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Abstract

There is no doubt that the miniaturization of various electronic devices, including processors, servers, micro-electromechan-
ical system devices, etc. has resulted in increased overall performance. However, there is a major problem with thermal
management in these devices, as well as in many others. One of the most promising solutions is liquid cooled microchannel
heat sink. In the current work, different cases of open micro pin-fin configurations of heat sink were considered. The con-
figurations considered were a uniform height micro pin-fin heat sink, three-stepped unidirectional micro pin-fin heat sink
and three-stepped bi-directional micro pin-fin heat sink. These configurations were also oriented in two dissimilar fashions,
i.e. inline and staggered, so the total of six heat sink configurations are compared and analysed. Using single phase water as
a coolant and copper as a substrate, these configurations were simulated numerically for different Reynolds numbers
(10-160) under heat flux of 500 kW/m?. It can be concluded that at low Reynolds numbers, steepness does not contribute
much in both inline and staggered arrangements, while at higher Reynolds numbers, 3 stepped staggered configurations has
revealed the best performance due to boosted fluid mixing and more projecting secondary flow. Furthermore, bi-direction-
ality in steepness shows augmented performance only in inline arrangement.
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1. Introduction chips and micro electromechanical systems. It is certain that it

will reach 10 000 kW/m? in the immediate future [1]. It is pos-

The trend of miniaturization has led to the increased generation  sible for such devices to fail permanently if heat generation is
of heat flux in many engineering devices, such as electronic not properly managed. This quantity of heat cannot be removed



http://www.imp.gda.pl/archives-of-thermodynamics/

Bhandari P., Vyas B., Padalia D., Ranakoti L., Prajapati Y.K., Bangari R.S.

Nomenclature

A —area, mm?

cp — specific heat, J/(kg-K)

Dn — hydraulic diameter, mm

H - height, mm

k  — thermal conductivity, W/(m-K)
L —length, mm

N — total number of pin fins

Nu — average Nusselt number

Ap — pressure drop, Pa

q - heat flux, KW/m?

Re — Reynolds number

T —temperature, K

T, — average bottom wall temperature, K
TPF- thermal performance factor

U - velocity, m/s

V - velocity matrix, m/s

W — width, mm

Greek symbols
u — dynamic viscosity, Pa-s

by natural or forced air convection, and a better cooling system
is necessary [2].

Micro heat pipes, jet impingement, thermoelectric, carbon
nanotubes, spray cooling, and microchannels have proven capa-
ble of dissipating an enormous amount of heat [3, 4], and due to
its ease of application and smaller coolant volume requirement,
microchannel heat sinks (MCHS) have gained extensive popu-
larity in the research fraternity.

Since Tuckerman and Pease [5] implemented microchannels
for cooling electronic circuits, various approaches have been
used to enhance the cooling performance. A number of external
factors, such as vibrations, electric fields, magnetic fields, etc.
are used to enhance the performance of MCHS in active tech-
niques [6]. In passive techniques, the innovative geometry of the
heat sink and various working fluids have been used to increase
performance [7]. Working fluid modification such as nanoflu-
ids, phase change material slurries [8,9], and the use of multi-
phase approach [10] has been more extensively studied, while
some innovative designs built into the microchannel are multi-
layer microchannels, the use of vortex generator in the micro-
channel, multiple bifurcation, pin-fin arrangement, etc. [6]. The
main idea behind using these geometrical altercations is en-
hanced wetted surface area, i.e. convective area, and better fluid
mixing.

Generally, micro pin-fin heat sink (MPFHS) is having pin
fin height equivalent to the channel height and termed as closed
MPFHS. Next, it was proposed to keep the fins' height lesser
than the channel height to achieve the clearance. In order to im-
prove thermal performance, the pin fin tip clearance should be
between 20% and 25% of channel height [6]. The same range of
tip clearance was also proven through experimental work [11].
It was observed that a larger tip clearance results in lesser con-
vective area while a smaller tip clearance does offers better flow
mixing. To further augment the heat transfer capacity, Bhandari

p  — density, kg/m?

Subscripts and Superscripts
avg —average

b — bottom

bulk — bulk fluid

ch  —channel

eff — effective

f —fin

in  —inlet

| — liquid

0 — base configuration

S — substrate

wl - solid liquid interface

Abbreviations and Acronyms

HS — heat sink

MCHS — microchannel heat sink

MEMS — micro-electromechanical system
MPFHS — micro pin fin heat sink

STEP  —stepped

uo — uniform

and Prajapati [12, 13] opted for a stepped arrangement of
MPFHS, replacing the uniform tip clearance arrangement. They
found that the pin fin in step size of three rows has yielded better
results compared to two and four pin fin rows. They also pointed
out that increasing the tip clearance along the flow direction has
a better performance than the decreasing pattern. Earlier the
stepped arrangement was considered only along the microchan-
nel length direction. To further increase the fluid mixing,
Bhandari [14] opted for a stepped arrangement along both the
microchannel length and microchannel width directions. The de-
velopment of stepness in MPFHS is shown in Fig. 1.

Bidirectional Stepped
micro pin fin heat sink

Uniform micro pin
fin heat sink

Unidirectional Stepped
micro pin fin heat sink

Fig. 1. Various cases of MPFHS.

Two dissimilar pin-fin arrangements, i.e. inline and stag-
gered were often considered in MPFHS designs. An experi-
mental comparison [15] revealed that staggered configurations
possess greater heat transfer coefficients and friction factors
compared to inline arrangements under similar flow rates and
packaging densities. However, prevailing differences in perfor-
mance diminish with the increasing packaging density. Kesha-
varz et al. [16] examined the performance of circular and drop
shaped MPFHS having inline and staggered arrangements. The
authors perceived that the staggered arrangement has a higher
outlet temperature for lesser fin density, while the inline ar-
rangement has more outlet temperature for moderate pin-fin
density. However, for all pin-fin density configurations, the
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staggered arrangement has a higher pressure drop compared to
the inline arrangement. In recent work by Bhandari et al. [17],
different pin fin shapes were analyzed. They found that four-side
arrangements have the best performance among different cases.
The fluid flow mixing is one of the important factors that affects
the thermo-hydraulic performance [18].

The micro pin fin heat sink represents a crucial innovation
with diverse applications across several domains [19—21]. Pri-
marily, it plays a pivotal role in battery thermal management
systems, ensuring the efficient dissipation of heat generated dur-
ing charging and discharging processes. This is particularly rel-
evant in the context of advancing battery technologies, where
effective thermal control is imperative for enhancing overall
performance and longevity. Moreover, the utilization of micro
pin fin heat sinks extends to hydrogen storage systems, contrib-
uting to the optimal management of thermal conditions in the
storage process. In the realm of solar photovoltaic (PV) technol-
ogy, these heat sinks find application in cooling systems, ad-
dressing the challenge of excess heat accumulation during solar
energy conversion [22—26]. Additionally, in electronics cooling,
microchannel heat sinks play a vital role in addressing thermal
challenges associated with modern, compact electronic devices,
enhancing their reliability and longevity [27, 28]. This under-
scores the versatility of micro pin fin heat sinks in facilitating
enhanced thermal regulation across diverse technological do-
mains. Recent advancements in materials and design methodol-
ogies further underscore the ongoing development in this field,
emphasizing the contemporary relevance of micro pin fin heat
sinks in addressing evolving thermal management needs.

In the present work, the directionality of stepped MPFHS
configurations has been numerically studied in two different
fashions. The total of six different configurations have been
compared on the basis of the average Nusselt number (Nu), pres-
sure drop (Ap) and thermal performance factor (TPF). It is the
primary objective of the existing work to investigate out-of-
plane mixing in MPFHS.

2. Mathematical modelling

2.1. Heat sink geometry

A numerical analysis of different MPFHS configurations is car-
ried out in the present work. The total of six MPSHS configura-
tions were chosen, including three in inline arrangement and the
others in staggered arrangement. All MPFHS geometrical con-
structions are as follows:

1) Uniform inline MPFHS (UO inline): In this configuration,
pin fins have uniform height throughout the heat sink
length and width. Pin fin height of 0.375 mm is kept in
channel of height 0.5 mm. Further, fins are arranged in in-
line style. This configuration is kept as a base configura-
tion to assess the total performance of modified sinks.

2) Uniform staggered MPFHS (UO stagerred): A staggered
arrangement of pin-fins in this configuration is character-
ized by equal height and even spacing.

3) Three-stepped inline unidirectional MPFHS (3 step inline):
The pin-fin height differs in three consecutive rows, i.e.
along the channel length only.

4) Three-stepped staggered unidirectional MPFHS (3 step
staggered): Similar configuration as described in (c) but ar-
ranged in staggered fashion.

5) Three-stepped inline bidirectional MPFHS (3 x 3 step in-
line): Pin-fin height variation takes place along both longi-
tudinal direction and transverse direction in inline fashion.

6) Three-stepped staggered bidirectional MPFHS (3 x 3 step
staggered): Similar to 5), but arranged in staggered fash-
ion. The perspective view and top view of 3 x 3 step stag-
gered configuration are depicted in Fig. 2.
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Fig. 2. Three-stepped staggered bidirectional MPFHS
(3 x 3 step staggered): (a) Perspective view; (b) Top view
with its geometrical specification in mm.

As depicted above, a 3-D model of the heat sinks (HS) has
been designed to conduct the current simulation work. The foot-
print area and overall height of the considered cases are equal,
namely 10.13 x 7.875 x 1.5 mm. In all cases, pin fins have
a square cross section, which measures 0.375 mm by 0.375 mm.
The pin fins are positioned differently across nine columns, each
with twelve fins along the channel length. So, the total of 108
pin fins are there in every heat sink. The thorough geometrical
specifications of the open MPFHS are tabulated in Table 1.

Table 1. MPFHS geometrical specifications.

Parameter Value (mm)
MPFHS length (L) 10.125
MPFHS width (W) 7.875
Micro Fin height variation (Hy) 300-375-450
total height of Heat sink (H = Hcnt+Hp) 1.5
Bottom wall thickness (H») 1
Footprint dimension of fin (W) 0.375x0.375
Pitch between two successive pin-fins
0.375

along channel length
Pitch between two successive pin-fins

- 0.375
along channel width
Total fins in each configuration 108

2.2. Solution methodology

Fluid flow and thermal characteristics of projected MPFHS
cases under different flow rates were examined using the same
operating conditions. Simulations were performed using AN-
SYS Fluent Version 18.0 commercial code to study the different
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heat sink geometries, where geometry and meshing have been
carried out in Workbench. Copper is the substrate of the heat
sink, while liquid water is the coolant.

The steady-state basic governing equations, i.e. continuity
Eq. (1), momentum Eq. (2), and energy Eq. (3) applicable for
the fluid flow zone are:

V- (aV) =0, €y
V-V(pV) = =Vp+ V- (V) +pg, )
V- V(p, c, VT,) = V- (k, VT)). 3)

In the above equations 7 is the velocity matrix. The energy
equation for solid substrates is:

V- (k,VT,) = 0. 4)

The thermo-physical properties of single phase liquid water
vary with temperature. For more accurate results, the same has
also been incorporated into the simulation. The variation of lig-
uid thermophysical properties is a polynomial function of tem-
perature [28, 30], while the substrate material has constant prop-
erties. Both properties of substrate and working fluid are listed
in Table 2.

Table 2. Thermo-physical property of substrate material and working
fluid.

Thermo-
physical Copper Working fluid (Water)
property
Density 89783 o(T) = 76533 + 1.8142 7- 0.0035 7>
kg/m
Specific 381 c,(7) = 28070 - 281.7 T+ 1.25 7
heat J/(Kg-K) -(2.48x103) 7% + (1.857x10°°) T*
I::;’::' 387.6 K(T) =-0.5752 + (6.397x103) T
o . _ -6

tivity W/(m-K) (8.151x10°) 7

— 2y -4
Viscosity | u(T) = (9.67x10%) - (8207x101) T

+ (2.344%10°6) 72 - (2.244x10°) T

The pressure drop was evaluated as a pressure difference be-
tween the inlet and outlet. The Reynolds number (Re) was cal-
culated based on the heat sink pin fin hydraulic diameter accord-
ing to:

_ PUinDp
Re = . (5)

Based on the expression below, the average Nusselt number
Nu has been calculated

J— hD D
Nu=-t=__Jefich (6)
kp (Tavgwi=Tbuik, )k

where, the area weighted average temperature of the heat sink's
s-l interface is T,,q,y Thux ; IS the bulk volumetric working

fluid temperature. As the wetted surface area is greater than the
foot print area, the effective heat flux (ger) has been opted in Nu.

The effective heat flux is the heat flux applied on the interface
and has been evaluated according to Eq. (7):

A
eff = ALV:’ @)
where Ay and Ay refer to the bottom wall surface area or foot-
print area and the solid-liquid contact area of the heat sink, re-
spectively. Regardless of the configuration, both areas remain
the same.

2.3. Boundary conditions

In current numerical work, a uniform heat flux of 500 kW/m?
has been applied. Previous studies [6,11] have shown that the
heat flux has little influence on microchannel heat sink proper-
ties. So, only one heat flux condition has been studied. Except
for the bottom wall, all outer walls are adiabatic. Working fluid
with a temperature of 298 K was taken with inlet velocity vary-
ing from 0.1 to 0.4 m/s. Pressure—velocity coupling was based
on the SIMPLE algorithm, and the equations were solved using
the Gauss-Seidel iterative technique.

2.4. Grid independence

In order to prevent any errors resulting from coarse mesh, a grid
independence test was performed before the broad analysis. The
uniform inline (UO) MPFHS case having unit grid size variation
was considered. In total, three different cases were simulated
with Re = 110 and g = 500 kW/m?. Table 3 enlists the complete
details of the grid independence test. Two parameters — pressure
drop (Ap) and average bottom wall temperature (wa) were com-
pared for a varying number of elements. It is observed that the
differences in results for fine and very fine grid structures are
less than 3%, but time taken for the simulation is doubled. So,
the fine mesh type is chosen in simulation of all MPFHS cases.

Table 3. Grid independence test performed on uniform inline (UO) con-
figuration for Re = 110.

Mesh Number Pressure Percentage
Type of elements drop variation
Coarse 256 849 430.846

Fine 1994 845 458.4352 6.40%
Very Fine 4674 104 467.694 2.01%
Mesh Average bottom Percentage

Type wall temperature variation

Coarse 335.6415

Fine 333.6879 0.58%

Very Fine 332.8774 0.24%

2.5. Model validation

Using the methodologies of the proposed model, the work of Ali
and Arshad [29] has been reproduced to validate the present nu-
merical work. ldentical boundary conditions and similar micro
pin fin geometry have been used to predict the results. Under
a heat flux of 37.2 kW/m?, the bottom wall temperature was
compared for different flow rates. Furthermore, it is compared
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to the numerical work by Ambreen and Kim [30], as they have
also used a similar geometry [29]. Based on the present simula-
tion and the literatures, the predicted average bottom wall tem-
perature is shown in Fig. 3. Observations of the present results
show decent agreement with both literatures, with an extreme
deviation of 5%.
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Fig. 3. Present numerical work validation with previous work [29-30].

3. Results and discussion

On simulating different heat sink configurations under heat flux
of 500 kKW/m?, the parameters Nu and T}, were evaluated for a
series of Reynold numbers (Re). The variation of Nu with Re for
different MPFHS cases has been shown in Fig. 4(a). As depicted
in the figure, with a rise in Re, there is a rise in Nu value but
with a decreasing rate. This can be attributed to an increase in
entrance length. There is a distinct gap between inline and stag-
gered configurations for all heat sinks, which is quite obvious
due to enhanced fluid mixing. It is exciting to note that for inline
configurations, 3 x 3 step MPFHS has shown top performance
followed by 3 step inline and UO inline configuration. While,
for staggered configurations, the differentiation is not clearly
visible up to Re < 70, and afterwards, 3 step (staggered) config-
uration has yielded a better Nu value compared to 3 x 3 step
(staggered) and UO (staggered) configuration. The observed
conduct is entirely contingent on how the working fluid moves
within the heat sink.

The influence of Reynolds number (Re) on the average tem-
perature of the bottom wall (7},,) was illustrated in Fig. 4(b) for
different cases of the heat sink.

~+— UO(Inline) —— UO(Inline) —— 3 Step (Staggered)
—— UO (staggered) —e— 3x3 Step (Inline)

—v— 3 Step (Inline) —s— 3x3 Step (Staggered)

+— 3 Step (Staggered)
—a— UO (staggered) —e— 3x3 Step (Inline)

15 —»— 3 Step (Inline) —a— 3x3 Step (Staggered)

5

o 380 F

¢ 500 kW/m?

g =500 kW/m?

r

X
29 :z, 40
7 330 F
& 320
F 310
3 : 300 - R
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Re Re
(@) (b)
Fig. 4. Deviation of: (a) Nu; (b) 7,, with Re for different
MPFHS configuration.

The average bottom wall temperature T}, is calculated as the
area-weighted normal temperature of the lower wall of the heat
sink where the heat flux is applied. Across various configura-
tions of the heat sink, a consistent trend in the bottom wall tem-
perature with respect to Reynolds number was observed. The
general understanding is that as the Reynolds number increases,
the coolant flow rate also increases, leading to more effective
heat transfer from the heat sink and a decreased bottom wall heat
sink temperature. A significant difference was observed be-
tween inline and staggered arrangements due to better fluid flow
through the channel. Among all configurations, 3 step (stag-
gered) configuration has shown the lowest value of T, for
Re > 70 and for Re < 70; it is UO staggered configuration. This
is due to a higher heat transfer rate in this case. It can be con-
cluded that heat sink usage at low Reynold numbers is not justi-
fied as there is less heat transfer than.

The variation of Ap with Re for different MPFHS cases has
been plotted in Fig. 5(a). It is recognized that as Re increases,
there is a corresponding rise in the pressure drop (Ap) due to
elevated flow resistance. Additionally, the gradient of the Ap
curve becomes steeper as the Reynolds number value increases.
Among different configurations, 3 step staggered configuration
has yielded highest value of pressure drop, while UO inline con-
figuration has shown the lowest Ap. This is due to increase in
flow obstruction in the heat sink. The gap between inline and
staggered arrangements kept on increasing with the rise in Re.

To further evaluate the design efficacy of heat sinks, the ther-
mal performance factor (TPF) was plotted in Fig. 5(b). The en-
hancement of the average Nusselt number through diverse de-
sign modifications invariably involves incurring a pressure drop
penalty [22]. Consequently, researchers have endeavored to as-
sess the effectiveness of these designs using various parameters
such as thermo-hydraulic performance, figure of merit, and co-
efficient of performance [22,31-33]. In the current study, the
overall performance of various heat sink configurations was
evaluated based on the parameter TPF. The thermal perfor-
mance factor based on Eq. (8) has been calculated to assess the
overall performance of MPFHS configurations.

—+— UO(Inline) —+— 3 Step (Staggered)
—a— UO (staggered) —e— 3x3 Step (Inline)
—v— 3 Step (Inline) —=— 3x3 Step (Staggered)

—a— UO (staggered)
—v— 3 Step (Inline)
14 —o— 3 Step (Staggered)

—e— 3x3 Step (Inline)
—a— 3x3 Step (Staggered

2000

g =500 kW/m? » ¢ =500 kW/m?

1600

400 / 5 UO (Inline)

09

" TR P SO TV OOT .
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Re Re

@ (b)

Fig. 5. Deviation of: (a) Ap; (b) TPF with Re.

All configurations have shown the TPF value > 1 except at
lower values of Re. The design modifications have augmented
thermal characteristics with the least pressure drop penalty.
Among all configurations, UO stepped configuration has the
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maximum value of TPF up to Re < 80, while for Re > 80, 3 step
staggered configuration has depicted the highest TPF value.

The TPF value for UO stepped, 3 step staggered and
3 x 3 step staggered configurations of MPFHS has shown an
increasing trend up to Re = 80 and afterwards it starts decreas-
ing. This is attributed to exponential enhancement in pumping
power at higher Re values. Whereas, the other configurations,
i.e. 3 step inline and 3 x 3 step inline have shown an increasing
slope with the increase in Reynolds number, and at higher Re
values, the curves tend to flatten.

4. Conclusions

In current work, numerical relative analysis has been done for
different configurations of open MPFHS. Mainly three design
parameters (stepness, arrangement and directionality) are simu-
lated and analysed using six different MPFHS configurations.
Using single phase liquid water as a coolant and Cu as a sub-
strate, present cases were compared for a range of Reynolds
number and a heat flux of 500 kW/m?. It can be concluded that
stepness in pin fin configurations has yielded more augmenta-
tion in the inline arrangement rather than in the staggered ar-
rangement. Furthermore, the stepped arrangement has less im-
pact at low values of Reynolds number, i.e. for Re < 70, its in-
fluence kept on increasing with Re. Bi-directional pin fin height
variation is beneficial only in the inline arrangement while has
a negative impact on the staggered arrangement.
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