements. The error graph is cre-
ated by computing the mean and standard deviation, which are 5610.99-2409.487 and
152.11-77.84, respectively. The reasonable proximity of the mean and standard devia-
tion values leads us to conclude that the data are appropriate and we find a good agree-
ment with Ahmed et al. [45].

Regression and residual

Regression equation

The above results and discussions show that square-shaped CFMCHE gives a higher
effectiveness and performance index than other shapes. The results of this research lead
to the development of a new multiple variable linear regression equation of performance
index (), in terms of inertia force, i.e., Reynolds number (Re=2-20), channel number
(N, =4-11), and channel distance (D, ,=5-35 pum) for the square shaped CFMCHE
such as:

n = 0.003151 — 0.0002Re + 3.6910 °N,, + 1.0410~°Dy,,

With a total degree of freedom of 100 (regression 3, residual 96). The multiple R (cor-
relation coefficient) is 0.8026, the adjusted R-squared is 0.6331, the R-square (R?) value
is 0.6442, the standard error is 0.0009, and the significance F (p-value) associated with
this equation is 1.82571 x 1072, This regression equation is statistically and enormously
significant.
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Residual plots

A residual error plot is a graphical representation of the differences between predicted
values and actual measured values in a model, playing a vital role in assessing the per-
formance of heat and mass transfer models and helping researchers and engineers make
informed decisions about model accuracy and potential areas for improvement. Fig-
ure 14a—c represents the residual errors of the performance index of the square-shaped
CFMCHE regarding the Re number, channel number, and channel distance, respectively.
These figures are validated using parametric residual plots, highlighting the model’s
accuracy and dependability by continually showing minimal residual.

Conclusions

Fluid flow and heat transfer characteristics through six distinct shapes of CFMCHE
are studied computationally in the present work using water as a base fluid by observ-
ing three cases: the impact of fluctuating channel distance, the influence of changing
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channel number, and the influence of changing Re number. Drawing from these findings,
the subsequent deduction can be made:

+ The pressure drop varies slightly as the channel number changes, but the values of
Nu and efficiency rise as the channel number does. Even though Nu is the maximum
for circular-shaped, Nu has a higher increasing rate for square-shaped (21.13%) than
circular-shaped (17.64%).

+ Circular channels show the highest effectiveness increase rate at 18.18% and a pres-
sure drop rate at 0.44%, indicating a 77.27% higher rate than square channels. Square
channels show an effectiveness increase rate of 14.29% and a pressure drop increase
rate of 0.10%.

+ Together, Re and Nu’s impacts intensify. In contrast to hexagonal shapes, circular
and trapezoidal shapes have a rising rate of about 16%, which is 1.1% higher than
others. However, all shapes have a more significant pressure drop than square
ones, with the trapezoidal shape declining 90.07%.

+ Re number determines the rate at which heat transfer decreases over pumping
power; additionally, the rate of decline is lowest for trapezoidal channels (91.91%).

+ The effectiveness decreasing rate is highest for triangular shapes (42.86%) and
lowest for hexagonal shapes (26.67%), where the effectiveness decreasing rate for
square shapes is 36.67%, which is acceptable compared to circular and triangular
in the case of Re number.

+ The Nu, pressure drop, and efficacy all change as we adjust the channel distance.
The Nusselt number increasing rate is 46.28% for square-shaped channels, and for
rectangular shapes is 49.09%, the highest compared to all the shapes.

« The effectiveness growth rate for square-shaped channels is around 46.15%, the high-
est rate, and 10.26% for hexagonal which is the lowest rate when we adjust channel
distance.

+ The Ap decreasing rate is 1.16% for square-shaped channels, and besides, this Ap
decreasing rate is also negligible for all other shapes like square ones when we change
channel distance.

+ The performance index of all-shaped microchannel heat exchangers with constant
Channel distance decreases as Re increases. The best-performing channels (53.57%)
among all shapes undoubtedly have a square for Reynold’s number 2, channel num-
ber 8, and channel distance 35.

+ The optimal Nu is obtained at Reynolds number 20, channel distance 35 pm, and
channel number 8 for square-shaped CEFMCHE in our experiment where cap N u
equals 0.87 is the highest of all other combinations for square-shaped channels.

We demonstrate that our mesh element is too huge, just like in the grid test. Because
of this and the convergence requirements, it is occasionally challenging to compute con-
tinuously. In addition, because our university needs more laboratory aid, using paramet-
ric sweep makes it difficult to run this application because it requires a more powerful
computer configuration. We could also achieve more significant results if we combined
numerical and experimental work, but we need a laboratory facility.
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List of symbols

A Cross-sectional area of CFMCHE (m?)

G Specific heat (Jkg™ 'K~

Dp, Hydraulic diameter (m)

Dep Distance between channels (um)

H Computational domain height (m)

L Length of the computational domain um)
m Mass flow rate (kg.s™)

Neh Number of channels

P Pressure (Pa)

Ppu Pumping Power (/)
AP Total pressure drop (Pa)

Re Reynolds Number

T Temperature (K)

Nu Nusselt number

w Computational domain width (um)
Wep Width of channel (um)

Q Volumetric flow rate (m3s™)

q Heat transfer (W)

u,v,w  Co-ordinates velocity (ms™

Greek symbols

n Thermal performance index (Pa~ ")y = o
n* Hydraulic performance index, n* = P’%
€ Heat exchanger effectiveness

u Dynamic viscosity (Nsm™?)

K Thermal conductivity (Wm™'K=)

o Density kgm™>)

Subscripts

c Cold

ch Channel

f Base fluid

h Hot

i Inlet

in Inflow

or Origin

out Outlet

s Solid

w Water

max Maximum

min Minimum
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