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ABSTRACT

The current study represents a numerical investigation of the pin fin heat sink performance with different angles of wings. Five angles ranging from 0° to 90° have
been represented and studied under inline and staggered arrangements of pin fins. Reynolds numbers range from 13,500 to 37500. The highest Nusselt number has
been achieved by angle-0° with inline arrangement while it has been achieved by angle-22.5° with staggered arrangement. On the other hand, the maximum friction
factor with both inline and staggered arrangements is represented by angle-0°. The highest thermohydraulic performance has been achieved by angle-22.5° for
staggered arrangement while case without wings gives the highest performance for inline arrangement. Using wings in staggered arrangement shows significant

effect on heat transfer performance. While it is not recommended to use wings in case of inline arrangement.

1. Introduction

Recently, more attention has been paid to improve the heat sinks
performance. Heat sinks are used in many applications such as elec-
tronic equipment, cooling systems, and air-conditioning. Improving the
heat sink thermal performance, reduces its size and increases the rate of
heat dissipation. Changing the profile and shape of the heat sink fins is
considered one of improving performance techniques. The heat sink has
an array of fins with different shapes and configurations to increase the
heat transfer area. Plate fins and pin fins are examples of commonly used
heat sinks. Plate fin heat sinks performance has been investigated and
improved by many investigators [1-6]. Hussain et al. [3] investigated
the flow direction effect and fillet profile on thermal performance of
plate-fin heat sinks. Abdelmohimen et. al. [6] improved the performance
of the plate fin heat sink through separating of fins into multi-numbers
instead of one slide fin. Pin fin heat sink takes a square, cylindrical, or
elliptical cross-section that extends from its base. The heat dissipation
from heat sinks depends also on the flow characteristics.

Pressure drop and heat transfer of channels with pin fins of circular
or a few different cross sections have been investigated [7-16]. Tahat
et al. [8] investigated optimal spacing of the fins in the streamwise and
directions of span wise for staggered and inline arrangements of pin fins.
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Bilen et al. [9] studied the heat transfer characteristics of both staggered
and inline arrangements of tube fins. Sara et al. [16] studied the effect of
using square cross-section pin fins. They concluded that, better perfor-
mance can be achieved by using large number of longer pin fins.
Perforated pin fin heat sink has been represented to improve thermal
performance of pin fin heat sinks [17-19]. Sahin and Demir [17]
represent pressure drop and heat transfer for a flat surface fitted with
perforated pin fins in a channel has rectangular shape. Their results
showed that a heat transfer enhancement due to use of perforated pin
fins. Al-Damook et al. [18] showed that the thermal dissipation in-
creases by increasing the perforation on pin fins sink which leads to
increase the heat transfer rate on heat sink. Tijani and Jaffri [19] present
an opportunity to enhance understanding of the influence of different
factors such as temperature distribution, pressure drop, and perforation
level on the heat sink thermal performance. Their results show that
perforated flat plate and pin fins heat sink improve the thermal effi-
ciency by 1-4 % as compared to solid flat plate and solid pin fins heat
sink. Naphon and Sookkasem [20] represented the performance of heat
transfer of taper pin fin heat sink. Yuan et al. [21] investigated numer-
ically the plate pin fin heat sink. A significant effect of the air velocity
and pin height have been shown on thermo-hydraulic performance. The
effect of pin cross-section on pressure drop and heat transfer has been
exmined by Sahiti et al. [22]. Choudhary et al. [23] studied
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Nomenclature Ap Pressure drop (Pa)
THP Thermohydraulic Performance

Ar Heat sink total surface area Uayg Average velocity
B Base height (m) w Width of the heat sink (m)
D Pin fin diameter (m)
Dy Hydraulic diameter (m) D, = 4Ac/P Greek symbols 3
A Cross section area at inlet Pa d.ensit.y (kg/m) .
f Friction factor Ha viscosity of the air (Pa. s)
H Pin fin height, above the base (m) Subscripts
h Mean heat transfer coefficient a Air
L Heat sink length (m) avr average
K Thermal conductivity (W/m.K) b Base
m Mass flow rate (kg/s) in Inlet
N Number of pins out Outlet
Nu Nusselt number s For smooth plate
Heat transfer rate (Watt)
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a) Baseline case (case-1) with dimensions for inline arrangement
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b) Pin fin with wings in inline arrangement [23] ¢) Pin fin with wings in staggered arrangement [23]

Fig. 1. Pin fin heat sink geometry with dimensions.

experimentally behaviour of air flow and heat transfer on pin fin heat
sink with and without wings under forced convection. Staggered and
inline arrangements have been studied for various pitch ratio and wing
sizes ratio for the Reynolds number range of 6800-15100. They applied
wings only at angle 90°.

Souida et al. [24] investigated numerically the effect of the shape of
pin fins on the overall performances of heat sinks. Conical shaped pin

fins with varying conical size ratio (Hcp/d) are considered. The values of
the hydrothermal performance factor (h) for the conical fins are greater
than those of the cylindrical fins. Bencherif et al. [25] numerically
investigated the effect of the combination between perforation tech-
nique and splitters inserts on the heat dissipation and turbulent fluid
flow characteristics of pin fins heat sinks. While the heat transfer and
fluid flow on a new design of heat exchangers with grooved pin—fin heat
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Fig. 2. Studied cases with different angles of wings as represented in inline arrangement.
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Fig. 3. Studied arrangements with boundary conditions.

sinks have been investigated by Bencherif et al. [26]. Sahel et al. [27]
examined the hydrothermal performance of a heat sink having hemi-
spherical pin fins (HSPFs) under fully turbulent flow conditions and to
find the optimum HSPFs configuration.

From literature surveys, it is clear that a few researchers have rep-
resented pin fins with wings. However, to the best knowledge of the
authors, the effect of using wings attached to pin fins at different angles
has not been investigated. Applying wings, without determining the
optimum angle at which the maximum thermal performance can be
achieved, may be useless. The importance of the current work is to fill
this gap and represents a numerical analysis to optimize the best angle of
the wings that can be used to give the highest enhancement in the
thermal performance of pin fin heat sinks.

2. Numerical simulation
2.1. Studied models

The studied cases depend on attaching wings to the pins of pin fin
heat sinks. Fig. la. represents the studied pin fin heat sink without
attached wings and clears its dimensions. The wing dimensions are Lw
= 0.2 D with thickness = 1 mm as shown in Fig. 1b. The selected length
of wing gives the highest Nusselt number as compared with larger and
smaller lengths according to [23]. The duct height is twice the pin fin

height. The ratio between pin fin height and duct height has been chosen
because it gives higher thermal efficiency as mentioned by Sahin and
Demir [17]. Different angles of wings have been studied. The angle of
the wing is measured from the normal axis to the direction of the flow.
Five different angles have been studied, namely (0°, 22.5°, 45°, 67.5°,
and 90°). Two wings have been attached to the pin on both sides with all
studied angles except with 90° angle. Only one wing has been attached
in case of 90° angle. Fig. 2 shows the studied pin fin with the studied
angled wings. The study has been carried out for inline and staggered
arrangements. Fig. 3 shows the studied domain for both inline and
staggered arrangements.

2.2. Mesh generation

A grid independency has been carried out to select the suitable mesh.
The tested mesh sizes ranged from 688,020 to 2,780,116 for case
without wings at Re = 37500. The selected size of mesh is 1,007,399 for
the base case. The mesh after added wings reached to 1798591. The
change in Nusselt number between the selected mesh and the maximum
mesh sized is not more than 4.7 %.

2.3. Boundary conditions and modeling

The boundary conditions are selected to compare the results of the
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Table 1
Studied range of Reynolds number and corresponding mass flow rate.

No. Corresponding Re Mass flow rate (kg/s)
1 13,500 0.024846

2 18,250 0.033588

3 23,000 0.04233

4 28,000 0.051532

5 33,000 0.060734

6 37,500 0.069016

base-case with the experimental results of Sahin and Demir [17] for
validation. Six values of Reynolds number have been studied by
assuming mass flow rate at inlet with turbulence intensity of 5 %- and
1000-mm turbulence length scale and inlet temperature 25 °C. Table 1
shows the studied mass flow rate and the corresponding Reynolds
number. Reynolds number is calculated based on the inlet hydraulic
diameter. Eq. (1) is used to calculate Reynolds number. Air properties
were taken as dynamic viscosity (ug) = 1.8462 x 10”° kg/m.s, density
(pa) = 1.1774 kg/m®, specific heat (cpg) = 1.0057 x 10° J/kg.K, and
thermal conductivity (kg) = 0.02624 W/m.K. The selected material of
the heat sink is Aluminum alloy with thermal conductivity (k;) = 222 W/
m K. The heater dimensions are 200 mm length x 99.375 mm width.
While the base area of the heat sink is 250 mm length x 99.375 mm
width. The heat flux of the heater is assumed to be 4000 W/m?. The side
walls of the duct are assumed to be a periodic wall for symmetry. The up
and down walls of the fluid domain are assumed adiabatic walls except
the area of the heater. All assumed boundary conditions are shown on
Fig. 3.

U D,
Repy _ PaYavgln

(€)]

Simulation study has been carried out by using Shear-Stress Trans-
port (SST) K-w model [5]. The following assumptions have been
considered through this study:

1- Three-dimensional, steady, and incompressible air flow.
2- Conjugate heat transfer.
3- Neglect radiative heat transfer from the heat sink.

The used governing equations are as follows:
The continuity equation is given by:

v (pﬁ) -0 @

The N-S equations across the %, y, and z directions are given by:

— dp Ot Or, 01,
Uu) = 2P o y
v (ﬂ u) 0x + ox dy Oz

— dp Ot Or, Or,

V(va) =ttt 3)
— \ _ Op Or. Or. Or;

V<[)UW> N 0z+ ox  dy + 0z

where p is the density of fluid, (u, v and w) are velocity components in
three directions, T is the velocity, 7 is the viscous stress tensor, and p is
pressure.

The energy equation is given by:

v (,mff) = —pVU +V(kVT) 4

where h is the aggregate enthalpy, k is thermal conductivity, and T is
temperature.
The transport equations for the SST K- are given by:
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0 7} 0 ok
0 0 0 0]
Fr (pw) +07x[ (pou;) = aixj (F"’aTc_/-) +Go—Yy+Dy+ Sy (6)

Where Gy represents the generation of turbulence kinetic energy due to
mean velocity gradients and G, represents the generation of w and they
calculated as follows:

G, = 7pu,.ujd—)u; (2]

G, = a’Gy ®)
k

And, Ty and I, represent the effective diffusivity of k and w, respec-

tively. Yy and Y,, represent the dissipation of k and w due to turbulence.

D, represents the cross-diffusion term. Sx and S,, are user-defined source

terms.

3. Calculation procedure

To represent the performance of the heat sinks, average Nusselt
number and friction factor should be calculated. Eq. (9) is used to
calculate Nusselt number.

i,

N —
“TR

9

Where Dy, is the hydraulic diameter based on the duct inlet area, his
the average heat transfer coefficient, and k is the air thermal conduc-
tivity determined at the average temperature (Tqy,) Where Tgy, can be
calculated as:

Tin + Tou

Tu vg — )

10)
Where T;, and T, are the inlet and outlet temperature respectively.
The average heat transfer coefficient is calculated by using Eq. (11)

Q

h=—=
Ar(Ty — Tag)

an

Where Q is the heat transfer rate calculated by Eq. (12), T} is the fin
base temperature, and Ar is the total heat sink area subjected to the fluid
flow. Two equations are used to calculate the total area. The first one is
used to calculate the total area for pin fin heat sink without wings. While
the second one is used to calculate the total area with wings.

Q = man(Tnur - Tx ) (12)
AL ipouming. = WL+ NZDH 13)
AT iings = (WL+ NzDH) + 2N((L,,*t,,) + 2L,,*H) 14)

Where ni, and C, are the mass flow rate (kg/s) and specific heat of air
at the average temperature respectively. L and W are the length and
width of the heat sink respectively, N, D, and H are the fins number, pin
fin diameter, and height above the base respectively. For fins with
wings, Ly and t, are the wing length and thickness respectively. The
wing has the same height of the pin fin. Note that in case of 900 angle,
the pin fin have only one wing instead of two wings and in this case th (2
N) in equation (14) becomes (N).

The friction factor is calculated based on the pressure drop Ap
through the heat sink. Eq. (15) is used to calculate the friction factor.

o 2APD/,
T pU L

avg

! (15)
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Fig. 4. Validation of present work for Nusselt number and friction factor with pin fin heat sink without wings.
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Fig. 5. Nusselt number for inline arrangement at different angles of wings.

4. Results and discussion
4.1. Validation of the model

The validation of the model has been carried out through comparing
the present work results of Nusselt number and friction factor with the
experimental work of Sahin and Demir [17]. The comparison is repre-
sented for pin fin heat sink without wings as shown in Fig. 4. The figure
shows the same behavior of the Nusselt number and friction factor for
experimental and numerical results. Good agreement between experi-
mental and numerical results has been achieved with maximum
discrepancy of about 2.16 % in Nusselt number. While the maximum
discrepancy in the friction factor is about 12.5 % at the lowest Reynolds
number. The thermal losses and measurement errors are assumed rea-
sons for the difference between numerical and experimental results [5].

4.2. Nusselt number and friction factor

Nusselt number is used to present the thermal performance for the
studied cases. Fig. 5 represents Nusselt number for inline arrangement at
different angles of wings. The maximum Nusselt number has been
achieved with angle-0° all over the studied range of Reynolds number.
Angles 0 and 22.5 represent enhancement in heat transfer as compared
with pin fin heat sink without wings. While angles 45, 67.5, and 90 show
lower Nusselt number as compared with case without wings. For stag-
gered arrangement, the maximum Nusselt number is obtained with
angle 22.5 as shown in Fig. 6. All studied angles of wings show higher
Nusselt number as compared to without wings case. The maximum
enhancement achieved in case of inline arrangement is about 31.12 %
represented by angle-0 at Re = 37500. While 103.19 % is the maximum
enhancement in case of staggered arrangement with angle-22.5 at Re =
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6. Nusselt number for staggered arrangement at different angles of wings.
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Fig. 7. Friction factor for inline arrangement at different angles of wings.

37500. It is noted that the enhancement with staggered arrangement
with using wings is higher than that achieved with inline arrangement
due to the turbulence occurred by the staggered arrangement. On the
other hand, the friction factor is used to represent the pressure drop or
the frictional loss through the heat sink. Friction factor for inline
arrangement has been represented in Fig. 7. A significant increase in
friction factor has been noted for wings with angles 0 and 22.5. This is
perhaps due to increase of turbulent intensity. A reduction in friction
factor has been obtained with angle 67.5. Fig. 8 also shows a significant
increase in friction factor for wings with 0, 22.5, and 45 for staggered
arrangement. To understand the behavior of friction factor, Turbulence
Kinetic Energy (TKE) has been represented. The turbulence kinetic en-
ergy (TKE) is defined as the mean kinetic energy per unit mass.
Increasing of turbulence kinetic energy value refers to increase of tur-
bulence level. Presentation of turbulence kinetic energy will explain the

increase in Nusselt number and friction factor. Fig. 9 represents the
turbulence kinetic energy for the studied cases at Re = 37500. For inline
arrangement, the figure shows that the highest TKE is obtained with
angle 0°. Wings with angles 67.5° and 90°, is working as a streamed
shape for the flow which reduces the TKE in the area between pins. That
explains why angles 67.5° and 90° represent lower Nusselt number and
friction factor than case without wings. Scattered arrangement by itself
increases the turbulence as compared with inline arrangement. Wings
with angles 0°, 22.5°, and 45° show higher turbulence specially behind
the first row of pin fins. Angle 0° wings push the flow to move densely
beside walls, while angle 22.5° increases turbulence of the flow among
the second and third rows.



M.A.H. Abdelmohimen et al. Ain Shams Engineering Journal 15 (2024) 102584

1.8
—— Without-wings — —Angle-0
16 =|= = Angle-22.5 —. - Angle-45
—-- Angle-67.5 | = ===-- Angle-90
71 S - L e
1.2 TS T =T =======sf-=s------f-=-===-
f
1
0.8
0.6
0.4
10000 15000 20000 25000 30000 35000 40000
Re

Fig. 8. Friction factor for staggered arrangement at different angles of wings.
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Fig. 9. Turbulence kinetic energy for lined and staggered arrangement at Re = 37500.
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Fig. 10. Thermohydraulic performance for inline arrangement at different angles of wings.
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Fig. 11. Thermohydraulic performance for staggered arrangement at different angles of wings.

4.3. Thermohydraulic performance (THP)

The main objective of using wings is to increase the heat transfer but
on the other hand there will be an increase in pumping power due to
increase of friction loss. To obtain the optimum angle of wings, Ther-
mohydraulic performance parameter is used to evaluate the net
enhancement in the heat transfer for unit pumping power consumption.
Eq. (9) is used to calculate THP [23].

THP — Nu/Nu, )

/8K
Where Nus and f; are Nusselt number and friction factor for smooth
plate. Eq. (10) is used to calculate Nusselt number for smooth plate
[17,23] and Blasius equation is used to calculate the friction factor for
smooth plate [23]

Nu, = 0.077Re*716 pyl/3 o

f, = 0.316Re™*» an

Fig. 10 represents the THP for inline arrangement at different angles
of wings. The highest value of THP is given by pin fins without wings.
While the lowest value is given by angle-90° for high Reynolds number.
The Thermohydraulic performance value for other studied angles is
around 1.4 for the studied range of Reynolds number. For staggered
arrangement, Fig. 11 shows a significant effect of changing the wings
angles. Using wings with any angle in staggered arrangement represents
improvement in THP except for Re equals 33,000 and 37,000 with Oo
angle. The THP without wings at Re = 33000 and 37,500 is higher than
THP with wings at 0° as shown in Fig. 11. The highest performance is
shown by angle-22.5 while the lowest one is shown by pins without
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wings. Angle-22.5 shows increasing in THP by about 14.6 % at Re =
13500 and 44 % at Re = 37500 as compared with pin fins without wings.
Angle-45 also shows higher THP. It gives the same performance as angle
22.5 at low Reynolds number. But it becomes lower as Reynolds number
increases. It can be observed that the optimum angle of the attached
wings to the pin fin heat sinks is 22.5° with staggered arrangement.
While using pin fins without wings will be the best choice if they ar-
ranged inline for the studied range of Re.

5. Conclusion

A numerical study has been carried out to investigate the effect of
attaching wings to pin fins heat sinks. Five different angles have been
studied and compared with pin fins without wings. Inline and staggered
arrangements have been presented for Reynolds numbers ranging from
13,500 to 37500. Nusselt number and friction factor have been used to
represent the heat transfer performance and friction loss respectively.
For studied range of Reynolds number, The highest Nusselt number has
been achieved by angle-0° with inline arrangement while it has been
achieved by angle-22.5° with staggered arrangement. On the other
hand, the maximum friction factor with both inline and staggered ar-
rangements is represented by angle-0°. To obtain the optimum case at
which high heat transfer rate is achieved with low pumping power
consumption, Thermohydraulic performance (THP) has been calculated.
The results show that the highest thermohydraulic performance has
been achieved by angle-22.5° for staggered arrangement while case
without wings gives the highest performance for inline arrangement.
Using wings in staggered arrangement shows significant effect on heat
transfer performance. While it is not recommended to use wings in case
of inline arrangement.
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