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Abstract

This work illustrates the compact heat sink simulations in forced convection flow with side-bypass effect. Conventionally, the numer-
ical study of the fluid flow and heat transfer in finned heat sinks employs the detailed model that spends a lot of computational time.
Therefore, some investigators begin to numerically study such problem by using the compact model (i.e. the porous approach) since
the regularly arranged fin array can be set as a porous medium. The computations of the porous approach model will be faster than
those of the detailed mode due to the assumption of the volume-averaging technique. This work uses the Brinkman–Forchheimer model
for fluid flow and two-equation model for heat transfer. A configuration of in-line square pin-fin heat sink situated in a rectangular chan-
nel with fixed height (H = 23.7 mm), various width and two equal-spacing bypass passages beside the heat sink is successfully studied.
The pin-fin arrays with various porosities (e = 0.358–0.750) and numbers of pin-fins (n = 25–81), confined within a square spreader
whose side length (L) is 67 mm, are employed. The numerical results suggest that, within the range of present studied parameters
(0.358 6 e 6 0.750, 25 6 n 6 81 and 1 6W/L 6 5), the pin-fin heat sink with e = 0.750 and n = 25 is the optimal cooling configuration
based on the maximum ratio of Nusselt number to dimensionless pumping power (Nu/(DP � Re3)). Besides, based on medium Nu/
(DP � Re3) value and suitable channel size, W/L = 2–3 is suggested as the better size ratio of channel to heat sink.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Given their inexpensive and simple structure, pin-fins
have extensive applications. Applications of pin-fins in
the cooling configuration of a channel with cross flow
include the internal cooling of turbine blades, the cooling
of electronic components and various other heat exchange
devices. The affecting factors on the thermal performance
of such systems include the velocity of fluid flow, the ther-
mal properties of the fluid and of the pin-fins, the relative
fin height, the cross-sectional shape of the pin-fins, the rel-
ative inter-fin pitch, the arrangement of the pin-fins and the
bypass effect. Many researchers have considered the effects
of the aforementioned parameters on heat transfer of pin-
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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fins. Most of the studies focused on the bypass effect have
the configuration with the tip shroud clearance above the
pin-fin array [1–6]. It is because that the tip bypass gener-
ally has greater influence on the thermal and hydraulic per-
formance for the systems of pin-fin heat sinks. Another
reason for focusing on the tip clearance bypass is that the
tip bypass can be changed at a late design stage whereas
the channel width most often is predecided by the choice
of PCB width and therefore cannot be changed at the
end of the design cycle. However, the fact is that the system
with the side clearance bypass also influences the thermal
and hydraulic performance of pin-fin heat sinks but
induces little attention.

This work is to discuss putting a pin-fin heat sink into a
rectangular channel with bypass passages of the same
width on both sides. Fig. 1 is a typical flow field of such
cooling system. Considering the symmetric configuration
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Nomenclature

afs dissipation area per unit volume (m2/m3)
CF inertial coefficient of the pin-fin heat sink
Cp specific heat at constant pressure (J/kg/�C)
d thickness of the pin-fin (m)
Da Darcy number, Da = K/H2

Dh hydraulic diameter of the channel (m), Dh =
4WH/(2W + 2H)

h total heat transfer coefficient (W/m2/�C)
hfs heat transfer coefficient between fluid stream

and pin-fins (W/m2/�C)
H height of the pin-fin or width of the channel (m)
K permeability of the pin-fin heat sink (m2)
k thermal conductivity (W/m/�C)
L length of the square heat sink (m)
Lin length of channel upstream from the pin-fin heat

sink (m)
Lout length of channel downstream from the pin-fin

heat sink (m)
Nu Nusselt number, Nu = hDh/kf

p pressure (Pa)
Pr Prandtl number, Pr = (lCp)f/kf

qw heat flux from the heated base (W/m2)
Re Reynolds number based on Dh, Re = qfuiDh/lf

ReH Reynolds number based on H, Re = qfuiH/lf

SL center-to-center longitudinal distance between
the adjacent pin-fins (m)

ST center-to-center transverse distance between the
adjacent pin-fins (m)

T temperature (�C)
u velocity in streamwise direction (m/s)
U dimensionless velocity in streamwise direction,

U = u/ui

UM dimensionless magnitude of the velocity, U M ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p

=ui

v velocity in transverse direction (m/s)
V dimensionless velocity in transverse direction,

V = v/ui

W width of the channel (m)
x, y Cartesian coordinates (m)
X,Y dimensionless Cartesian coordinates, X = x/H

and Y = y/H
DP dimensionless pressure drop across the pin-fin

heat sink, DP=(pi � pe)/ðqf u2
i Þ

Greek symbols

e porosity of the pin-fin heat sink (i.e. the total
void volume divided by the total volume occu-
pied by the solid matrix and the void volume)

l viscosity (kg/m/s)
h dimensionless temperature, h = (T � Ti)/(qwH/kf)
q density (kg/m3)
x vorticity
W stream function

Subscripts

b based on bulk mean temperature
e at channel exit
f fluid
i at channel inlet
s solid
w channel wall

Superscript
* effective
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Fig. 1. The typical flow field.
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of the present system, it only shows the upper half of the
whole flow field. The air flow passing through the heat sink
is regarded as the major coolant and affects the cooling per-
formance of the heat sink. Its amount depends on the per-
meability and inertial coefficient of the pin-fin heat sink, as
well as the size proportion of the channel to the heat sink.
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Moreover, owing to the airflow passing through the heat
sink, the recirculation zone is not generated immediately
after the heat sink, but at a far place in the downstream.
Fu et al. [7] numerically investigated the fluid flow and heat
transfer in the channel with a porous block on the bottom
wall, and also found this kind of fluid flow characteristics.

Conventionally, the numerical study of the fluid flow and
heat transfer in finned heat sinks employs the detailed model
that a three-dimensional calculation is involved. Since 3D
numerical computations require substantial CPU time,
some investigators begin to numerically study such problem
by using the compact model (i.e. the porous approach) as the
regularly arranged fin array can be set as a porous medium.
The computations of the porous approach model will be fas-
ter than those of the detailed mode due to the assumption of
the volume-averaging technique. Morega et al. [8], and
Narasimhan and Majdalani [9] explored the fluid flow and
heat transfer in longitudinal plate fin array by using the por-
ous approach model. These studies assumed the local ther-
mal equilibrium condition between the fluid and fins, and
employed the one-equation model for the energy equation.
Kim and Kim [10,11] modeled the longitudinal plat fin heat
sink as a fluid-saturated porous medium. They provided the
analytical solutions for both velocity and temperature pro-
files, based on the modified Darcy model for fluid flow
and the two-equation model for heat transfer. Yu and Joshi
[12] experimentally and numerically investigated the
enhancement of combined natural convection, conduction
and radiation heat transfer of pin-fin heat sink in an
enclosed box. The numerical simulation in their work uti-
lized the Brinkman–Forchheimer model for fluid flow and
one-equation model for heat transfer.

Before fluid flow and heat transfer can be numerically
analyzed using the compact model (i.e. the porous
approach), the porous characteristics, such as the permeabil-
ity (K) and the inertial coefficient (CF) and the solid-to-fluid
heat transfer coefficient (hfs), need to be determined. How-
ever, due to the lack of systematical studies on the porous
transport properties of the square pin-fin heat sinks, most
of the previous similarity work between finned heat sinks
and porous media focused on the configuration of longitudi-
nal plate fins. Fortunately, in the past decade, the porous
transport properties of the square pin-fin heat sink attracted
some investigators. You and Chang [13,14] employed exper-
imental data to numerically determine the porous flow and
thermal characteristics for a square pin-fin channel flow,
by applying the non-Darcian model and two-equation
model. Kim et al [15] modifies the method of You and
Chang [13,14] to model the pin-fin heat sink as a porous
medium. Recently, Jeng and Tzeng [16] presented a novel
semi-empirical model for estimating the permeability and
inertial coefficient of pin-fin heat sinks. The forms of corre-
lations for the permeability and inertial coefficient of pin-fin
heat sinks were firstly derived theoretically, then a series of
pressure drop tests were performed for modifying those
correlations. The above studies contribute to compact model
simulation of the pin-fin heat sink in the convection flow.
This work illustrates the compact heat sink simulations
in forced convection flow with side-bypass effect. The
Brinkman–Forchheimer model is used for fluid flow and
two-equation model for heat transfer. A configuration of
in-line square pin-fin heat sink situated in a rectangular
channel with fixed height (H = 23.7 mm), various width
(W) and two equal-spacing bypass passages beside the heat
sink is successfully studied. The pin-fin arrays with various
porosities (e = 0.358–0.750) and numbers of pin-fins
(n = 25–81), confined within a square spreader whose side
length (L) is 67 mm, are employed. In the present investiga-
tion, the basic interaction phenomena between the pin-fin
heat sink and the fluid region within the channel are stud-
ied. Furthermore, the effects of various parameters, such as
the porosity (e), the number of pin-fins (n) and the wide size
proportion of the channel to the heat sink (W/L), on the
fluid flow and heat transfer are analyzed.
2. Numerical model

2.1. Governing equations

Fig. 2 is a physical configuration, which sets the regu-
larly arranged pin-fins as porous media. The center-to-
center longitudinal distance between the adjacent pin-fins
is SL, the center-to-center transverse distance is ST, the
number of pin-fins is n, the thickness of each square pin-
fin is d, the size of pin-fin heat sink is L � L � H, and
the cross-section size of the channel is W � H. The heat
flux is firstly transmitted upwards from the paper surface
through the pin-fins by heat conduction, and then transmit-
ted to the air passing through the heat sink from the
extended surface of the pin-fins by heat convection. If the
heat transfer on the end-wall surface of the pin-fin heat
sink is unconsidered, the heat dissipated from pin-fins
can be regarded as the heat generated in the porous media
of pin-fins. Therefore, the present study can be simplified to
be two-dimensional problem. Other assumptions are as fol-
lows: (1) the porous medium is homogenous and isotropic;
(2) the fluid flow is steady state, laminar and incompress-
ible; (3) the thermophysical properties of the fluid and
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porous media do not depend on temperature. Besides, the
dimensionless parameters are as follows:

X ¼ x
H
; Y ¼ y

H
; U ¼ u

ui

; V ¼ v
ui

;

Pr ¼ l=qf

kf=ðqCpÞf
; Da ¼ K

H 2
;

ReH ¼
qfuiH

l
; U M ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p

ui

; h ¼ T � T i

qwH=kf

;

Nufs ¼
hfsafsH 2

kf

ð1Þ

where K is the permeability; afs is the surface area of the
fluid–solid interface per unit bulk volume of the pin-fin
heat sink; hfs is the heat transfer coefficient between the
fluid stream and the solid matrix, and qw is the heat flux
on the bottom of the pin-fin heat sink. Furthermore,
replacing the velocity components with the vorticity (x)
and the stream function (W),

x ¼ � oU
oY
þ oV

oX
; U ¼ oW

oY
; V ¼ � oW

oX
ð2Þ

the dimensionless volume-averaged conservation equations
(i.e. the compact model or the porous approach model) can
be expressed as follows:

� x ¼ o2W

oX 2
þ o2W

oY 2
ð3Þ

U
ox
oX
þ V

ox
oY
¼ � e2

ReH � Da
x� e2CF U Mffiffiffiffiffiffi

Da
p xþ e2CFffiffiffiffiffiffi

Da
p

� U
oU M

oY
� V

oU M

oX

� �
þ e

ReH

o2x

oX 2
þ o2x

oY 2

� �
ð4Þ

U
ohf

oX
þ V

ohf

oY
¼ Nufs

ReH � Pr
ðhs � hfÞ þ

1

ReH � Pr
k�f
kf

� o
2hf

oX 2
þ o

2hf

oY 2

� �
ð5Þ

0 ¼ Nufsðhf � hsÞ þ
k�s
kf

o2hs

oX 2
þ o2hs

oY 2

� �
þ d ð6Þ

where CF is the inertial coefficient; e is the porosity of the
pin-fin heat sink (i.e. the total void volume divided by the
total volume occupied by the solid matrix and the void vol-
Table 1
Porous properties of pin-fin heat sinks used herein

In-line square pin-fin heat sink with uniform distributions (SL = ST), L = 0.06

Test specimens Sample 1 Sample 2

d (m) 0.00596 0.00496
n 9 � 9 9 � 9
e 0.358 0.556
K (m2) 4.37E�08 2.40E�07
CF 0.0808 0.0785
k�f (W/m �C) 0.0064 0.0116
k�s (W/m �C) 0.129 0.0694
afs (m2/m3) 445 381
ume); k�s is the effective conductivity of the solid matrix,
and k�f is the effective conductivity of the fluid. Notably,
in the clear fluid region, Da is set to infinity and e to unity.
Also, Nufs ¼ k�s ¼ 0 and k�f ¼ kf . The d is a function set
equal to one to account for heat generation in the porous
media of pin-fins and to zero elsewhere.

The relevant empirical coefficients in the present porous
medium of pin-fins, such as K, CF, k�s , k�f and hfs, generally
do not have universal values. This is because that these
empirical coefficients mainly depend on the geometry of
the porous medium, the thermal properties of the solid
and the fluid, and the flow rate. Moreover, all these empir-
ical coefficients are difficult to measure. This work contrib-
utes to build a compact model for pin-fin array by finding
the suitable empirical formula of K, CF, k�s , k�f and hfs in the
open literature. Firstly, the total effective conductivity ke

and the k�f are derived by using the combination of the par-
allel and series models [17], and then the k�s equals the dif-
ference between ke and k�f . The k�s should be considered in
the volume-averaged equations since the disconnected pin-
fins enhance the ke. Additionally, the estimation of the K

and CF is based on a semi-empirical model whose details
are provided by Jeng and Tzeng [16]. The relevant dimen-
sions and porous properties of pin-fin heat sinks numeri-
cally studied herein are shown in Table 1. Finally, the hfs

of the square pin-fin heat sink with uniform in-line arrange-
ment is predicted by employing the empirical equations
suggested by Kim et al. [15]:

hfs ¼
ekf

d
0:36283Re0:54219

d

� �
for Red < 1000 ð7Þ

hfs ¼
ekf

d
0:04433Re0:82934

d

� �
for Red P 1000 ð8Þ

where Red is defined as qfumaxd/l; umax is the average max-
imum velocity between pin-fins, and d is the pin-fin
thickness.

2.2. Boundary conditions

Fig. 3 schematically depicts the numerical domain and
the boundary conditions. Roache [18] elucidated the
boundary conditions of the vorticity-transport equation.
The temperature gradients of the solid phase and the fluid
phase along the Y-direction are zero on the insulated and
7 m, H = 0.0237 m

Sample 3 Sample 4 Sample 5

0.00372 0.00479 0.0067
9 � 9 7 � 7 5 � 5
0.750 0.750 0.750
1.03E�06 1.63E�06 2.95E�06
0.0451 0.0486 0.0543
0.018 0.018 0.018
0.036 0.036 0.036
300 241 181
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Fig. 3. Computational configuration.
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symmetric faces. The fluid is assumed to enter the inlet with
a uniform temperature (Ti) and a uniform velocity (ui). The
fluid phase at the exit is assumed to meet the zero diffusion
condition since the downstream length Lout (=20L) is cho-
sen to be sufficiently long. The relevant boundary condi-
tions are as follows:

hf ¼ 0; W ¼ Y ; x ¼ � o
2W

oX 2
for the inlet face ð9Þ

ohf

oX
¼ 0;

oW
oX
¼ 0;

ox
oX
¼ 0 for the outlet face ð10Þ

ohf

oY
¼ ohs

oY
¼ 0; W ¼ 0; x ¼ 0

for the bottom symmetric face ð11Þ
ohf

oY
¼ 0; W ¼ W

2H
; x ¼ � o2W

oY 2

for the top insulated face ð12Þ

Besides, the interfacial boundary condition plays very
important roles in the porous/fluid composite system. This
is due to the abrupt change of thermophysical properties,
such as the permeability, inertial coefficient and porosity,
across the interface. The harmonic mean formulation rec-
ommended by Patankar [19] is used to treat these discon-
tinuous characteristics at the porous/fluid surface.
Moreover, Huang and Vafai [20] suggested a modified gov-
Fig. 4. Experim
erning equation used across the interface, instead of the Eq.
(4), since where the permeability, inertial coefficient and
porosity were not constants any more. This modified gov-
erning equation for the interfacial region is employed in the
present study and its details can be found in Huang and
Vafai [20]. Therefore, the single-domain approach can be
performed in the present simulations and the continuity
of the convection and diffusive fluxes across the interface
will be automatically satisfied.
2.3. Numerical procedure and data reduction

This work applies the power-law developed by Patankar
[19] to disperse the equations and employs the SIS (strong
implicit solver) algorithm proposed by Lee [21] to solve
the related dispersal equations. The numerical procedure
initially resolves the vorticity and the stream function, and
then applies the vorticity and the stream function to resolve
the velocity field, which is subsequently substituted into the
fluid energy equation. Then, the solid and fluid energy equa-
tions are solved and the subsequent solid and fluid temper-
ature fields are obtained. All of the resolutions undergo the
grid independence test and convergence test. The large vari-
ations in the W/L value (W/L = 1–5) are such that grid sys-
tems are separated into various classes to fit the physical
model. The grid points, in an X–Y coordinate, are
ental setup.
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481 � 21, 481 � 31, 481 � 41, 481 � 51 and 481 � 61,
respectively. The grid size falls as W/L value decreases.
The iteration ends when the variables meet the criterion,

X
i;j

F nþ1
i;j � F n

i;j

F nþ1
i;j

�����
����� 6 1� 10�5 ð13Þ

where F represents W, x or h. The subscripts i and j refer to
the ith and the jth grid-cells in the X and Y directions,
respectively. The superscript n indicates the nth iteration.

The major parameters of heat transfer performance
observed herein are the Reynolds number (Re), the dimen-
sionless pressure drop (DP) and the average Nusselt num-
ber (Nu), which are defined as follows:

Re ¼ quiDh

l
ð14Þ

DP ¼ pi � pe

qfu
2
i

¼
Z ðLinþLÞ=H

Lin=H

1

ReDa
þ CFffiffiffiffiffiffi

Da
p U MU

�

� 1

eRe
o2U

oX 2
þ U

e2

oU
oX

�
Y¼0

dX ð15Þ

Nu ¼
Z L

0

Z L=2

0

Nux;ydydx=ðL2=2Þ ð16Þ

where

Nux;y ¼
qwDh

ðT w � T iÞkf

¼ qwDh

ðT s � T iÞkf

g ¼ g
hs

Dh

H
;

g ¼ tanhðmHÞ
mH

; m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hfsafs

ð1� eÞks

s ð17Þ

The Lin is the length of channel upstream from the pin-fin
heat sink.
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Fig. 5. Experimental validation.
3. The experiments

3.1. Test apparatus and instrumentation

The experimental setup displayed in Fig. 4 was divided
into four main parts: (1) air supply system; (2) test section;
(3) test specimens, and (4) data acquisition system. The air
compressor (MITSUISEIKI 10 HP) blew air into the air
tank. Then, the air flowed through a filter to remove the
oil, water and particles. Finally, the air entered the test sec-
tion after it passed through the straightener made of an
unheated porous specimen. The air flow rate was con-
trolled by an electric digital flowmeter with the range of
0–1000 l/min. The test section was made of 20-mm-thick
Bakelite. The dimensions of the channel section were con-
stant in height (H = 23.7 mm) and various in width (W).
The in-line square pin-fin heat sinks, whose dimensions
and porous properties are shown as samples 3 and 5 in
Table 1, were situated in the test channel with two equal-
spacing bypass passages beside them. These pin-fin heat
sinks were made of aluminum 6061. A film heater was fixed
on the bottom surface of the heat sink. The wall heat flux
supplied to the film heater from the electronic power was
0.53–1.68 W/cm2 for 32.5–250 l/min flow rate.

Eleven OMEGA T-TT-30 thermocouples for measuring
the average wall temperature were embedded on the bot-
tom surface of the heat sink. The ambient temperature,
the air temperature at the channel inlet and the air temper-
ature at the channel outlet were also monitored by other
thermocouples. All thermocouples were connected to the
data recorder (YOKOGAWA DA100), which will trans-
form the potential difference signal into a temperature
value. All the temperature data printed out by the data
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recorder then are inputted into the computer and converted
into data for further analysis. The inlet air temperature was
about 27 �C. The temperature difference of air between
inlet and outlet was about 12–17 �C. The average wall tem-
peratures were about 64 to 75 �C. The system was assumed
to be in a steady state when the temperature varied by no
more than 0.2 �C in 25 min.

3.2. Uncertainty analysis

The maximum error in the flow rate was about ±5.0% at
50 l/min. The errors in the temperature measurements were
resulted from the inaccuracies in the recorder readings
(about ±0.2 �C). The maximum errors in determining the
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Fig. 6. Streamlines and velocity vectors for var
heat flux (qw), the dimensions of the test channel (H and
W), and relevant properties (l and kf) were estimated
within ±6%, ±1% and ±1%, respectively. Uncertainties
in parameters were estimated by using the root-sum-square
method of Kline and McClintock [22] and Moffat [23]. The
experimental data obtained herein revealed that the uncer-
tainties in the Reynolds number and the Nusselt number
(as shown in Eqs. (14,16,17)) were ±5.8% and ±6.7%,
respectively.

4. Results and discussion

The study proposed a porous model to numerically
investigate the side-bypass effect on the fluid flow and heat
6 7 8 9 10

0.135
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, ε =0.358)
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transfer of in-line square pin-fin heat sink within a rectan-
gular channel. The relevant varied parameters were the
porosity of the heat sink (e), the number of pin-fins (n)
and the wide size proportion of the channel to the heat sink
(W/L). The Reynolds number was Re = 668.
4.1. Experimental validation

Fig. 5a shows the experimental results for the cases with-
out side-bypass flow, and compares them with the data of
Kim et al. [15]. Kim et al. [15] proposed the empirical cor-
relation of hfs (as shown in Eqs. (7,8)) for the in-line square
pin-fin heat sink fully confined in a rectangular channel.
The comparison results indicated that the present experi-
mental data agree with others.

Fig. 5b displays the experimental results for the cases
with side-bypass flow. Experimental results reveal that
the average Nusselt numbers slowly decreased with increas-
ing W/L as expected. The numerically predicted Nusselt
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Fig. 7. Streamlines and velocity vectors for sample 3 (n
numbers were also plotted in Fig. 5b. The average devia-
tion between numerical predictions and experimental data
is less than 5%, indicating that the numerical model used
herein can accurately simulate the flow and thermal behav-
ior of the pin-fin heat sink situated in a rectangular channel
with laminar side-bypass flow.
4.2. Flow behaviors

Fig. 6 shows the streamlines and velocity vectors for var-
ious samples with Re = 668 and W/L = 2. As the wide size
proportion of the channel to the heat sink is fixed (W/
L = 2), the airflow entering the heat sink is mainly depen-
dent on the penetrability of the pin-fin heat sink. As shown
in Table 1, the test samples of pin-fin heat sinks studied
herein covers various porosities (e = 0.358–0.750) and
numbers of pin-fins (n = 25–81, also representing the pas-
sage density in the heat sink). Using the semi-empirical for-
mula provided by Jeng and Tzeng [16], the corresponding
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= 81, e = 0.750) with Re = 668 and various W/L.
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permeability (K) and the inertial coefficient (CF) can be
inferred. Table 1 and Fig. 6 show that, the larger the poros-
ity (e) is or the lower the n value is, the better the penetrabil-
ity of the heat sink is, and there will be more airflow passing
through the heat sink, which helps the forced heat convec-
tion. In addition, when the airflow enters from the windward
side of the heat sink, the pin-fins will block the airflow and
part of the airflow will not come out from the leeward side
of the heat sink, but escape from both lateral sides of the
heat sink and join into the side-bypass airflow. As the recir-
culation will only be generated at a far place in the down-
stream of the heat sink, it is not shown on the present
streamlines figure. Fig. 7 presents the streamlines and veloc-
ity vectors for sample 3 (n = 81, e = 0.750) with Re = 668
and various W/L. Since the porosity (e) and the number of
pin-fins (n) are fixed, the permeability (K) and the inertial
coefficient (CF) are also fixed. The airflow entering the heat
sink will depend on the wide size proportion of the channel
to the heat sink (W/L). It can be clearly seen from the results
in Fig. 7 that, when W/L increases, the airflow bypassing
both lateral sides of the heat sink will increase, and the air-
flow entering the heat sink will relatively decrease.

Fig. 8 shows the effects of n value, porosity (e) and W/L
on the dimensionless pressure drop (DP) through the pin-
fin heat sink. This dimensionless pressure drop (DP) is esti-
mated on the central line of the heat sink. It can be clearly
seen from the result that, when the n value (number of pin-
fins or the passage density in the heat sink) increases, or
when the porosity (e) or W/L decreases, the dimensionless
pressure drop (DP) through the pin-fin heat sink will
increase. This is because the airflow entering the heat sink
is relatively large at small e or W/L. It coincides with the
observation on velocity vector in Figs. 6 and 7.

4.3. Thermal characteristics

Figs. 9 and 10 depict the isotherms for typical cases with
and without the side-bypass flow, respectively. The figures
show a large difference between the temperature of pin-fins
(hs) and the temperature of airflow (hf). Hence, during
numerical simulation, it is necessary to use two-equation
model for energy equation. Moreover, it can be seen from
Fig. 9 that, when there are side-bypass passages, the hs

inside the heat sink is relatively high, while the hs around
the heat sink is relatively low. This is because the windward
side of the heat sink is cooled down by the direct impact of
the airflow, while the lateral and leeward sides of the heat
sink enhance heat transfer due to the bypass airflow. The
distribution of hf shows that, along the x direction, the air-
flow temperature (hf) is increased by the heat dissipated
from the pin-fins. On the other hand, at the same x posi-
tion, the hf near the lateral sides of the heat sink is lower
than the hf inside owing to the side-bypass airflow.
Fig. 10 depicts the temperature distributions of the cases
without side-bypass flow. By comparing with those with
side-bypass flow, the most obvious difference is that the
temperatures (hs and hf) on the laterals of the heat sink
are higher than the temperatures inside at the same x posi-
tion. This is because the laterals of the heat sink without
side-bypass flow are immediately close to the walls of the
channel, the airflow speed is decreased due to the no-slip
condition on the channel wall, and the heat transfer of
the pin-fins in this near-wall region is naturally poor,
resulting in a high hs. Meanwhile, owing to the decrease
of airflow amount in the near-wall region, just a little heat
will cause large increase of airflow temperature, resulting in
a relatively high hf. As a whole, in cases without bypass
flow, as the entire airflow goes into the heat sink, the tem-
perature inside the heat sink is always lower than cases with
bypass flow.

Fig. 11 shows the effects of n value, porosity (e) and W/L
on the average Nusselt number (Nu(H/Dh)) of the pin-fin
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heat sink. The results indicate that the Nu(H/Dh) decreases
as the W/L value increases. Additionally, as expected,
when e = 0.750 and W/L = 1–5, larger n value will result
in larger Nu(H/Dh). This is because larger n value will cause
poorer penetrability of the heat sink (but still within the
magnitude order of K = 10�6m2), slightly decreasing the
amount of airflow entering the heat sink. However, the
effective area of heat dissipation of the heat sink is
increased due to increase of the n value. Hence, the total
heat transfer ability is increased with the increase of n

value. Moreover, as shown in Fig. 11b, when n value is
fixed (n = 81), the change of porosity (e = 0.358–0.750)
causes a considerable change in permeability value of the
pin-fin heat sink. The permeability value increases with
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increasing the porosity. As the system with bypass flow,
larger porosity presents larger amount of airflow passing
through the heat sink, promoting the total heat transfer.
The heat transfer enhancement due to the larger porosity
is more considerable when the W/L value increases. But
when the system has no bypass flow, the heat sink with
same n value and various e will have the similar Nu(H/
Dh). This can be explained as follows. When W/L value
equals unity (no bypass flow), total airflow is forced to
enter the heat sink. Although a heat sink with lower
porosity will have a larger effective area of heat dissipa-
tion, its solid-to-fluid heat transfer coefficient (hfs) will
decrease with decreasing porosity at the same Reynolds
number. Therefore, the average Nusselt number will be
similar for the heat sink with same n value and various e
at W/L = 1.
F
n

4.4. Optimal cooling configuration

From the above analysis, it can be seen that, the larger the
airflow passing through the heat sink, the better the cooling
performance will be. However, the required pumping power
will be higher. Hence, a better evaluation shall be based on
the maximum ratio of the dissipated heat to the pumping
power. In this work, assuming a constant volume of the heat
sink and a constant temperature difference, the dissipated
heat is proportional to Nu which is based on the area of
the heated base of the pin-fin heat sink. The (DP � Re3)-
parameter means the pumping power. Therefore, a new
parameter Nu/(DP � Re3) representing the ratio of the dissi-
pated heat to the pumping power is introduced. Assuming a
constant pumping power (DP � Re3), the bigger value of the
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Nu/(DP � Re3) represents the bigger amount of the dissi-
pated heat at a constant junction temperature difference,
or means the lower junction temperature difference at a con-
stant amount of the dissipated heat. Hence, the criteria of
the optimal heat sink in the mentioned configuration (e, n,
W/L) is with the maximum value of the Nu/(DP � Re3).
Fig. 12 shows the Nu/(DP � Re3) as a function of W/L for
various n values and porosities (e). The results show that
an increase of W/L will lead to an increase of Nu/
(DP � Re3), in particular, when W/L = 1–2, Nu/(DP � Re3)
has a considerable increase rate along with W/L, while when
W/L = 3–5, Nu/(DP � Re3) has a less obvious increase rate
along with W/L. In addition, as shown in Fig. 12a, when
e = 0.750, the n value has a medium impact on Nu/
(DP � Re3). In cases with n = 25, the Nu/(DP � Re3) is
14.5%–18.8% higher than those with n = 81. However,
Fig. 12b shows when n = 81, porosity (e) has a considerable
impact on Nu/(DP � Re3). Nu/(DP � Re3) greatly increases
along with the increase of porosity (e). To sum up, within the
range of present studied parameters (0.358 6 e 6 0.750,
25 6 n 6 81 and 1 6W/L 6 5), the pin-fin heat sink with
e = 0.750 and n = 25 is the optimal cooling configuration,
which has a larger Nu/(DP � Re3) value. Moreover, based
on medium Nu/(DP � Re3) value and suitable channel size,
it is suggested that W/L = 2–3 is the better size ratio of chan-
nel to heat sink.

5. Conclusions

This work successfully proposed a porous model to
numerically investigate the side-bypass effect on the fluid
flow and heat transfer of in-line square pin-fin heat sink
placed in a rectangular channel. The present porous
approach employed the Brinkman–Forchheimer model
for fluid flow and two-equation model for heat transfer.
A configuration of in-line square pin-fin heat sink situated
in a rectangular channel with fixed height (H = 23.7 mm),
various width (W) and two equal-spacing bypass passages
beside the heat sink is successfully studied. The pin-fin
arrays with various porosities (e = 0.358–0.750) and num-
bers of pin-fins (n = 25–81), confined within a square
spreader whose side length (L) is 67 mm, are employed.
Some major conclusions are summarized as follows:

(1) When the n value increases, or when the porosity (e) or
W/L decreases, the dimensionless pressure drop (DP)
through the pin-fin heat sink will increase. Addition-
ally, the average Nusselt number (Nu(H/Dh)) decreases
as the W/L value increases or the n value decreases. In
the case of the system with bypass flow, larger porosity
(e) promotes the total heat transfer, especially for the
system with larger W/L value. But when the system
has no bypass flow, the heat sink with same n value
and various e will have the similar Nu(H/Dh).

(2) A new parameter Nu/(DP � Re3) representing the
ratio of the dissipated heat to the pumping power is
introduced. The increase of W/L will lead to increase
of Nu/(DP � Re3), in particular, when W/L = 1–2,
Nu/(DP � Re3) has a considerable increase rate along
with W/L, while when W/L = 3–5, Nu/(D P � Re3)
has a less obvious increase rate along with W/L.
The numerical results suggest that, within the range
of present studied parameters (0.358 6 e 6 0.750,
25 6 n 6 81 and 1 6W/L 6 5), the pin-fin heat sink
with e = 0.750 and n = 25 is the optimal cooling con-
figuration based on the maximum Nu/(DP � Re3)-
parameter.
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