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ABSTRACT

Microchannel heat sink has been employed and as a part of electronic equipment extensively
investigated. In this investigation, heat transfer and fluid flow features of laminar flow of water in a
manifold microchannel heat sink (MMHS) was numerically simulated. Selected heat flux was 100
W/m”2 and water was as working fluid. The effect of length of inlet/outlet ratio (A=Liniet/ Loutier), the height
of microchannel (Hq), and width of the microchannel (W.,) at Reynolds number (Re) range from 20 to
100 as independent parameters on the fluid flow and heat transfer features were examined. Obtained
results demonstrate that in MMHS, the impinging jet on the bottom channel surface, inhibits the growth
of hydrodynamic and thermal boundary layers, resulting in an enhanced heat transfer rate. Also, by
increasing Re and keeping the geometric parameters constant, the heat transfer rate increases. Based on
the present investigation, for low Re, it is better to choose a A=Linier/ Loutet >1 and for high Re, choose a
A<1. For low Re, maximum of performance evaluation criterion (PECn,) is obtained at H;,=300pm, and
for high Re, PECna is obtained at He,=240um. for Re=20 to 100, the maximum of PECnax is 1.765 and
obtained at Re=100 and H¢,=240um.

doi: 10.5829/ije.2022.35.05b.10

NOMENCLATURE

Wen width of the microchannel (um) q’ heat flux (W/m?)

W width of the fin (um) Re Reynolds number

Hen height of microchannel (um) T temperature (K)

Hmn height of manifold (um) Tin Inlet temperature (K)

Hs height of substrate (um) Tout Outlet temperature (K)

Lin length of inlet path (um) T mean Bulk temperature (K)

Lm length of manifold (um) T, average temperature of microchannel wall (K)
Lout length of outlet path (um) u velocity (m/s)

A length of inlet/outlet ratio (Liniet/Loutiet) U, Inlet velocity (m/s)

MMHS manifold microchannel heat sink L Length of microchannel (um)
MMHE manifold microchannel heat exchanger Nu,ye average Nusselt number

TMHS Traditional microchannel heat sink Nugyer reference average Nusselt number
PEC performance evaluation criterion f friction coefficient

FFMHS Force-fed microchannel heat sink f. reference friction coefficient

JIHS Jet impingement heat k¢ thermal conductivity of fluid (W/mK)
p Pressure (Pa) i3 dynamic viscosity (Ns/m?)

Ap pressure drop (Pa) Cp specific heat capacity (J/kg K)

m mass flow rate (kg/s) A Microchannel cross section (m?)
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1. INTRODUCTION

In the electronic equipment industry, using microchannel
heat sink as one of the effective methods for achieving
high electronic components thermal performance.
Therefore, modeling different types of microchannel heat
sink is one of the important topics of interest of
researchers [1-3]. Also, Attempts had been made by
many authors to develop improved models suitable for
various proceses [4-6].

Traditional microchannel heat sink (TMHS) and
manifold microchannel heat sink (MMHS) are two
categories of the microchannel heat sink. TMHS has two
fundamental problems: major variation of temperature
within the heat source and high-pressure drop. In the
MMHS, compared with TMHS, as shown in Figure 1, the
coolant flow path to a small part is reduced, and also cold
fluid impinges on the microchannel bottom surface.
Therefore, the pressure drop is reduced, and the growth
of thermal and hydrodynamic boundary layers is limited
and leads to better heat transfer. Many researches have
been done on the application of MMHS in the electronics
industry and for the purpose to cool the electronic chips.
At present, researchers are now trying to find
MMHS that can not only improve heat transfer but
also be economically viable and have a low pressure
drop. Therefore, they are studying on MMHS
geometry and etc. Some of these studies are discussed as
follows:

Kermani [7] by experimental method, showed major
enhancement in heat transfer coefficient in the MMHS
for cooling the solar cells than TMHS. His result showed
that for MMHS, 37% of total pressure drop were obtained
in the microchannel with a hydraulic diameter of 36 um
and 13% of total pressure drop were obtained in the
microchannel with a hydraulic diameter of 67 um. The
remaining total pressure drop occurs in the manifold.
Escher et al. [8] introduced a 3D flow modeling of
MMHS. They studied the hydrodynamics performance
and thermal performance for one-unit cell of MMHS.
Also, they determined thermal performance and total

OQulet flow (Tout)

Tnlet flow (Ti) &

Inlet flow (Tia)

hydrodynamical structure of the system. Their
observations showed that the width of the channel and
Lintet/Loutet, change the thermal performance. Cetegen [9]
for achieving the minimum pumping power and
maximum heat transfer coefficients, by numerical
simulation studied tree type of microchannel heat sink:
Force-fed microchannel heat sink (FFMHS), TMHS, and
Jet impingement heat sink (JIHS). Her results showed
that at the same pumping power, for FFMHS, heat
transfer coefficients are 306% higher than JIHS and are
72% higher than TMHS. Kasten et al. [10] for
microchannel unit cell, numerically modeled a 3D
conjugate heat transfer. In the next step, they simulated a
3D complete heat sink model. They concluded that if the
flow rate increases, the thermal resistance of MMHS
decreases and, pressure drop increases. Boteler et al. [11]
by a numerical analysis and one phase mode, studied
flow field and heat transfer for a manifold microchannel
heat exchanger. They concluded that two parameters,
such as a microchannel fin and width of microchannel,
have a significant effect on thermal performance. Husain
and Kim [12] numerically modeled a 3D model of
MMHS. The key parameters of their research were
thermal resistance and water pumping power. Their
results showed that the nozzle height to the microchannel
height (Hn/Hcn) and the ratio of the microchannel width
to the microchannel height (Wen/ Hen) are more effective
parameters on pumping power of water and thermal
resistance. Sarangi et al. [13], by 3D numerical
simulation, studied the influence of geometrical variables
such as manifold height, manifold inlet/outlet ratio,
microchannel width, and microchannel depth on the
performance of MMHS. Their study consisted of two
sections: porous-medium pattern and unit-cell pattern.
Their observations showed that the optimum value of the
manifold inlet/outlet ratio is equal to 3. In the study of
Arie et al. [14] the air was used as a cooling fluid in
MMHS. To obtain the best design variables, they used an
optimization function. Their investigation showed that,
by using MMHS, improvement in heat sink thermal
performance is observed. Arie et al. [15] for achieving

Oulet flow (Tou)

Figure 1. Comparison of Traditional microchannel with Manifold microchannel
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the optimal thermal performance of manifold
microchannel heat exchanger (MMHE) and for
determining the best design parameters, used a numerical
method. Their observations showed that friction
coefficient and Nusselt number compared to chevron
categories of the plate heat exchanger are effective
parameters in optimizing the manifold microchannel.
Yue et al. [16] studied thermal performances of a MMHS
in the presence of nanofluids as working fluids. Their
observations showed that Nusselt number and water
pumping power increases by increasing the volume
fraction of nanoparticles and Re and decreases by
increasing the diameter of the particles. Andhare et al.
[17] designed a particular type of MMHE to study
numerically and experimentally the impact of this type of
microchannel heat sink on thermal performance. Their
observations showed that for m<20g/s, the total heat
transfer coefficient hiw=20000. W/m?2K was obtained. Li
et al. [18] numerically studied flow field and heat transfer
for both MMHS and TMHC for non-Newtonian fluid
such as dilatant fluid and pseudo-plastic fluid. Their
result showed that drag resistance decreased for pseudo-
plastic fluid flow up to 2 orders and increased for dilatant
fluid flow up to 3 orders. Arie et al. [19] enhanced the
performance of an air-water MMHE, used multi-
objective optimization and compared the results with
optimized conventional heat exchangers, such as
louvered fin, plain plate-fin, pin fin, wavy fin and, wavy
fin surfaces. Their results showed that the sophisticated
design of the manifolds and fins could significantly
improve the performance of MMHE. Compared to a
wavy-fin heat exchanger, MMHE can up to 60% increase
heat transfer density.

Drummond et al. [20] experimentally studied a
hierarchical MMHC. They studied the effect aspect ratio
and channel width on the thermal and hydraulic
performance. They showed that the case with a larger
hydraulic diameter compared to the case with a smaller
hydraulic diameter lead to lower thermal resistance and
higher heat transfer coefficient. Ju et al. [21] presented
numerical modeling to analyze thermal and
hydrodynamic performances of the micro-pin-fin heat
sink. Their result showed that heat sinks with square and
circular micro-pin-fins with the same cross-sectional area
have the same thermal performance. Zhang et al. [22] by
numerical simulation, studied both steady and pulsating
flow in MMHS. Their result showed that pulsating flow
inlet, in comparison to the steady flow, improves thermal
performance. Also, in comparison to other pulsating
types, sinusoidal-wave pulsating flow plays a more
effective role in enhancing heat transfer. Jung et al. [23]
studied experimentally and numerically a 3D MMHS
was made of silicon. Their experimental result showed
that at a flow rate of 0.1 I/min and a maximum
temperature of 90 C°, 250 W/cm? is removed by the

MMHS with a pressure drop of less than 3 kPa. Tiwari et
al. [24] designed and studied experimentally single-phase
flow in a MMHE. Their result showed that for the tube-
side with m =806 g/s and for the shell-side with 1=82
gls, shell-side heat transfer coefficient of 45,000 W/m?K
and overall heat transfer coefficient of 22,000 W/m?K
can be obtained. Luo et al. [25], studied heat transfer in a
MMHS for two-phase flow boiling process. Their
observations showed that for the manifold divider, the
manifold ratio ranges from 1 to 2 is suitable to reduce the
pressure drop of the MMHS. Yang et al. [26] numerically
studied performance enhancement of hybrid
microchannel heat sink. Their result showed that
compared to the usual MMHS, the best heat sink could
decrease thermal resistance by 19.15% and reduce
pressure drop by 1.91% at Re = 295. Drummond et al.
[27] experimentally studied two-phase flow morphology
in high aspect ratio manifold microchannels. Their results
showed that for manifold microchannels, the two-phase
flow regime plays an important role in heat transfer
improvement and must be with accuracy considered in
heat sink design. Luo et al. [28] by 3D numerical
methods, studied two-phase flow boiling in MMHS for
different manifolds configurations (C-type, H-type, Z-
and, U-type). Their results showed that compared with C-
type and Z-type, H-type and the U-type manifolds due to
their lower pressure drop and better heat transfer
performance are recommended. Yang et al. [29]
performed an experimental comparison between a hybrid
microchannel heat sink (HMHS) and a typical manifold
microchannel heat sink (CMMHS. Their results showed
that the HMHS reduce thermal resistance and pressure
drop. Luo et al. [30] studied numerically pressure loss
and thermal performance of subcooled flow boiling in an
MMC with various sizes of fin widths and channel widths
and various inlet volume flow rates. Their observations
showed that the thermal resistance of heat sink reduced
when the volume flow rate increases, but pressure drop
increased.

In the current study, the effects of variation of
geometric dimension of MMHS such as length of
inlet/outlet ratio, the height of microchannel and, width
of microchannel at Re=20 to 100 on the flow field and
heat transfer to find the optimal geometric dimension are
numerically investigated. According to the obtained
results, the best geometry is selected in terms of thermal
improvement. In addition, for more precise results, the
water thermophysical properties of the working fluid and
silicon as a solid part (manifold and microchannels) are
considered temperature-dependent, which had not been
considered in previous similar articles. The PEC is also
considered as a criterion for selecting the optimal
microchannel rather than Nusselt number, and pressure
drop.
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At first of the current investigation, the model under
consideration and boundary condition are presented.
Then, system of governing equations and boundary
conditions, numerical procesure, gind independency
study and validation are done. Finally results and
disscussion are presented for investiagatoin of heat
transfer and fluid flow features of laminar flow of water
in a manifold microchannel heat sink. Figure 2 shows the
research methodology.

2. MODEL DESCRIPTION

2. 1. Geometrical Model and Boundary Conditions
The effect of variable geometric parameters such as A,
Hcn and W for Re=20 to 100 on the flow field and heat
transfer was investigated. Manifolds, microchannels and
substrate are made of silicon. MMHS schematic in the
current study is shown in Figure 3. The manifolds are
distributed above the microchannels. The coolant fluid,
after passing through the inlet channels of the manifolds,
rotates 90° and enters the microchannels, removes the
heat from the substrate along the microchannel length

Creating geometry and boundary conditions, etc.
according to the available experimental data

)

Run the code and extract the results

—

No

If the present results match the
selected experimental data?

Creating a model in the present study
with different geometric dimensions and...

!

Investigating the effect of parameters such as
Re, A, Hch, Weh on heat transfer and pressure drop

!

Investigating the effect of parameters such as
N, Heh, Wen on PEC

1}

Conclusion

Figure 2. Research methodology

and, finally 90° turn and exits upward and enters the output
channels in the manifold. Figure 4 shows the
computational domain and geometric dimension for a unit
cell of MMHS. Due to symmetry boundary conditions and
to reduce the computational cost, a unit cell of MMHS is
chosen. At the inlet of manifold, mass flow inlet and, at the
outlet of manifold, pressure outlet have been selected as
boundary conditions. Also, constant heat flux of 100
W/cm? on the bottom wall and no-slip velocity boundary
condition on the walls of the microchannel has been
considered. Figure 5 indicates the boundary conditions for
the unit cell of MMHS.

3. THERMOPHYSICAL PROPERTIES

In the present simulation, silicon has been used as a solid
part (manifold and microchannels) and, water is used as
a working fluid. Temperature-dependent thermophysical
properties between 300K to 400K, including thermal
conductivity and dynamic viscosity of water and thermal
conductivity of silicon were considered as the function of
temperature  [31-32]. Variations of the other
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Figure 3. Schematic of MMHS

Hm

I~
N
——m e e e d == &
1
1
1
1
N
S
N
Ay
RSP R W

We'2

L Wen2

Hs

Figure 4. Computational domain and geometric dimension
for the unit cell of MMHS
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Figure 5. Applied boundary conditions for the unit cell of
MMHS

thermophysical properties of water and silicon between
the temperature ranges of 300K to 400K have no
significant effect on the results.

4. GOVERNING EQUATIONS

Single-phase fluid flow and laminar flow governing
equations at steady states condition in Cartesian
coordinate is:

Continuity equation:

9

ax, (W) =0 ®
Momentum equation:

] a a duy .

ax, (pw) = —a—;+a—w(yf a—Z,J (fluid) @)

Energy equation:

6% (pujc,Ty) = 6ix1 (ks ‘;ixj) (solid) 3)
T, p ,and u; represent the temperature, pressure, and
velocity, while the subscripts f and s refer to the fluid and
solid, respectively. For the flow to justify the assumption
of laminar flow, the low Re (Re=20 to 100) is considered.
The liquid to the solid interface was coupled by
continuity of both heat flux and temperature:

Tsinterface = Tfinterface (4)

k() = iy (22)
$\on interface F\on interface

®)

4. 1. Important Parameters in the Three-
dimensional Flow The friction coefficient, which
is one of the parameters for evaluation of the
microchannel operation, is defined as follows:

f = ZApruizn (6)

where, L, Dy, u;,, and p are the length, hydraulic
diameter, inlet velocity, and density, respectively.
The average Nusselt number defined as follows:

_ q”Dh
Nuave - kf(Ts—Tm) (7)

where, T,,, and T, are the mean Bulk temperature and
microchannel wall temperature, respectively.
Performance Evaluation Criterion parameter (PEC), is
defined as follows [33]:

PEC = (Nuave/Nuave.r)/(f/ﬁ‘)l/S (8)

Re based on flow in the straight part of the microchannel
according of Figure 6 defined as follows:

MepDp

Re = —— 9
HAch ( )
where
Ach = Wen/2 X Hep, (10)
_ 2Hcpwen
Dh - Heptwen (11)

5. GRID INDEPENDENCY

Several meshes with different cell numbers have been
used to ensure that the results are independent of the grid.
The mesh and results are plotted for the microchannel
middle plate. According to Figure 7, for one case, a mesh
with the 1420800 cells is sufficient for conducting
simulation. By increasing the cell numbers more than
1420800, the obtained results do not have significant
variations (heat transfer coefficient difference between
1420800 and 1965600 cells is 0.50%).

Mep

[ V7w

Microchannel '/

Figure 6. Microchannel section and microchannel
geometrical characteristics
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Figure 7. Mesh independence study. Hch = 360um,
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6. MODEL VALIDATION

For assurance of the accuracy of numerical simulations,
the numerical results are compared with available
experimental data. In Kermani’s study, heat transfer
enhancement of MMHS with hydraulic diameter
Dp=36um examined. Figure 8 show validation with
kermani result for Dn=36um. according to Figure 7, it can
be seen that the current results have good match with
Kermani’s experimental data [7].

7. RESULTS AND DISCUSSIONS

In this section, the results of the numerical simulation of
fluid flow and heat transfer inside the MMHS are
presented. Nu and Ap are two important parameters that
are presented. Also, to study from an engineering and
economic viewpoint, the PEC has been presented for
different cases. Also, the results are presented as
temperature contours and velocity contours.

70000

[ | mgr/s) | hnum hexp diference (%) Lower Upper
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03 23152 26160 114 21100 30524

60000 0.3
L[ 0736

0.54

50000 [

40000
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20000 - — @ Experimental Results
— O Present Results

oo Lo v 4w
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Mass flow rate (g/s)
Figure 8. Heat transfer coefficient variations versus mass
flow rate: comparison of present numerical results with
experimental result [7] for Dh=36um

7. 1. Effect of Re on Heat Transfer and Pressure
Drop The cooling fluid, after passing through the
inlet nozzle, impacts the microchannel floor. In the
MMHC flow, due to the direct impact of the flow
perpendicular to the microchannel floor and the short
flow path length, most of the flow is developing along the
microchannel, thus limiting the growth of the
hydrodynamic and thermal boundary layer. Therefore, a
small diffusion length from the solid wall to the
convective flow and better heat transfer rate is achieved.
At the subsequent region, the rate of heat transfer
decreases due to the growth of the hydrodynamic and
thermal boundary layer. The results are plotted for the
microchannel middle plate. Figure 9 shows temperature
contours and velocity contours at various Re for
Hen=600pum, Wen=60pum, W=60um, Li;=120um, and
Low=200um. According to Figure 9(a), as the Re
increases, the temperature of the microchannel floor and,
consequently, the surface temperature in contact with the
heat source decreases; this is due to the increase in flow
rate and fluid velocity on the microchannel floor. The
maximum temperature of the microchannel floor is
311.3K at Re=20 and is 306.3K at Re=100. Also, the
thermal and hydrodynamic boundary layer thickness is
reduced, and therefore, the heat transfer rate is increased.
At the inlet zone of the flow from the nozzle to the
microchannel, due to the reduction of cross-section, the
velocity in this zone increases (according to Figure 9(b))
and formed a rotational zone near this zone. The
Muximum velocity is related to the microchannel input
at Re=20 is 1.07m/s and at Re=100 is 5.27m/s. Also, by
increasing the Re, the flow injection velocity on the
microchannel floor increases, and the formed rotational
zone becomes larger.

7. 2. Effect of A =Liniet/Loutiet on Heat Transfer and
Pressure Drop Figure 10 shows temperature
contours and velocity contours at various A for
Hen=600um, Wer=60um, Ws=60um and Lo,=200um at
Re=100. Studies were performed for A =0.6 to 1.3, but
contours from A=1 to A=1.3 are similar, and their changes
are not significant and not shown. Figure 10(a) shows
that by increasing in A, the temperature of the
microchannel floor increases. Due to the increase in
cross-sectional area and decrease in inlet velocity from
the nozzle to the microchannel, the flow injection
velocity on the microchannel floor decreases. The
maximum temperature of the microchannel floor is
306.3K at 2=0.6 and is 307.8K at A=1. Figure 10(b) show
with an increase in A, inlet velocity from the nozzle to the
microchannel decreases, and as a result, flow injection
velocity on the microchannel floor decreases. The input
velocity at A=0.6 is 5.27m/s and at A=1 is 3.45m/s. Also
as A increases, the maximum velocity zone is also seen in
the output manifold, and in A=1, the maximum velocity
is seen in the output manifold zone.
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Figures 11(a) and 11(b) respectively show variations
of the Nu and Ap versus A for different Re on the
microchannel floor. By increasing Re, Nu and Ap are
increased. At higher Re and smaller A, the slope of
variations of Nu and Ap is greater and for lower Re the
slope of the changes is imperceptible. By increasing in A,
the amount of Nu and Ap, as well as their variations are
reduced.

7. 3. Effect of A on PEC Figure 12 shows PEC for
various A and Re. by increasing A, PEC is increased for
Re=20, 40 and 60 and for A>1, PEC variations are
insignificant. For Re=80, the PEC values are close to 1.
For Re=100, by increasing in A, PEC is decreased. The
highest PEC is occurred at Re=100 and A=0.6. It seems
that due to the smaller inlet section of the microchannel
at A=0.6 than other A values, with increasing Reynolds
number, the increase in heat transfer is greater than the
pressure drop increase. For lower Re, it is better to choose
aA>1 and for higher Re, choose a A<1.
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® - Re=40
pran Re=60

- ~@- Re=80
46 Re=100

Nu
/

16000
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Figure 11. Variations of the (a) Nu (b) Ap versus A for
various Re
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Figure 12. Variations of the PEC versus A for different Re

7. 4. Effect of Hch and W on Heat Transfer and
Pressure Drop In this section, variations of the
Nu and Ap at various Hen and Wen for Re=20 and 100
were studied. Before presenting the results and analyzing
them, it is notable that: according to that the results are
presented for a constant Re, according to the definition of
Re in Equation (9) and ratio of mass flow rate in Equation
(12), with variation of He, and Wen, mass flow rate
changes so that the Re remains constant.

Ach,Dny

mchz /‘mch1 = (12)

Ach,Dn,

Figures 13 and 14 show variations of Nu and Ap
versus Hen for different values of We, for Re=20 and
Re=100, respectively. The following can be seen from
Figures 13 and 14:

By increasing the Hcn, the Nu increases at first and
decreases slightly at the end. The effect of W, is more
evident in larger values of Hcn. As the Hep increases, the
effect of Wen on the Nu becomes more evident.

28 3500

Nu
Dp (Pa)

120 180 240 300 360 420 480 540 600

Hepy (mm)
Figure 13. Variations of the Nu and Ap versus Hen for
different Wen for Re=20
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Figure 14. Variations of the Nu and Ap versus Hen for

different Wen for Re=100

Dp (Pa)
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But for Wen=36um, an increasing trend is observed from
the beginning to the end. The same trend is observed for
Figure 14, with the difference that, firstly, for all values
of the Wen, the Ap first decreases slightly and then
increases, and secondly, the Ap values are higher than
Re=20.

7. 5. Effect of Channel Height and Channel width
on PEC Figure 15 shows variations of PEC with
repect to Hen for various Wen at Re=20 and Re=100. Table
2 shows PECmax and corresponding Hen for various Wen
and Re. According to Figure 15, for all Re, by increasing
Hen, PEC increases at first and then decreases. By

21 —8— W;=36
20 ® W,=48
19 W,,=60
. . - 18 W, =72
Also, as the W increases, the Numax is obtained at a 17 A
greater Hen. Table 1 shows Numax and coresponding Hen, e S —
for which Numax is obtained for various W, at Re=20 and g 15 i I E——
Re=100. As can be seen, by increasing Re, the Numax is - 12 . — e
received at a higher Hcn. According to Figure 13, for of ¢l T e, : ]
Wer=48um to Wen=84um, as the Heh increases, Ap first - E—— - .
H H H - d . ¢
decreases slightly and then increases, so that at higher Hep o7 ————
and lower W, a more severe pressure drop is observed. 05 f— : : : : : N“
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TABLE 1. Numax for various Wen at Re=20 and Re=100 ’s (a) Re=20
Wen(m) Re NUmax Hen(m) 2 o
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20 25.89 570 (b) Re=100
84 ; ;
100 39.55 600 Figure 15. PEC for different values of Hch and Wen for (a)
Re=20 and (b) Re=100
TABLE 2. Maximum PEC and corresponding Hen for various Wen and Re
PEC
Wen(um) Re=20 Re=40 Re=60 Re=80 Re=100
36 0.795 at He,=300 0.867 at He,=240 0.896 at He,=240 0.915 at He,=240 0.922 at He,=240
48 1.078 at Hy=300 1.118 at Hy=300 1.136 at Hy=240 1.160 at Hyy=240 1.171 at Hyy=240
60 1.313 at He,=300 1.328 at He,=300 1.342 at H»=300 1.358 at Hyy=240 1.379 at Hyy=240
72 1.505 at He,=300 1.504 at He,=300 1.520 at Her=300 1.541 at Hy»=300 1,578 at Hyy=240
84 1.672 at He,=360 1.650 at He,=300 1.671 at He:=300 1.705 at H»=300 1.765 at Hyy=240
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comparing the PEC for Re=20 and 100, it is observed
PEC is increased with We; this increase is more for
middel Hen (PECmax is occured between Hen=240um and
Hcn=300pum).

Similar trend for above parameter were reported by
previous reserchers [8-10]. But study on the PEC was
arly are considered in the previous investigations. Based
on the obatined results, one can say current investigation
is more applicable than previous reported investigation.

8. CONCLUSION

The effect of A, Hen, and W at Re=20 to 100 on the heat
transfer and flow field characteristics including Nu, Ap,
and PEC for laminar flow regime of water in the MMHS
have been simulated numerically. The results showed
that:

e Asthe Re increases, the thermal and hydrodynamic
boundary layer thickness is reduced, and therefore,
the heat transfer rate is increased.

o  For Hen=600um, Wepn=60um, Ws=60um and 2=0.6,
by increasing the Re from 20 to 100, the maximum
temperature of the microchannel floor is reduced
from 311.3K to 306.3K.

e For Hp=600pm, We=60um, W;=60pum and
Re=100, by decreesing A from 1 to 0.6, the
maximum temperature of the microchannel floor is
reduced from 307.8K to 306.3K.

e By increasing in A, the amount of Nu and Ap is
reduced.

e For low Re, it is better to choose a A>1 and for high
Re, choose a A<l. The highest PEC is for Re=100
and 2=0.6 (PEC =1.095).

e By increasing Re, the Numax is occured at higher Hen
(for example at Wcr=84pm, Numa=25.89 for
Hen=570um & Re=20, and Numax=39.55 for
Her=600um & Re=100).

e At the highest He, and the least Wen, the highest Ap
is observed (Ap =2700Pa at Hcn=600um &
Wer=36pum).

e By increasing W, PEC increases. PECmax IS
occured at middel Hcn; between Hcn=240pm and
Hen=300pum.

To complete this work and in the future simulations,
the authors intend to consider the micro-scale phenomena
such as charge accumulation or slip effect near the walls.
Also, investigation about the effect of using hybrid
nanofluids as a cooling fluid to improve the cooling in
this system is of interest to the authors.
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