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elliptic pins inside microchannels in different; aspect ratio (AR) of pin, pin number ratio () in
order to optimize the hydrothermal design of this kind of heat sinks. The main objectives of this

study are; investigating the effect of pins on the performance of PFMCHS by investigating the best
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Numerical simulation geometry in the pinned-fin MCHS and which is higher, thermal or hydraulic performance of this
Hydrothermal performance kind of heat sinks and what is the optimal number of pins numerically and what about the pres-
Plat;e—fm heat sink sure drop penalty in the proposed design, little, modest or high increase.

Oval pins

It is seen that the thermal resistance of the pinned fin MCHS is about 50% lower, and pressure
drop of it is much higher than that of the (PFMCHS) under the condition of equal wind velocity.
Maximum mechanical fan power reduction obtained is about 57% for the pinned fin MCHS with
1 =1and Dn=1 X103 m compared to the corresponding original channel heat sink. To show the
overall performance of the two parameters; aspect ratio (AR), pin number ratio (i), the overall
JF factor is estimated and the concrete findings shows that the best hydrothermal performance
is obtained at the greater aspect ratio which is around overall JF = 1.2. In addition, the trend of
overall JF is going down with the pin number ratio, starting from 1.2 to 1.15. And the concrete
findings show that pinned fin MCHS provides thermal performance of 1.42 times greater than
the smooth one under the corresponding conditions when one pin is used in each channel.

© 2018 Published by Anbar University Press. All rights reserved.

HIGH LIGHTS

Hydrothermal design optimization of PFMCHS by inserting oval pins in the channels.

- The pin aspect ratio and numbers and orientations of the pins are optimized.

One pin used in PFMCHS shows hydrothermal performance of 1.42 times greater than the original.
Mechanical fan power reduction is 57% when the pins are sued getting the Nusselt number of the baseline.

210



- Pin aspect ratio of 0.45 shows overall JF factor of 1.2 with respect of the PFMCHS.

GRAPHICAL ABSTRACT

Top view of (Left) Vectors of velocity (m/s), and (right) Isotherm lines contours (k) for (a) AR = 0.138, (b) AR =
0.27,and (c) AR=0.45at Re =1200, 9 = 1.
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1. Introduction

Due to the progressing trend of integration, high
performance and miniaturization of electronics in-
dustry, the requirement of higher performance of
the electronic components becomes demanding.
The density of the heat flow is increased with the
decrement of the size of the components. However,
high power densities result in increased junction
temperatures, which adversely affect the reliability
of electronic devices. Therefore, an effective cool-
ing mechanism is essential for reliably operating
electronic components. Many ideas pertaining to
cooling methods have been proposed. Heat sinks
are a kind of heat exchangers used for cooling the
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electronic devices due to the simplicity of fabrica-
tion, low cost, and reliability of heat dissipation [1].
The extended surfaces from the heat sinks are ei-
ther flat-plate fins or pins fins shapes. In the last
decades, intensive attentions were spent on minia-
turizing the electronic devices because of the high
sophisticated micro- and Nano-technology devel-
opment. But the heat dissipation is still the major
problem of enhancing the hydrothermal perfor-
mance the heat sink. A comprehensive review is
carried out on the methods used for optimizing the
hydrothermal design of heat sinks. The purpose of
this study is to summarize the investigational ef-
forts spent for developing the hydrothermal perfor-
mance of the heat sinks, therefore, oval pins have
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been considered for studying here. Therefore, the
methods of design and optimization of the heat re-
moval devices is presented as follows: Based on
plate fin heat sink (PFHS), Yu et al., [2] studied nu-
merically and experimentally the effect of circular
pins in PFHS. The simulation results showed that
the thermal resistance of the pinned fin HS was
about 30% lower than that of the original one un-
der the same conditions. The profit factor define
(J=Q/P.P) of the former was about 20% higher than
that of the latter with the same pumping power. An-
other obvious advantage of pinned fin HS was that
the user can change an existing unsuitable PFHS
through planting columnar pins with different
numbers or different geometry parameters into a
required pinned fin HS by themselves to achieve
better air-cooling results. Wang et al. [3] pre-
sented a ribbed MCHS with grooves for chips cool-
ing. The micro-scale ribs and grooves were both
fabricated on the heated wall of the MCHS to im-
prove the laminar heat transfer rate. The results in-
dicated that the Nusselt number of their proposed
microchannels could be 1.11-1.55 times than that
of smooth microchannel. At the same time, the uti-
lizing of micro-scale ribs and grooves led to addi-
tional pressure drop penalty. They revealed that in-
creasing the rib height showed the apparent fric-
tion factor ranged from 0.38 to 4.09 times above the
smooth microchannel. Ahmed. [4] Has made a nu-
merical study about innovative thermal design of
PFHS through the insertion of ribs inside channels
with different orientations, positions, sizes and
numbers in order to obtain the optimal thermal de-
sign of this type of heat sinks. He investigated the
effect of ribs on the thermal performance of PFHS
while the number of fins was preserved constant,
and ribs are inserted with a reduction in the num-
ber of fins simultaneously. The reduction was in
terms of material saving by reducing the fins num-
ber, and reduction of the pumping power required
while the fins number was kept constant to have a
thermal performance as same as that of the original
one. The specific findings inferred that ribbed PFHS
provided a thermal performance of 1.55 times
larger than PFHS under corresponding conditions.
But the increment in the number of ribs reduced
this improvement. The pumping power of ribbed
PFHS reduced to 69.65% compared to the PFHS for
the same thermal performance. Also, the
hydrothermal performance of ribbed SFHS that
have five channels with 15 ribs was 1.37 times bet-
ter than nine smooth channels, and the substrate
material reduced by 27.24%. Jonsson and
Moshfegh [5] tested seven types of heat sinks in-
cluding plate fin, strip fin, and pin fin heat sinks in a
wind tunnel. Both in-line and staggered arrays had
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been studied having square and circular cross-sec-
tions for the pins in macro-scale, while the number
of the duct Reynolds ranged from 2000 to 16,500.
The pressure drop for the pin fin heat sinks was
larger when compared to the strip fin heat sinks at
high Reynolds values, while the variance in the
thermal resistance remained marginal. Conse-
quently, the use of pin fin heat sinks at high Reyn-
olds numbers didn’t bring any benefits. A numerical
study was present by Hong and Cheng [6], it was
about laminar forced convection of water in offset
strip-fin MCHS for microelectronic devices cooling.
It was found that there was an optimal strip-fin size
to minimize the pumping power, and this optimal
size depended on the input heat flux and the maxi-
mum wall temperature. Experimental investigation
was carried out by Liu et al, [7] for studying the
behavior of heat transfer and pressure drop for lig-
uid flow in rectangular microchannels with several
rows of VGs. Laminar and turbulent flow regime
with hydraulic diameter of the micro-channel of
187.5 um and three rectangular block LVGs were
implemented in stream-wise way of the rectangu-
lar microchannels with changed numbers of VG
pairs and angles of attack. They originate that the
range of Reynolds numbers (600-730) were at a
much lesser value by adding LVGs than the that de-
prived of VG (Re = 2300); Heat transfer presenta-
tion was enhanced nearly (9-21% higher for those
with laminar flow and 39-90% for those with tur-
bulent flow), while encountering larger pressure
drop (34-83% for laminar flow and 61-169% for
turbulent flow). Kim et al, [8] studied mixing
based on mass diffusion and advective flow at low
Reynolds number because of its importance on the
design of microscale vortex generators. Four vortex
generators geometries simultaneously; vortex gen-
erators angle, vortex generators height, vortex gen-
erators width, and vortex generators spacing were
considered. The optimized microchannel was
found at a micromixer configuration where VG an-
gle, VG height ratio, VG width ratio and space of VG
ratio to VG height were 35.6° 0.7, 0.127, and 1.10,
respectively. The channel length to obtain the mix-
ing uniformity over 95% was 1344 um. Yi Li et al.,
[9] reported both experiments and numerical sim-
ulations investigating the thermal-fluid physiogno-
mies of a smooth-fin HS with a couple of VG con-
nected in a cross-flow channel before the leading
edge of the HS. The effect of geometric and orienta-
tion parameters of VG were examined. It was found
from the results that in small distance between
trailing edges of the VG the thermal performance
was bad due to the difficulty in the airflow into HS.
The optimum performance was reached through
making the space between the trailing edge of each
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VG and the front finale of the HS zero and the dis-
tance between the VG trailing edges equal the
length of the HS. In order to optimize the pressure
difference and thermal resistance, an attack angle
of the VG of 30 degrees was preferred. Although the
heat transfer increased with the height of the VG,
the pressure difference also increased. The heat
transfer enhancement of the HS by using VG was
greater, and the increase of the pressure difference
was lower, at lower Reynolds numbers. Ebrahimi
et al,, [10] conducted a numerical investigation for
laminar water flow and heat transfer performance
of in rectangular microchannels provided with lon-
gitudinal VG. Their results showed that for Reyn-
olds number reached from 100 to 1100, there was
a 2-25% rise in the Nusselt number for microchan-
nels with LVGs, while the friction factor raised by 4-
30%. Except one at Re = 100, the total presentation
of the all shapes of microchannels with LVGs was
advanced than ones without LVGs. Zhuo etal., [11]
presented three-dimensional numerical simula-
tions of laminar flow and heat transfer of water in
silicon microchannels with trapezoidal and trian-
gular cross-sections. Their solutions showed that
when Re number was lesser than 100, the com-
bined effect between velocity and temperature gra-
dient was much improved than the case of Re > 100.
There was an abrupt change in the intersection an-
gle between velocity and temperature gradient
around Re = 100. For the two microchannels, the
heat transfer strength of the trapezoidal micro-
channel was much improved than that of the trian-
gular one, which shows the significant impact of the
geometric condition in microchannel system. In ad-
dition, for the two microchannels, the rise of Re
number caused an increment in the Nusselt num-
ber in the fully developed zone, seemingly changed
from that of conventional duct, where the Nusselt
number of the fully developed laminar heat trans-
fer was unchanging. Xia et al. [12], and [13] inves-
tigated different geometric parameters of MCHS
with triangular reentrant cavities on water flow
and heat transfer characteristics numerically. In or-
der to find the optimum geometric parameters,
four variables, representing the distance and geom-
etry of the triangular reentrant cavity, were de-
signed. It was found that the vortices in the triangu-
lar reentrant cavities led to chaotic advection and
could greatly enhance the convective fluid mixing.
And he carried out an investigation of fluid flow and
heat transfer characteristics in a MCHS with offset
fan-shaped reentrant cavities in sidewall. Steady
and laminar flow regime were considered in their
study, they pointed out that the proposed plan en-
hanced heat transfer presentation associated with
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an acceptable pressure drop attributed to the com-
munication of the improved heat transfer surface
area, the redeveloping of the hydraulic and thermal
boundary layers, the jet and throttling upshots and
the slipping over the reentrant cavities. Wang a et
al. [14] proposed different cannelure fin structure
applicable to compact air-cooled heat sink under
cross-flow condition. Test results indicated that ap-
proximately 25% of heat transfer performance in-
crement can be achieved by the proposed full can-
nelure fin along with the dimple/cavity structure,
and the friction abridged of about 20%. Further-
more, converse to those interrupted fin or triangu-
lar VG, it was found that a significant augmentation
was offered by the proposed fin structure in fully
developed region. The possible mechanism for ap-
preciable increase of heat transfer without suffer-
ing the pressure drop penalty was attributed to the
local suction/blowing flow and the near wall verti-
cal motion caused by the cannelure structure. Ah-
med and Ahmed [15] have conducted a three-di-
mensional numerical simulation for investigating
the changed caused by geometric parameters in the
characteristics of laminar water flow and forced
convection heat transfer in grooved MCHS. Their
examination included the orientation, tip length,
depth and pitch of the cavities for improving the
hydrothermal performance of an aluminum heat
sink plan. The shape of cavity can be improved by
these geometric parameters, from triangular to
trapezoidal and then to rectangular shape. The re-
sults presented that the trapezoidal groove with
groove tip length ratio of 0.5, groove depth ratio
0.4, groove pitch ratio of 3.334, grooves orientation
ratio of 0.00 and Re = 100 was the optimum thermal
plan with Nusselt number improvement of 51.59%
and friction factor improvement of 2.35%. In the
paper of Mohammed et al.,, [16], and [17] Laminar
heat transfer and water flow characteristics in
wavy MCHS with rectangular cross-section with
various wavy amplitudes ranges, was numerically
investigated. It was displayed that heat transfer
performance of the wavy microchannels was im-
proved than the straight microchannels. The pres-
sure drop penalty of the wavy microchannels was
reduced than the heat transfer improvement. The
friction factor was increased proportionally as the
amplitude of wavy microchannels increased. And
he tested numerically the heat transfer and laminar
water flow behavior in MCHS having zigzag, curvy,
and step microchannels shapes. They highlighted
that for the similar cross-section of a MCHS, the
temperature and the heat transfer coefficient of the
zigzag MCHS was the smallest and highest, respec-
tively, among various channel shapes. The pressure
drop penalty for all channel shapes was advanced
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than the conventional straight MCHS. The zigzag
MCHS had the highest rate of pressure drop, and
friction factor monitored by the curvy and step
MCHS, respectively. Rahman [18] presented exper-
imental measurements for pressure drop and heat
transfer coefficient of water in MCHS. Two different
channel patterns were designed to see the effects of
flow branching, channel length, and fluid velocity.
The parallel pattern (I-channel) distributed the
fluid through several parallel passages between the
inlet and the outlet headers located at two ends of
the wafer. The series pattern (U-channel) carried
the fluid through alonger winding channel between
the inlet and the outlet headers. The larger heat
transfer was caused by the breakage of velocity
boundary layer by surface roughness associated
with etched channel structure. The transition from
laminar to turbulent flow was somewhat gradual
because of small channel dimension. The research
of Shaalan et al., [19] goal was to study the impact
of the use of heat shield on the performance of a
parallel PFHS experimentally and numerically in
turbulent flow regime. It was found that the ther-
mal resistance could be reduced through attaching
a shield to the heat sink, especially at low Reynolds
number. And a complicated variation in flow field
around the HS and its thermal performance can be
caused by changing the angle of shield inclination.
It was found that the inclination angle that yielded
minimum thermal resistance varies with HS height.
For shortest fin height used (H =15 mm), this re-

sistance was minimum with range (30° < 0 < 90°),
while for higher HS heights, the optimum heat
shield angle ranged between 120° and 135°. The
surface temperature of the base of the HS was ana-
lyzed by Li Et al. [20] to determine the changes in
the thermal resistance caused by Reynolds number,
shield, and height and fin width. The bypass flow ef-
fect was decreased by due to the introduction of a
shield which also forced more coolant fluid to enter
the channel from fin to improve the heat transfer.
The thermal resistance of the HS is reduced by the
Reynolds number, but that decrease tended to be
minimized with increase of Reynolds number.
When the Reynolds number attained a certain
value the improvement of heat transfer by the heat
sink became limited. For a given fin width, the ther-
mal performance of the HS with the highest fins was
superior. For a given fin height, the optimal fin
width in terms of thermal performance increased
with increasing Reynolds number. As the fins be-
came wider, the flow passages in the HS constricted
the entrance of coolant air; as the fins became nar-
rower, the area of heat transfer of the HS decreased.
Both conditions caused a decrease in the heat
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transfer of the HS. Most recently, the review paper
of Hamdi et al. [21] is summarizing the investiga-
tional techniques which were used for improving
the hydrothermal performance of HS. In addition
,they reported the research gaps that still under re-
search and need more focus by investigator, The
varying of the fin number, fin geometry, channel
shape, channel aspect ratio, grooved channel, and
ribs and turbulators in between channels have an
attractive effect for getting the optimal thermal de-
sign of the heat sinks. Baffles, vortex generators,
and ribs showed better hydrothermal performance
more than smooth heat sinks. The miniaturization
of the heat sinks showed excellent results in both
hydraulic and thermal performance. There was no
paper refers to examine the effect of oval pins in
plate-fin microchannel HS. Wahid et al. [22] stud-
ied numerically simulation the heat transfer char-
acteristics and pressure drop of Nanofluids in com-
pact heat exchanger with different tube shapes and
an in-line arrangement of tubes under steady-state
laminar fluid flow. The results revealed that the en-
hancement of heat transfer. In addition, it was ac-
companied by acceptable pressure drop values in
comparison with the circle and elliptic tube shapes
in compact heat exchangers, it can be clearly seen
that the elliptic tube bank heat exchangers provides
lower frictional losses compared to flat-tube as well
as circular tube. The overhead literature review
and due to the finest knowledge of the authors
show that in the past the optimization of thermal
design of MCHS using plate-fin microchannel heat
sink with oval pins has not been investigated. Also,
it is very clear that MCHS was extensively studied
but the reported data is limited in the literature that
involves non-circular pins. In this numerical re-
search, an innovative thermal design of (PFMCHS)
is suggested by inserting pins inside channels in
dissimilar sizes, positions, and numbers of the pins
in order to get an ideal thermal design of this kind
of heat sinks. The central objectives of this study
are; investigating the effect of pins on MCHS. The
present study is proposed to develop the work of
Yu et al, [2], Jonsson and Moshfegh [5] by using
new oval pins (elliptical pins) with air as working
fluid which has not been studied yet. This gap mo-
tivated the present study to examine this area of re-
search numerically in three dimensions. The re-
sults of parameters such as Nusselt number, fric-
tion factor, JF factor, pressure drop and mechanical
fan power and streamlines and isotherm lines con-
tours will be depicted, compared with those of
smooth-fin microchannels and thoroughly ex-
plained to illustrate the effect of various parame-
ters on the MCHS performance.
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2. Mathematical Formulation

2.1 Physical statement and assumption

The schematic diagram of the physical problem con-
sidered in this research is shown in Figure.1l. The
area of the bottom of the substrate is (50%x10.1x 10-
6) m2 (i.e.,, width (W) X length (L)). The height and the
width of the fin are (Hf= 1.125% 10-3m and Wr= 0.2
X 103 m), respectively. The height of the base of the
substrate is (Hp = 0.5X 103 m). The number of the
fins (Ny) of the MCHS is (10). The width of the channel
is = 0.9% 10-3m. Oval pins (elliptical pins) are sug-
gested and considered in each channel, attached on
the bottom of the flow channel and has same circum-
ferential area of the pin (exposed to the fluid) and the
circumferential area of the pin is (4 = 0.35X 10-¢ m2)
(where, A = XrxR). The small and large diameter of
the oval pin is (d = 0.45, 0.35, 0.25% 103m and D =
1.0, 1.285, 1.8x 10-3m), respectively, is varied along
the tests, one height is considered for the oval pins.
The value of the pitch distance (S) between the be-
ginning of the channel and the pin center is (5% 10
3m). The range of the varied parameters are shown in
Table 1. The parameters varied along this study are;
aspect ratio, number of pins, mechanical fan power
with wide range of Reynolds number. The first opti-
mization parameter is the aspect ratio which is de-
fined as (ratio of small to large diameter of elliptical
pin) (AR = d/D) while ARs are (0.138, 0.27, and 0.45),
respectively. The second optimization parameter is
the pin number ratio which is mathematically de-
fined as (¥ = Np/Nc) and has the values of (0, 1, 2 and
3). Last parameter investigated in this study is the
thermal resistance reduction and pressure drop and
mechanical fan power reduction between the chan-
nels. The heat flux supplied to the bottom of the sub-
strate block is considered (g =1500 W/m?2) in which
the temperature of the base of the substrate doesn't
exceed 702 C in the case of smooth channels and at
lowest value of Reynolds number [2]. The geometric
parameters of the plate-fin MCHS, pinned fin MCHS,
and the computational domain and the pin dimen-
sions are illustrated in Figure.1. (a)- (e). Using air as
a working fluid, the following assumptions are con-
sidered for heat transfer and fluid flow characteris-
tics in the pinned fin MCHS:

- Three-dimensional fluid flow, incompressible and
steady-state.
-Laminar forced convection heat transfer and con-
stant wall heat flux.
-Negligible radiation heat transfer.
At the microchannel sections, the inlet air tempera-
ture is taken as (T = T,, = 300 K) and the inlet air
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velocity is calculated based on the required Reynolds
number. In calculating the velocity, the air is assumed
to be uniform distributed into all MCHS. The trans-
verse velocities at the inlet are assumed zero. On the
aluminum substrate, the velocities are zero, and it is
assumed the top plate of the MCHS to be an adiabatic
surface. The initial fluid velocity and temperature at
the inlet is taken as the mean velocity um and mean
temperature Tm. Therefore, the initial boundary con-
ditions can be written as follows

=0

U=Up V=W

Nf

i

Hf

Phl

(b)
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X

(d)
Figure.1. Schematic diagram of (a) pinned fin MCHS, (b) geomet-

ric parameters of PFMCHS, (c) computational domain, and, (d) ge-
ometric parameters of pin. The scheme is not drawn to scale.

Table 1. Variables of geometric parameters considered for opti-

mization.
Symbol definition Equation/note Domain

Wc width of the channel - 0.9 % 10°m

d small diameter of pin - 0.45, 0.35, 0.25% 10°m
D large diameter of pin - 1,1.285,1.8x 10°m
Hp pin heights - 1.125% 10°m

Nt number of the fins - 10

Py pin pitch - 10x 10°m

Np number of pins in each channel 0,123

Dy hydraulic diameter - 1x 10°m
AR Aspect ratio AR =d/D 0.45,0.27, 0.138

17 pin number ratio Np/Ne 0,1,23

Re Reynolds number pUDy/ 1 100, 250, 500, 800, 1200
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2.2 Governing equations

The continuity, momentum, and energy governing
equations in non-dimensional form for steady, lami-
nar and incompressible flow, in Cartesian coordi-
nates are Continuity equation [15]:

6U+6_V+6_W:0
X o9y 0z

0
X — Momentum equation:

poxX

109P (6211
0Xx?

+62_U+62_U) (2)

ou ou ou
UtV o tW5z = oz 1oz

Y — Momentum equation:

v v v 19P a%v a%v a2V
UGV AW S = — D tu(GEt Sa t 5a) )
Z — Momentum equation:

ow ow ow 10pP 2w 2w *w
UV WS = =T u (G + 55 + 55) @
Energy equation:

20 20 90 920 | 9%0 . 020
UGV AW =0 (35 + 55 + 55) (%)

Where 9 the kinematic viscosity is defined as k/ (p
¢p). The non-dimension parameters are defined as:

w

X=

X y VA u v
on Y=o = U= V=0 W=
um um um

(6)

Where 0 stands to the dependent parameters u,v and
w and T. In the above equation, the u,v and w are the
velocity components in x, y and z directions, respec-
tively, and P is the pressure and T is the temperature.

2.3 Boundary Condition: The boundary condi-
tions of the above set of governing equations are as
follows:As (T = T,, = 300 K) and (q =1500
W/m2).

i- At the inlet of channel:
U=Un, v=W=0,T=Ti=300K

at
Wy2 <x<Wce+Wi2; Ho<y<Hp+Hf,z=0

ii- At the exit of channel:

u_ov_ow _ory

9z 9z oz 0z =0, p= pou = 1atm

at

We2 <x<Wc+W2; Hh<y<Hp+Hf,z=L



Hamdi E. Ahmed et al. / Anbar Journal Of Engineering Science©Vol. 7,No3 (2018) 210 - 232 X

iii- At the upper wall:

u=v=w=0;- kwaT‘”O

at
0<x<Wc¢+Wx,y=Hp+Hr 0<z<L

iiii- At the internal sidewalls and lower wall of
channel:
u=v=w=0;- kWaTW q

at

X=Wi2; Hb<y<Hp+Hr, 0<z<L
ATy,

OR u=v=w=0;- kw paall!

at
X=We+ (Wi/2); Hb<y<Hp+H; 0<z<L

v- At the lower heated wall of substrate HS

ATy
u=v=w=0;- kway—q

at
We/ 2<x< We + (Wi2); y =Hp; 0<z<L

vi- At the Sidewalls of substrate HS (symmetry)

aT,
uvakW}‘,”

at
0<x<WctWgy=0,0<z<L

vii- Front and back wall of substrate HS

ou _ 0y

— an aTw

dx 0X 0X

=0,v=0

at
x=0,0<y<Hp+H;0<z <L

X=Wc+Wr0<y<Hp+Hf0<z<L

OR - Ku "TW =0

at
0<x<Wc+Wg0<y<Hp+Hf;z=0

0<x<Wc+Wg;0<y<Hh+Hfz=L
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2.4 Grid Independent Test

The grid independent test is examined in order to ob-
tain an appropriate grid system. Eight different sizes
of grid are tested to check the effect of the grid den-
sity on the computational results. The mesh gener-
ated for the present analysis consists of 556,021 ele-
ments and 621,124 nodes. And the relative error be-
tween the fourth and fifth grid is (Nu error 0.071%, f
error of 0.42%). The grid independence test is car-
ried out by varying elements from 237,207 to
1075,052 in eight steps for Re=1200, =1 and AR =
0.27. The increase in mesh elements after 621,124
has less than 1% variation in Nusselt number and
friction factor and gives a very slight deviation and
shorter time for iteration compared with other finer
grids is adopted in this study as shown in. So the
mesh with 621,124 elements is taken as criterion for
grid independence and is used for carrying out nu-
merical analysis for the cases investigated in this
study. It is worthy to be mentioned that the finest
grid (Eight grid) is tested to make sure that there is
no change in (Nuavr and f). As shown in Figure.2. (a)-
(b), which show the results of the grid independence
test and relative error of Nuaw% and f %, the grid
number (621,124) is employed.

The relative error is;

—|Mmax — MmN
Em %=|——"—"""|%100
MAX

()

Where (M) represents any parameter. Figure.3. (a)-
(b) shows the structured mesh used in the CFD sim-
ulation.

4.6 0.071

——=—— Nuavr

f data

0.07

45

0.069

0.068

44

\

0. ()67

43 0.066 ¢

L 0.065
42

0.064

—L P - R
600000 800000 TEos 0063

Mesh Number

[ . I .
3‘(100 00 400000

Friction factor

(a)
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2.5

——a—— Nuavr

b [ data

n
LB m—

Relative error %
T

0.5

't I
200000

L L 1 1
400000

600000 800000
Mesh number

P -
LE+06

(b)

Figure.2. the results of the grid independent test (a) Nu,, and f data
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Figure.3. (a) Meshing of the domain, and (b) meshing of pin.
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3. Numerical Procedure
3.1 Solution Method

The finite volume method (FVM) is used to solve the
governing equations with corresponding boundary
conditions by using the commercial computational
fluid dynamics (CFD) package (Fluent v.15.0). The
convective term of 2nd order method implementing
the SIMPLE algorithm is employed for the pressure
and velocity coupling. The diffusion term in the mo-
mentum and energy equations is approximated by
2nd order upwind. A uniform structured mesh is gen-
erated for the whole domain except the zone of pin in
which non-uniform, unstructured, finer and high
concentration mesh is applied. The iteration of simu-
lations is continued until the sum of normalized re-
sidual of all components became negligible (less than
10-5) and velocity components does not alter from
each other iteration. The residual sum for each of the
conserved variables is computed and stored at the
end of each iteration, thus recording the convergence
history. Moreover, the convergence criterion de-
manded that the maximum relative mass residual
based on the inlet mass became smaller than 10-10,

3.2 Numerical Calculation

The local convection heat transfer coefficient and lo-
cal Nusselt number respectively are estimated as fol-

lows [4],
_ Q 2
Z_Ahx(Twz—Taz) (W/m K) (8)
_ hzXDp
Nuz = B (9)

Where Tw and Tq, the average heated wall tempera-
ture and the average air bulk temperature, respec-
tively.

The An is estimated by

An= (2Hp+W¢) xL  (m?)
Where A the convection heat transfer area.

(10)

Reynolds number is calculated from the following

formula

Re =200 (11)
u

Where D is the hydraulic diameter of the channel

which is calculated as follows
Ac _ W(;XHf (m)

Dh=4— =2

P T HpW)
Where Ac represents the cross-sectional area of the
channel flow and P represents the wetted perimeter

(12)
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of the channel. The friction factor in the channel is
calculated by

2D xAP
S =t oxtumz (13)
The hydrothermal performance evaluation factor
(JF) is defined by Webb and Eckert (1972), [15], [23],
and [24] and is given as,

_ (Nu*/Nu®)
JF= G o arm (14
The mechanical fan power (M. F.P) required to propel
a volumetric flow rate (V) at a pressure drop 4p is es-
timated from

M.FP=VxAp=umxAcxAp (W) (15)
Where the cross-sectional area for one channel is cal-
culated by

Ac=Hrx Wc (m?2) (16)

In evaluating the thermal performance of the heat
sink, the thermal resistance is defined as:

AT Tp-T,
Ren =% == (K/W) (17)

Where AT is temperature difference between the
highest temperature on the fin base and the ambient
air temperature, T» is the mean base plate tempera-
ture and T is the temperature of the cooling air. And
Q is heat dissipation power applied on the fin base.

3.3 Validation of the Plate- Fin MCHS

In order to validate the model output, the axial varia-
tion of the longitudinal Nu numbers of the smooth fin
MCHS has been firstly compared with the numerical
data of Zhuo et al., [11] for a numerical study of lam-
inar convective heat transfer in microchannel with
(trapezoidal and triangular) cross-sections are per-
formed as shown in Figure 4. (a) and (b), respec-
tively. Both comparisons of the longitudinal Nusselt
number of trapezoidal and triangular microchannel
show excellent agreement with the literature are
within * 2%.

The variation of the thermal resistance and pressure
drop of the pinned-fin MCHS has been secondly com-
pared with the experimental data of Jonsson and
Moshfegh [5] and the numerical results of Yu et al.,
[2] for laminar convective heat transfer in in-line cir-
cular pin fin MCHS, as shown in figure 5. (a) and (b)
respectively. As can be seen in the figure, agreement
accepted has been obtained of experimental data and
numerical results and the present simulation data for
both thermal resistances and pressure drops are
within + 5%.

The third compared to validate the computations,
smooth plate-fin MCHS are validated with the exper-
imental measurements of Sohel et al., [25]. They
performed number of experiments on smooth mini-
channel heat sink. A comparison is held between the
current numerical results and experimental meas-
urements as shown in Figure 6 (a) and (b). The com-
parisons are in term the heat sink base temperature
and heat transfer coefficient of pure water. This Fig-
ure illustrates that the present numerical output and
the experimental results are close to each other are
within £ 4%. For that reason, with valid numerical
modeling, the computations of the heat sink with a
pin will be conducted.
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———s—— Present CFD results
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Figure.4. (a) Longitudinal Nu numbers variation for Re numbers
=100 of trapezoidal microchannel, (b) Longitudinal Nu numbers
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variation for Re numbers = 30 of triangular microchannel Zhuo et
al, [11].
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Figure.5.Validation of present CFD outcomes with Jonsson and
Moshfegh [5], and Yu et al.,, [2] for (a) thermal resistances; (b)
pressure drops.
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5.Result and dissection

As explained earlier, the main objective of the current
study is to optimize the hydrothermal design of
plate-fin microchannel heat sink by using new design
of microchannel heat sink by inserting elliptic pins.
This optimization is planned to be achieved by con-
sidering the main goal; is the enhancing the hydro-
thermal design of the heat sink. For this goal, several
parameters are considered here; the aspect ratio
(d/D), the number of pins, mechanical fan power re-
duction. In this work, three-dimensional numerical
simulation for laminar airflow and forced convection
heat transfer in plate-fin microchannel heat sink un-
der a thermal condition of constant wall heat flux at
the bottom of the substrate is considered. Generally,
under q = 1500 W/m? and for a range of Reynolds
numbers (100—1200). The above different design
variables of pins are considered in order to optimize
the heat sink design. The results of heat transfer and
pressure drop are represented in term of Nusselt
number, friction factor, JF factor, vectors plots of ve-
locity and temperature streamline contours are de-
picted and analyzed. It is worth to be mentioned that the
contours of velocity and temperature are estimated at hy
= 0.3125mm to let the shortest pin to be seen in the con-
tours, a recirculation and fluctuation in the fluid flow can
be seen at and after the location of the pins occurs in this
level making better fluid mixing. Therefore, this height
is adopted to evaluation standard of heat transfer en-
hancement, and this value is kept constant throughout
the tests here.
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5.1 Effect of the Aspact Ration

The first parameter which study its effect on the
pinned fin MCHS performance is the aspect ratio (AR)
of the pin, the values of the aspect ratio are (0.138,
0.27, and 0.45) considering the same circumferential
area of the pin (0.35X10-° m2) (exposed to the fluid)
and with change perimeter (2.36, 2.78 and 3.71
mm),respectively. The range of this parameter are
shown in Table (2). Figure .7. (a)- (d) show the ef-
fect of (AR) on the Nusselt number, base tempera-
ture, friction factor and JF factor for a range of Reyn-
olds numbers at 1) = 1 with respect to the straight
baseline plate-fin microchannel. Figure .7. (a) Show
that the Nusselt number increases with increasing
the (AR) compared with plate-fin heat sink especially
at the higher range of Reynolds numbers. The aspect
ratio of pins plays an important role in heat transfer
enhancement by disturbing the growth of thermal
boundary layer. In fact, increase the aspect ratio
causes a turbulence in the main flow direction leads
to a larger wake region behind the pins and greater
heat removal. Increasing the (AR) of the pins means
decreasing the angle of separation or increasing the
wake region and the heat transfer rate or Nusselt
number, and vice versa. Moreover, Figure 7.(b) illus-
trates the effect of the AR on the substrate base tem-
perature. It can be seen that there is a slight gradient
in the base temperature compared to the smooth
channel. This gradient in the temperature increases
with the increase of the flow rate.

In contrast, the friction factor increases with increas-
ing the AR compared with PFMCHS as is shown in the
Figure.7.(c). Atlow Reynolds number, some portion
of the pins is immersed in the boundary layer with-
out any effect on the thermal performance but only
on the hydraulic performance due to the additional
pressure drop. It can be seen that the values of fric-
tion factors reduce steeply when Re number increase.
This reduction in friction factor becomes small of the
highest values of Re number giving an indication that
the current result satisfy the moody chart. And this
giving an indication that the current result satisfy the
search result of Wahid et al. [22].

Also, the JF has a parabolic behavior with the AR as
shown in Figure.7. (d).Atlowest value of Re number,
JF is reversibly proportional with AR and the rela-
tionship between them is linear. While, at Re = 250
and 500, the two largest aspect ratios show the same
enhancement. The highest two values of Re, show
that the smallest and largest AR provide better
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JF enhancement. Where some portion of the pins is
embedded in the boundary layer. At highest Reyn-
olds number, JF factor decreases and persists until AR
= (.27, then it increases. It can be attributed to the
fact that at lower values of Re number, the hydraulic
boundary layer is thick and most of pin height is em-
bedded in the boundary layer. At the case of highest
AR, the cross-sectional area of the flow is at its small-
est values. In contrast, and when Re increases, the
thickness of boundary layer decreases (i.e., R de-
creases) which leads to increase the amount of heat
transfer. Besides, the role of the pin for mixing the
cold and hot layers of fluid becomes more intensive
and consequently increase the turbulence intensity.

The isotherm lines contours and vectors plots of ve-
locity from CFD analysis for (AR = 0.138, 0.27, 0.45)
are depicted in Figure .8. (a)-(c) respectively. It can
be attributed to the fact that at AR = 0.138, there is no
flow separation behind the pin which is considered
as disadvantages, while at AR = 0.45, a great recircu-
lation in the flow occurs after the pin making better
fluid mixing as it can be seen clearly in Figure .8.
(Left) .Itis also observed from the figure that the sep-
aration region behind the pin is greater with AR =
0.27. The trend is also reflected from the isotherm
lines contours Figure .8. (Right) as the case, AR =
0.27 shows the highest temperatures behind the pin.
It can be observed from the figure that the best ther-
mal performance is at AR = 0.45. This result gives an
indication that the best hydrothermal performance
can be obtained at large aspect ratio under current
conditions, for all cases and for the whole range of
Reynolds number, the optimum aspect ratio is AR =
0.45 which show highest average Nusselt number ra-
tio is 29.2% at Re =1200 compared to the smooth
channels, and overall JF factor (1.26 times) compared
to plate-fin microchannel heat sink.
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Table.2. Geometric parameters of pin aspect ratio (AR). All dimensions are in (m).

Nu

AR W Dh d D Hp Ap (M?) S
0.138 1 1x10°3 0.25x10°3 1.8x1073 1.125%x103 0.35x10°® 5x103
0.27 1 1x10°3 0.35x103 1.285x103 1.125%103 0.35x10® 5x103
0.45 1 1x10°3 0.45x%103 1x103 1.125%103 0.35x10® 5x103
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Figure.7. Effect of the aspect ratio (AR) on (a) Nusselt number, (b)
base temperature, (c) friction factor, and (d) JF factor at

substrate
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fluid flows. Based on the basic concept of Moody
chart, the friction factor reduces with

(©

Figure .8. Top view of (Left) Vectors plots of velocity (m/s), and (right) Isotherm lines contours (k) for (a) AR = 0.138, (b) AR =0.27, and (c) AR =

208401

1.792401

1.40e401
1.19e401

8 .96e+00

3032400 O

G.91e-02

(©)

0.45atRe=1200and ¢ = 1.

5.2 Effect of the pin number ratio

Figure.9. (a)-(d) show the effect of the pin num-
ber ratio i = (Np/Nc) on the Nusselt number, base
temperature, friction factor and JF factor for the
whole range of Reynolds number. The values of
pin number ratio considered here are ) =0, 1, 2
and 3 respectively, while the other variables are
AR = 0.27. Figure.9. (a) 1llustrates that the
Nusselt number increases with increasing the
number of pins. This enhancement is dramati-
cally and monotonically increases with Reynolds
number as greatest Nu enhancement is (37.52%)
which is recorded at Re = 1200. Figure 9(b) ex-
hibits the effect of the pin number on the sub-
strate base temperature. The temperature gradi-
ent is clearly observed here with increasing the
pin number particularly at the highest rates of the

increasing the flow rate. In contrast, an increase
in the friction factor is registered with the addi-
tion of pins. It can be justified that each pin re-
duces the cross-sectional area of the flow in
which the pressure losses increases. It should be
remarked that the additional frictional losses de-
creases with increasing the flow rate as shown in
Figure 9(c). From the figure, it is difficult to judge
which case is highest; heat transfer enhancement
or frictional losses. This can be answered by go-
ing to Figure.9. (d). It is very clear to say that the
hydrothermal behavior JF factor noticeably de-
creases with increasing the pins number at low-
est values of Reynolds number and this is giving
an indication that the current result satisfy the
search result of Ahmed [4]. 1t persists up to Re =
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500, while at Re = 800 the trend of JF is un-
changed with 1 and only at the highest value of
Re the hydrothermal performance (JF) factor in-
creases with pin number ratio. It emphasizes that
a great JF factor with increasing trend can be ob-
tained when Re > 800. This is attributed to the
fact that a portion of pins is immersed in the hy-
draulic boundary layer caused an increase in the
pressure drop while there is no destroying to the
boundary layer. This unexposed portion is re-
duced with increasing the flow rate (reducing the
thickness of boundary layer). Therefore, the best
hydrothermal performance for the pin is when Re
> 800 and a better enhancement can be obtained
with increasing Np, great benefit is observed at
higher values of flow rates. Figure .10. (a)-(c),
and Figure.11. (a)-(c) show the vectors plots of
velocity and isotherm lines contours from CFD
analysis for the three cases of pin number ratio at
Re = 1200, AR = 0.27. Figure .12. (a) - (d) show
the effect of the pin number ratio (¢ = 0, 1, 2, 3)
respectively on the axial Nusselt number for the
Re = 1200 with respect to the straight baseline
plate-fin microchannel. It is worth to be men-
tioned that the values of pin number ratio consid-
ered are AR = 0.27.

It is worth to be mentioned the line of Nu number
is considered at the center line of the base wall of
the flow channel passing through the out- surface
of the pin. It can be seen from Figure .12.that for
smooth MCHS, Nu number starts from its highest
value at the beginning of the channel, then re-
duces with the axial direction toward the exit of
the channel till reaches to the fully developed
region.When one pin is used after (5% 10-3m)
from the leading edge of the channel, a great fluc-
tuation in the fluid flow can be seen at and after
the location of the pin causing high increase in the
local Nu number. More deterioration of the heat
transfer can be observed when two pins are used.
The effect of pins persists continuously with axial
direction of the flow toward the channel exit. It
shows the effectiveness of using multiple row of
pins providing more enhancement for Nusselt
number. Moreover, it should be noted that the
pitch distance in Figure 12(C) is greater than that
in Figure 12(D). Hence, the shortest pitch exhib-
its uniform local enhancement in the Nusselt
number while the longer pitch shows decreasing
in the enhancement of the Nusselt number with
axial direction. The periodic fluctuation in the
flow is obtained by using three pins, while the Nu
= 0.0 at the tip of the pin as it is considered adia-
batic in the current boundary conditions.

Nu
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Figure .10. Top view of (up) vectors of Velocity (m/s), for (a) ¢ =1, (b) ¥ = 2,and (c) ¥ = 3 at Re = 1200, AR = 0.27.
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Figure .9. Effect of pin number ratio  on (a) Nusselt number, (b)
substrate base temperature, (c) friction factor, and (d) JF factor at
AR =0.27.
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5.3 Overall Hydrothermal Performance

To show the overall performance of the two parame-
ters; AR, i, the overall JF factor for all Re numbers is
estimated and depicted as illustrated in Figure.13.
(a) - (b) respectively. Figure.13. (a) shows that the
best hydrothermal performance is obtained at the
smallest aspect ratio which is around overall JF = 1.2.
In addition, the trend of overall JF is going down with
the pin number ratio, starting from 1.2 to 1.15 as ob-
served in the subfigure (b).

5.4 Mechanical Fan Power Reduction

In the last part of the current study is to examine
the effect of using single pin in each channel with
Y =1and Dr=1 X10-3m, on the pressure drop and
mechanical fan power reduction. For the case of
plate-fin channel, Nusselt number is (3.35) at Re
=1200. By using pin, the Nusselt number ratio is
greatly enhanced. To get the same value of
Nusselt number of smooth channel (i.e., Nu’/ Nuo
= 1), the flow rate must be reduced when the pin
is used. By this way, Reynolds number is reduced
up to 770 for the pinned fin MCHS to provide
same thermal performance of smooth one as
shown in Figure 14.

It could be deduced that the mechanical fan
power required for pushing the fluid in PFMCHS
decreases in the case of pinned fin MCHS for the
corresponding amount of the heat transfer rate.
In that case, a reduction in the mechanical fan
power is obtained around (57%) and this gives
an indication that the current result satisfy the
search result of Ahmed [4] as shown in Table 3.

Table 3. Mechanical fan power reduction by using

pin.

variables No pin pinned

Nu 3.35 3.35

Re 1200 770

u (m/s) 21.8 14.1

AP (Pa) 764.4 505

mechanical fan power (W) | 0.15185 | 0.064886
Power reduction (%) - 57

(©

Figure.11. Top view of [sotherm lines contours (K) for (a) ¥ =1, (b) ¥ = 2,and (c) ¥ = 3 at Re = 1200, AR = 0.27.
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Figure .13. Overall hydrothermal performance of (a) AR and (b) 800
pin number .
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6. Conclusion

The main aim of this numerical work is to optimize
the hydrothermal performance of pinned fin MCHS
by considering uninvestigated design of pins in-
stalled in the microchannels. Different aspect ratios,
numbers of pins are the variable parameters in this
investigation. The CFD results can be concluded
briefly as follows:

1- The best hydrothermal performance is observed at
the pins aspect ratio of (AR =0.45) which shows best
overall Nusselt number ratio (1.3 times) and JF factor
(1.20) compared to plate-fin microchannel heat sink.
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In contrary, this performance is observed to reduce
at higher than this value of AR.

2-The MCHS with pins provides better hydrothermal
performance than smooth one at pin number ratio of
(¥ = 1) as the best overall Nusselt number ratio is
around (1.26 times) and JF factor (1.20) compared to
plate-fin MCHS. It is decreased when this ratio in-
creases.

3-Maximum mechanical fan power reduction ob-
tained is about 57% for the pinned fin MCHS with =
1 and Dr =1 X10-3 m compared to the corresponding
original channel heat sink.

4- It is seen that the thermal resistance of the pinned
fin MCHS is about 50% lower, and the pressure drop
of the pinned fin MCHS is much higher than that of the
plate-fin MCHS under the same conditions. As the
pressure drop is directly proportional to the mechan-
ical fan power required to move the cooling air
through the heat sink, and shows that the JF factor
decreases as the mechanical fan power increases,
and the JF factor of the pinned fin MCHS is about 24%
higher than that of the original one under same me-
chanical fan power. This indicates that the pinned fin
MCHS needs less mechanical fan power than the orig-
inal one when the heat dissipation power is the same
for the two types of heat sinks. Therefore, adopting
the pinned fin MCHS can make the volume of air-cool-
ing system smaller.

7. Recommendation For Future Works

This investigation leaves a wide scope of recom-
mendations and suggestions for future studies as an
extension of the current work.

1. Study the effect of perforated oval pins on the
hydrothermal design of plate-fin heat sink.

2. Change the perforation in the previous point
to Slots.

3. Oval pins having notches can be examined
numerically too.

4. Replace the air coolant by nanofluids for fur-
ther heat absorption by the coolant but it as-
sociates a higher pressure drop as well.

Nomenclature:
A area m2
An convection heat transfer area m2

Dn hydraulic diameter m
f friction factor
h, local convection heat transfer coefficient W/m?
K
H Height m
Cp Specific heat ] /kg K
JFE performance evaluation criterion
k thermal conductivity W/m K
L Length m
N Number of fins
Nu  Nusselt number
P Pressure Pa
4Apr  Pressure drop Pa
X, Y, Z Cartesian coordinates in X, Y, and Z direction
d  small diameter of elliptical pin m
D large diameter of elliptical pin m
AR Aspect ratio
AT temperature difference K
Greek symbols
Y pin number ratio
p Density kg/m3
a thermal diffusivity m?/ s2
H dynamic viscosity kg/m .s
Kinematic viscosity m2/s
Subscripts
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* modified case

avg Average
Rin thermal resistance K/W
M. F.P mechanical fan power W
q heat flux W/m?
Q heat transfer W
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|4 mass flow rate m3/s

Pp pins pitch m

Re Reynolds number

pitch distance between the be-
N ginning of the channel and the
first pin center m

w Width m
T Temperature K
uv,w velocity components in x, y and
z directions, respectively m/s
dimensionless velocity compo-
uvw nents in x, y, z direction, respec-
tively
b base of substrate
4 Channel
f Fin
f fluid zone
in inlet
m mean
0 original case
p Pin
w wall
out Outlet
Abbreviation
PFMCHS ISJilrz:lt{e-fin microchannel heat
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