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ABSTRACT

A detailed numerical study has been prepared to analyze a new design of a multiple inlet/outlet
micro pin fin heat sink (MPFHS) and to compare its effectiveness in heat spreading with
a conventional design based on the single inlet and single outlet configuration. The new
design contains 4 manifolds placed on the sides of the heat sink. Moreover, the inlet channels have
been shifted to the corners of the manifolds to create a vortex inside the heat sink and
to reduce the maximum temperature of the heat sink’s surface. The aim of the study is to find
the best design of the multiple inlet/outlet MPFHS in terms of thermohydraulic performance
and the most uniform temperature profile. Besides, the other 2 designs have been tested:
multiple inlet and multiple outlet designs without vortex generator. During the study, water
and copper have been assumed as fluid and solid domains respectively. The heat flux assumed
to be dissipated by the heat sink was equal to 150 W/cm2. The maximum, average,
and minimum temperatures of the fluid and solid domain have been compared for various cases
as well as pressure drops, velocity profiles, and streamlines. Moreover, parameters that
allow describing particular cases in terms of temperature uniformity and heat transfer
performance, namely mean absolute temperature difference, thermal resistance, Nusselt
number, and overall thermal performance factor have been calculated. To get the most reliable
comparison between particular cases, the same amount of fluid flowing in the MPFHS for all cases
has been assumed. The results show that the multiple inlet with vortex generator design
is characterized by the best thermohydraulic performance. The maximum temperature, mean
average temperature difference, and thermal resistance can be reduced by 21.1%, 61.3%,
and 23.5% respectively.

Keywords: computational fluid dynamics; vortex, flow distribution, maldistribution, heat transfer
intensification.

1. INTRODUCTION

The electronic devices need to operate below some temperature level at which they are designed
to ensure their reliability and long-term service life. Those levels depend on the application
and manufacturer. However, there are some broadly accepted ranges of temperature that
a particular electronic device should not exceed (Cactus Technologies, 2021):

e from 0°C to 70°C for commercial applications,

o from -40°C to 85°C for industrial applications,

o from -55°C to 125°C for military applications.
The small size and high density of ICs in electronic devices make the thermal management
of these devices challenging and complex. Tuckerman and Pease (1981) suggested the use
of water cooled microchannel heat sink (MCHS) for electronic cooling. Small size, light weight,
high heat transfer coefficient, and large heat transfer surface area are some of the qualities
of MCHS which make them apposite for various applications like rocket engines, avionics,
hybrid vehicle power electronics, turbine blades and refrigeration systems (Mudawar, 2011).
MCHS even projected as twenty first century cooling solution (Kadam, Kumar, 2014).
The demand to make MCHS more efficient in thermal management is continuously increasing
since it was first introduced in 1981. Researchers have explored and proposed various
techniques/designs for heat transfer augumentation through MCHS. Some of the promising
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techniques are flow disruptions (Xu et al., 2016; Wang et al., 2015), surface roughness
(Shokouhmand et al.,, 2009), channel curvature (Gong et al., 2011; Mohammed, 2011), re-
entrant obstructions (Chai et al., 2013), secondary flows (Lee et al., 2013; Ghani et al., 2017),
double layered (Hung et al., 2012), fluid additives (Jang et al., 2006; Ho et al., 2009; Hung et al.,
2012b) and micro pin fins (Yadav et al., 2015).

High heat transfer coefficient, simple and inexpensive structure of pin fins make them suitable
for extensive applications. Peles et al. (2005) in their research able to achieve low wall
temperatures while dissipating high heat fluxes using bank of micro pin fins. Qu and Siu-Ho (2008)
analyzed heat transfer characteristics with array of staggered micro pin fins of square shape
having equivalent diameter 200 um and height 670 um. Water as coolant having Reynolds number
ranging from 45.9 to 179.6 at two inlet temperatures (30°C and 60°C) was used. They proposed
two correlations of Nusselt number with the help of their results. Rubio-Jimenez et al. (2012)
proposed MPFHS based on concept of increasing heat transfer area as coolant temperature
increases. This novel variable-density fin heat sink able to maintain overall temperature gradient
lower than 2 K/mm. Their best heat sink configuration has thermal resistance ranges from
0.14 to 0.25 K/W.

Even though above mentioned design changes improves heat transfer performance of MCHS still
all these heat sinks including MPFHS suffers from flow maldistribution problem (Dgbrowski, 2020)
with needs to be addressed, to further improve the performance and long life of electronic device.
Flow maldistribution in heat sink largely depends on the way fluid enters the heat sink.
Researchers have suggested various inlet/outlet configurations and plenum designs to mitigate
flow maldistribution in heat sinks (Chein and Chen, 2009; Sehgal et al., 2011; Pattamatta and Das,
2014; Xia et al, 2015). Yadav et al. (2019) proposed new technique of splitting inlet port into
two separate inlet ports to mitigate flow maldistribution in conventional MCHS. Different
configurations of front inlet and side inlet designs are compared to their conventional designs.
Their best designs reduce flow misdistribution about 26.2% in case of front inlet and 68.5%
in case of side inlet when compared to their respective conventional designs. Kumar
et al. (2018) proposed the new approach of microchannels having variable width. Their design
reduces flow maldistribution up to 93.7% which is able to reduce temperature fluctuation
at solid-fluid interface by 4.3 K. Recently Kumar et al. (2020) proposed a new fluid flow
distribution scheme to mitigate surface temperature non-uniformity in MPFHS which is the critical
issue in modern microprocessors chip cooling. They proposed two front facing multi-inlet
designs (MPFHSy, and MPFHSy,r4) and one side facing multi-inlet design (MPFHSy, sp). Their
designs able to reduce surface temperature non-uniformity by 7.6 K (MPFHSyf), 24 K
(MPFHSMI,FH), 7.4 K (MPFHSM,sy) as compared to conventional design. These design
average Nusselt number also 26.7% (MPFHSwg), 52.3% (MPFHSywey) and 70.9%
(MPFHSMI,SH) higher than conventional design of MPFHS. In search of more efficient fluid flow
distribution in MPFHS, the current paper proposed novel MPFHS designs having 4 side
manifolds instead of 2 (as in conventional designs) and one manifold on the top of heat sink.
The results of thermohydraulic performance are compared with conventional MPFHS.

2. CFD MODEL DETAILS

Before starting the numerical simulation, the micro pin fin heat sinks (MPFHS) with various
inlet/outlet configurations have been designed. Three-dimensional models were created with
the ANSYS SpaceClaim software and then the discretized fluid and solid domains were prepared.
The working fluid was assumed as water and a heat sink material was copper.

The solid domain of MPFHS with all dimensions has been presented in Figure 1. The heat flux
was applied to the bottom surface in the Z-axis direction. The fluid domain where the water
flows through the MPFHS has been created based on the solid domain — the height of the fluid
domain is equal to the height of pin fins (0.4 mm). The MPFHS needs manifolds that
distribute and collect fluid from the inlet to the outlet. The manifolds used in this study have been
shown in Figure 2. The inlet and outlet configuration is changing for various cases. The side
manifolds in the amount of 2 or 4 (depending on the particular case) were placed on the side
edges of the MPFHS, while the top manifold was placed at the center of the upper area
of the MPFHS. The hydraulic diameter Dh of the inlet/outlet channel in the side manifold is equal
to 640 ym and in the top manifold 1 600 um. The total areas of inlet channels and outlet channels
for every case are always the same and equal to 2.56 mm2. Moreover, the hydraulic diameter
of channels created by the pins is equal to 308 pm.
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Figure 1: The solid domain (copper) with 400 micro pin fins
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Figure 2: The fluid domains (water) of manifolds: a) side manifold without vortex configuration;
b) side manifold with vortex configuration; c) top manifold

In the current study, 4 various cases with different inlet/outlet configurations are tested
and compared. Case 0 is a conventional case with 1 inlet and 1 outlet, both on the side
manifolds. Case 1 is a multiple outlet case with 1 inlet and 4 outlets, where the inlet is on the top
manifold and the outlets are on the side manifolds. The model of Case 2 is the same as for Case 1
but there is a difference between inlets and outlets. Case 2 is a multiple inlet case with 4 inlets
and 1 outlet, where inlets are on the side manifolds and the outlet is on the top manifold. Case
3 is similar to Case 2, so it has 4 inlets on the side manifolds and 1 outlet on the top manifold.
However, the inlets on the side manifolds were shifted to the corners to create a vortex
configuration.
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During the investigation following assumptions were taken:

e The physical properties of fluid were constant.

¢ Fluid flow was a single-phase, steady-state, incompressible, and three-dimensional.

¢ Radiation heat transfer from surfaces was neglected.

o The effect of gravity was neglected.
The continuity, momentum, and energy equations (Eq. (1), Eq. (2), and Eq. (3)) were taken into
account as governing equations and used in calculations together with the above-mentioned
assumptions. Moreover, the energy balance equation inside the solid domain (Eq. (4)) was used.

V-V =0 Eq. (1)
p(V-VV)==Vp+ V¥V Eq. (2)
pC (V-VT)=k,V’T Eq. (3)
k VT =0 Eq. (4)

In ANSYS FLUENT 2021 R1 the above-mentioned equations are solved using the finite volume
method (FVM). The momentum equation was discretized by the second-order upwind scheme.
The realizable k-epsilon model with enhanced wall treatment has been chosen as a turbulence
model. Other models have been also tested, but the above-mentioned gives the best convergence.
Moreover, the SIMPLE scheme has been chosen to couple pressure and velocity in the whole
section.

Water was chosen as a working fluid for all the considered cases. The inlet parameters for water
are p=998.2 kg/m3, p=1.003e-3 Pa s, Cp=4182 J/(kg-K), kf=0.6 W/(m-K) and T=288.15 K
and the parameters for copper are p=8978 kg/m3, Cp=381 J/(kg-K), ks=387.6 W/(m-K). The heat
was applied at the bottom wall of a section with a constant value of heat flux q of 150 W/
cm2. The constant mass flow rate boundary condition was assumed at the inlet to the heat
sink. The pressure-outlet (gauge pressure of 0 Pa) boundary condition was assumed at the outlet
of the heat sink. When the residual values become less than 10-3 for the continuity, x-velocity, y-
velocity, and z-velocity and 10-6 for the energy the solutions are considered to be converged.
The inlet, outlet, and pin fins parameters for various cases have been shown in Table 1.
The parameters were set in such a way to ensure the constant mass flow rate for the entire heat
sink but then Reynolds numbers and mass fluxes in pin fins are not equal in the conventional
and novel designs.

Table 1. Inlet and outlet parameters for various cases tested

Case0 | Case1’| Case?2’ | Case 3’

m;, [kg/s] 1.50e-3 | 1.50e-3 | 3.75e-4 | 3.75e-4
Rei, [] 1496 935 374 374
Gin [kg/im®s] | 2344 586 586 586

m, [kg/s] 1.5e-3 3.75e-4 1.5e-3 1.5e-3
Reout [-] 1496 374 935 935
Gout [kg/m®s]| 2344 586 586 586
Regin [] 230 58 58 58

G,in [kg/m?s] 750 187.5 187.5 187.5

3. MODEL VALIDATION

The mesh independence study was carried out to ensure the accuracy of numerical results. There
were four different mesh types tested: Coarse (3.9e6 elements), Medium (5.8e6 elements), Fine
(1.1e7 elements) and Very Fine (1.8e7 elements). To compare various meshes, the percentage
deviation € of tested parameter F (velocity, pressure drop, temperature) between the j-th mesh
and the Very Fine mesh has been introduced (Eqg. (5)). The mesh for which the absolute
percentage deviation is less than 1% for maximum fluid velocity, total pressure drop and the
maximum temperature in fluid and solid domains has been chosen for all simulations. Mesh
independence study has been prepared for the following boundary conditions: Case 2’, inlet
mass flow rate of 3.75e-4 kg/s, an inlet temperature of 288.15 K, and heat flux of 150 W/cm2
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at the bottom wall. The Fine mesh (1.0e7 and 1.1e7 elements for Case 0 and the rest of the cases
respectively), has been chosen for further calculations.

J E/.ﬁne

&= x100% Eq. (5)

v. fine

4. RESULTS AND DISCUSSION

To compare various cases to each other, several variables (Nusselt number, mean average
temperature difference, thermal resistance, and overall thermal performance factor) have been
introduced.

The Nusselt number describes how much the convective heat transfer is larger than the conductive
heat transfer (Cengel and Ghajar, 2015). In the current study, the average value has been used,
according to Eq. (6). The higher the Nusselt number, the more intense convective heat transfer,
which is very favorable for heat sink design.

qD h

Nu=
kf (T _Tavg,f)

Eqg. (6)
avg,s

The mean average temperature difference & (Pham-gia and Hung, 2001; Wang et al., 2022)
has been introduced in Eq. (7) to compare the cases to each other in the scope of temperature
uniformity. The lower the 8 is, the more uniform the temperature profile for the particular case is.

T =T+ |Toin =T,
2

avg

0= ‘ Eq. (7)
The parameter that quantitatively defines the heat sink’s capability of heat spreading is the total
thermal resistance R presented in Eq. (8). The R reflects the heat transfer capacity of the particular
case.

R Tmax,s - 7—zv'n,f E (8)
During the heat transfer intensification it is very common that with the increase of Nusselt number
(effect), the pressure drop (cost) is also increased. The non-dimensional parameter that takes into
account both cost and effect has been proposed by Yadav et al. and shown in Eq. (9).

Nu, / Nu,,, Ea (9
(Apl /Alyref)l/3 q ( )
The minimum, average and maximum temperatures for solid and fluid domains have been
analyzed for various cases and have been shown in Figure 3. As can be seen, the maximum
temperature of the heat sink for the conventional case (Case 0) is above 80°C, which is too high
value for commercial application electronic devices. The maximum temperature of the solid is
equal to 125.8 K when 4 outlets are introduced (Case 1’) and it is even slightly too high
for military applications. However, the maximum temperature of the solid can be reduced by 3.5 K
compared to the conventional case when 4 inlets are introduced (Case 2’) but in Case 2’
the average and minimum temperatures are much higher. It means that the temperature profiles
look much different in Case 1’ and Case 2’. A significant reduction of maximum temperature can
be observed for Case 3’, so the 4 inlets with vortex generator case. Here, the maximum
temperature is below 67°C so in the range of commercial application electronic devices.
The maximum temperature has been reduced by 18.0% compared to the conventional case.
Moreover, the differences between maximum, average, and minimum temperatures are small
compared to Case 0, which means that using the vortex generator design for the heat sink

cooling results in a much more uniform temperature profile.

n;
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Figure 3: Maximum, average, and minimum temperature for various cases: a) solid domain;
b) fluid domain

T[°C

In current studies, the pressure-outlet with a gauge pressure of 0 Pa boundary condition has been
assumed, so the pressure drop is equal to the inlet pressure for the particular case. Both Case 0
and Case 1’ have one inlet, while Case 2’ and Case 3’ have four inlets. However, it is assumed
that those inlets are fed in series so the total pressure drop is the average of all pressures
at the inlets. The pressure differences between particular inlets in multiple inlet cases were

negligible. The next thing that should be taken into account during designing a heat sink is thermal
resistance, which presents how much temperature difference between the cooling fluid
and the heat sink’s wall is needed to transfer the unit of heat during the unit of time. The lower
the value is, the better, in terms of heat transfer, the heat sink is.

Both resistances for various cases are shown in Figure 4. The smallest pressure drop occurs
for Case 1’, namely 3.1 kPa, and the highest for Case 0, namely 8.5 kPa. It is connected with
the assumption that the total area of the inlet channels and outlet channel is the same. Hence,
the inlet channel area in Case 1 (1 inlet and 4 outlets) is 4-times higher than the inlet
area in the conventional case (1 inlet and 1 outlet), so the pressure drop for the same inlet
mass flow rate is lower. Even for the jet impingement flow, which occurs in Case 1° when
the inlet is placed at the top of the heat sink and the working medium is entering the manifold
perpendicular to the heat sink’'s surface. The remaining 2 cases with multiple inlet, namely
Case 2’ and Case 3’ show increased pressure drop, compared to Case 1’ but not significant.
The pressure drop for Case 2’ and Case 3’ is 3.2 kPa and 3.4 kPa respectively, which
is a reduction of 62.4% and 60.0% respectively compared to the conventional case.

In Figure 4b the thermal resistance for various cases is shown. Case 1’ is characterized
by the highest thermal resistance among the analyzed cases and is equal to 0.28 K/W,
while the conventional case’s thermal resistance is 0.17 K/W. As mentioned earlier,
due to a very non-uniform temperature profile, Case 1’ is not showing thermal advantages.
However, Case 2’ is promising with a thermal resistance of 0.16 K/W, which is a 5.9%
of reduction. Moreover, using the vortex generator design (Case 3’), the thermal resistance
can be reduced by 23.5% (compared to Case 0), namely to 0.13 K/W.

The very important thing during a heat sink design is to assure the uniform fluid flow over the heat
sink’'s surface and as an effect, the uniform temperature profile. The non-uniform temperature
results in occurring of hotspots which can provide local boiling or even dryout of the cooling
medium. Both are undesirable phenomena (if single-phase flow has been assumed) that can easily
damage the electronic device.

The next parameter which describes quantitatively, whether individual cases are better than
conventional design or not, is the overall thermal performance factor n. The conventional design
is the baseline, so n for Case 0 is equal to 1.0. If the value of n for a particular case is higher than
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1.0, the case can be considered better than the conventional design. If the value of n is lower
than 1, it is the opposite.

Both thermal parameters that quantitatively describe the heat sink performance for various cases
have been presented in Figure 5.
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Figure 4: Resistances for various cases: a) total hydraulic resistance; b) total thermal resistance

The mean average temperature difference & (Figure 5a) for the conventional case is equal to 27.4
K and 33.0 K for solid and fluid domains respectively. Providing fluid at the top of the heat sink with
4 outlet manifolds at the sides (Case 1’) significantly increases (by 76.3% and 67.3%) &
for the solid and fluid domains respectively. Hence, Case 1’ is not promising in terms of uniform
fluid distribution. However, Case 2’ is much more promising because the reduction of 6, compared
to Case 0, is significant. The reduction of & for a solid domain is 49.3% while 6.4% for a fluid
domain. An even higher reduction can be obtained when 4 inlets are shifted to the corners of the
manifolds (Case 3’), namely 56.9% and 20.6% for solid and fluid domains respectively.
In the vortex generator design, the mean average temperature difference 6 is 11.8 K for the solid
domain and 26.2 K for the fluid domain.

The overall thermal performance factor n analysis is shown in Figure 5b. Each case shows thermal
performance improvement compared to the conventional case. In the current comparison
approach, the Nusselt number is smaller than for Case 0, which is equal to 35.5. For novel designs,
the Nusselt number is 17.7%, 16.6, and 1.4% smaller, namely equal to 29.2, 29.6, and 35.0
for Case 1’, Case 2’, and Case 3’ respectively. Due to the constant mass flow rate for the entire
heat sink (4-times lower in the side manifolds), the Reynolds number in the pin fins is also 4-times
smaller than for the conventional case (Table 1). As is known (He et al., 2020) the higher the
Reynolds number, the higher the Nusselt number is. Hence, the 1.4% reduction of the Nusselt
number for Case 3’ connected with a significant reduction of Reynolds number can be considered
a good result. Nevertheless, the overall thermal performance factor n is still higher than 1.0
and equal to 1.15, 1.16, and 1.33 for Case 1’, Case 2’, and Case 3’ respectively because
the pressure drop is reduced in the novel designs.

To get a broader view of the hydrodynamic behavior in the particular designs of micro
pin fin heat sinks, the streamlines colored by velocity magnitude have been generated.
The streamlines in the MPFHS with local velocity scales have been presented in Figure 6.
It can be seen that in the conventional case (Case 0) most of the flow is realized in the center
of the heat sink due to I-type flow configuration, which is connected to a flow maldistribution
phenomenon and in effect generates non-uniform temperature profile. Case 1’ is
characterized by the jet impingement flow at the center of the MPFHS where the velocity is
the highest. The working fluid flows from the center of the heat sink mostly straight to the outlet
manifolds, resulting in non-uniform distribution and a small amount of fluid in the corners of the
MPFHS. It is, as in the previous case, connected with the I-type flow configuration. Introducing
4 inlets on the side of the MPFHS (Case 2’) results in a more uniform flow. The fluid spreading
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in the wider area of the MPFHS entrance and only small surfaces at the corners are lacking
the flow. To overcome this issue, Case 3’ has been proposed where inlets have been shifted
to the corners, generating a vortex in the MPFHS. In this case, almost the entire heat sink
surface is fed with the working fluid and the flow maldistribution is low which influences
the temperature field positively. There is still a room in Case 3’ for optimization of the inlets
positions to obtain as uniform flow as possible. It is described in the further subsection.
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Figure 5: Thermal parameters for various cases: a) mean average temperature difference for solid
and fluid domains; b) overall thermal performance factor

Figure 6: Streamlines from inlet to outlet colored by velocity magnitude - local scale: a) Case 0; b)
Case 1’; ¢) Case 2’; d) Case 3’
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The temperature fields in the MPFHS for various cases with local scale have been presented
in Figure 7. For Case 0 the temperature field is very non-uniform. Due to the I-type flow configuration,
where most of the working medium flows in the center of the MPFHS, the temperature is low in the
center but high on both sides of the MPFHS. The maximum solid temperature for Case 0 is equal
to81.5°C and is placed in the corners near the outlet manifold. This case with
such thermohydraulic parameters is not suitable for commercial applications of electronics
cooling. The temperature field for Case 1’ is much different from Case 0. The single inlet at the
top of MPFHS and jet impingement flow results in temperature reduction only in the center part
of the heat sink. However, due to the direct flow to the outlet channels, which are located
in a straight line from the center, the corners of MPFHS suffer from high temperatures. Overall,
the maximum temperature is increased by 54.2% compared to Case 0. When 4 inlets are placed
at the sides of the heat sink (Case 2’) the temperature field is much more uniform than for Case 0
and Case 1'. The reduction of maximum temperature compared to Case 0 is 4.3%, so it is not
significant but, as described previously, the temperature uniformity is much larger. It is worth
noticing, that the minimum temperature is 87.7% higher than the minimum temperature in Case
0. It is connected with the fact that in Case 2’ the inlet mass flow rate is 4-times lower than in Case 0
but in total, mass flow rates for the entire heat sink are the same (4 inlets in Case 2’). Hence,
the mass flow rates on MPFHS near the inlets in Case 2’ are relatively low compared to the mass
flow rate on MPFHS near the inlet in Case 0. Low mass flow rate results in high temperature.
However, looking at the heat sink as a whole, the mass flow rate is the same in every case
(mass fluxes for pins are the same) and the maximum temperature can be reduced thanks
to uniform fluid distribution which is the most important thing. After shifting inlet channels
to the corners of MPFHS (Case 3’), the temperature field is even more uniform and a significant
maximum temperature reduction can be observed. The vortex case can be utilized
in the commercial applications of electronics cooling because the temperature peak is lower
than 70°C. The maximum temperature is reduced by 18.0% compared to Case 0. The minimum
temperature is higher, as in Case 2’ but the increase is lower, namely 61.6%. The explanation
for so high minimum temperature is the same as for Case 2'.

Figure 7: Temperature field of pin fins (solid domain) - local scale: a) Case 0; b) Case 1’; c) Case 2’;
d) Case 3’
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5. CONCLUSIONS

A detailed numerical investigation of novel MPFHS designs was performed to investigate
their thermal performance and compare them with the conventional MPFHS design based on the 1
inlet and 1 outlet configuration. The novel designs are based on the 4 side manifolds instead of 2,
as for the conventional case, and 1 manifold on the top of the heat sink. As a result, a flow
can be realized in more ways than conventional design. There are 3 types of novel
designs tested, namely 1 inlet channel on the top manifold and 4 outlet channels
on the side manifolds (1ind4out), 4 inlet channels on the side manifolds and 1 outlet channel
on the top manifold (4in1out), and 4 inlet channels on the side manifolds with vortex configuration
and 1 outlet channel on the top manifold (4in1out-vortex). The vortex configuration design
showed very promising results so the study on side manifolds channels’ position has been
prepared to get the best thermohydraulic performance of the MPFHS.

The constant mass flow rate for the entire heat sink assumption has been taken into account.
The results prove that the multiple inlet design with a vortex generator can be considered
the best one compared to the conventional design.

Some novel designs show the reduced maximum temperature of the heat sink base referred
to the conventional case, namely 21.1% and 4.3% for 4in1out-vortex (optimized) and 4in1out
cases respectively, while the 1ind4out case is characterized by 54.4% temperature increase.
Moreover, the mean absolute temperature difference for MPFHS surface can be reduced
up to 61.3% and 49.3% by utilizing 4in1out-vortex and 4in1out designs respectively which means
that multiple inlet designs are characterized by more uniform temperature distribution.
On the other hand, the 1indout case causes the increase in mean absolute temperature
difference by 76.3%. Also, the thermal resistance is smaller for multiple inlet designs, namely
23.5% and 5.9% for 4in1out-vortex and 4in1out cases respectively. The thermal resistance
is increased for 1indout case by 64.7%. The Nusselt numbers in the novel designs have
not been improved due to the lower Reynolds number in pin fins compared to the conventional
case. However, the overall thermal performance factor has been improved because
of the reduced pressure drop for the novel designs. The Nusselt number is equal to 35.5,
35.3, 29.6, and 29.2 for conventional, 4in1out-vortex (optimized), 4in1out, and 1ind4out cases
respectively, while the total pressure drop in MPFHS of 8.5 kPa, 3.4 kPa, 3.2 kPa, and 3.1
kPa for conventional, 4inlout-vortex, 4in1out, and 1indout cases respectively
can be observed. Thereby, the overall thermal performance factor is equal to 1.34, 1.16,
and 1.15 for 4in1out-vortex, 4in1out, and 1ind4out cases respectively when the conventional case
is treated as a baseline.

NOMENCLATURE
A Heat exchange area (m?) Cp Specific heat (Jxkg'xK™)
Dh Hydraulic diameter (m) F Tested parameter
G Mass flux (kgxm'zxs'?) k  Thermal conductivity (Wxm?*xK™)
m’ Mass flow rate (kgxs™) Nu  Nusselt number
p Pressure (Pa) g  Heat flux (Wxm™)
R Thermal resistance (KxW™) Re Reynolds number
T Temperature (K) V  Velocity (mxs™)
9] Mean average temp. difference (K) Ap  Pressure drop (Pa)
n Overall thermal performance factor 7] Dynamic viscosity (Paxs)
I Density (kgxm™)
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