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A numerical study has been undertaken to analyze the flow and thermal characteristics of forced pulsat-
ing flow through a channel with two porous-covering heated blocks in tandem. Solution of the coupled
governing equations for the fluid/porous/solid composite system is obtained by utilizing a control-vol-
ume method through the use of a stream function-vorticity approach. This study details the effects of
variations in the Darcy number, pulsation frequency and amplitude, three pertinent geometric parame-
ters and effective conductivity ratio, to illustrate important fundamental and practical results. The results
show that the periodic alteration in the structure of recirculation flow inside the inter-block region and
behind the downstream block significantly enhances the heat transfer rate on the block right faces.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal control of electronic equipment and devices has re-
ceived considerable attention by investigators in the past decades
due to the requirement of maintenance of relatively constant tem-
perature equal to or below a maximum operating temperature. In
response to these demands, different techniques have been used in
the past to obtain a well-controlled thermal environment, includ-
ing a variety of passive or active enhanced cooling techniques.
Among the heat transfer enhancement schemes, one of the prom-
ising techniques is the application of a porous medium subjected
to flow pulsation. The porous medium has emerged as an effective
passive cooling enhancer due to the high ratio of surface area to
volume ratio in the heat transfer process and intense flow mixing,
caused by the tortuous path of the porous matrix, in the thermal
dispersion process. The forced pulsation of incoming fluid at the
entrance of channel is another active augmenting method due to
the hydrodynamic instability in a shear layer, which substantially
increases lateral, large-scale flow mixing and hence augments
the convective thermal transport in the direction normal to the
heated surface.

The problem of convective heat transfer in fluid-saturated por-
ous media has been a major topic for various studies during the
past decades due to its relevance in a wide range of application
such as thermal insulation engineering, water movements in geo-
thermal reservoirs, nuclear waste repository, heat pipe, grain stor-
age, etc. Extensive studies have been conducted on the steady
forced convection flow through a channel fully or partially filled
ll rights reserved.
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with a porous material as a heat sink for heat transfer augmenta-
tion. Koh and Colony [1] analyzed the cooling effectiveness for a
porous material in a cooling passage. Kaviany [2] dealt with con-
vective heat transfer from a steady laminar flow through a porous
channel bounded by two isothermal parallel plates. Huang and Va-
fai [3] simulated steady forced convection problem in an isother-
mal parallel plate channel with porous block array. Angirasa [4]
numerically reported forced convection in a channel filled with
metallic fibrous materials. Their results showed that porous sub-
strate substantially enhance the thermal performance in a channel.
Recently, the forced convection heat transfer in a fully/partially
porous channel with discrete heated sources or blocks was of spe-
cial interest due to its applications on the microelectronic cooling.
Hadim and Bethancourt [5] investigated forced convection in fully/
partially porous channel containing discrete heat sources on the
bottom wall. A significant increase in heat transfer rate was ob-
served, as the Darcy number was decreased, especially at the lead-
ing edge of each heat source. Angirasa and Peterson [6]
numerically studied forced convection heat transfer augmentation
in a channel with a localized heat source using metal fibrous mate-
rial. They concluded that thinner fibers and high porosity media
enhance heat transfer because of better distribution flow and mix-
ing. Fu et al. [7] investigated heat transfer from a spherical-bead
porous-block-mounted heated wall in a channel flow. They re-
ported that for the blocked ratio H�p ¼ 0:5 the thermal perfor-
mances are enhanced at higher porosity and porous particle
diameter. However, the result is opposite for H�p ¼ 1. Huang et al.
[8] analyzed forced convective heat transfer from multiple heated
blocks in a channel by porous covers and found that the recircula-
tion caused by porous-covering block will significantly augment
the heat transfer rate on both top and right faces of second and
subsequent blocks.
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Nomenclature

A oscillating amplitude of axial inlet velocity
Cp specific heat at constant pressure (J/kg K)
Da Darcy number, K/R2

f dimensional forcing frequency (Hz)
F function used in expression inertia terms
h convective heat transfer coefficient (W/m2 K)
H height (m)
k thermal conductivity (W/m K)
K permeability of the porous medium (m2)
L length (m)
Num cycle-space average overall mean Nusselt numbers, Eq.

(14)
Nux cycle-averaged local Nusselt number, Eq. (13)
Nuxt local instantaneous Nusselt number, Eq. (12)
P pressure (N/m2)
Pe Pelect number, uoR/a
Pr Prandtl number, m/a
q00 uniform heat flux from each heated block (W/m2)
R height of channel (m)
Rc heat capacity ratio, (qCp)/(qCp)f

Rk thermal conductivity ratio, k/kf

Re Reynolds number, uoR/m
S spacing between heat sources or porous blocks (m)
St dimensionless pulsating frequency, Strouhal number,

fR/uo

t time (s)
T temperature (K)
uo cycle-averaged velocity of the inlet flow (m/s)
u, v velocity component (m/s)
V velocity vector (m/s)
W width (m)

x, y Cartesian coordinates (m)

Greek symbols
a thermal diffusivity (m2/s)
d boundary layer thickness (m)
e porosity of the porous medium
K inertial parameter, Fe2=

ffiffiffiffiffiffi
Da
p

j tangential direction
l dynamic viscosity (kg/ms)
m kinematic viscosity (m2/s)
n vorticity (1/s)
q density (kg/m3)
s oscillatory period for a cycle
P overall exposed area of a block (m2)
/ stream function (m2/s)
x angular velocity (1/s)

Superscript
* dimensionless quantity

Subscripts
eff effective
f fluid
i inlet
p porous
o outlet
s non-pulsating component, or solid
x local
t total
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More recently, due to the needs of high-performance high-
power electronic devices, there has been an increasing demands
to achieve higher heat transfer removal from the fully/partially
porous channel flow. One of such efforts has been given to ex-
plore the use of porous heat sink subjected to pulsation flow.
Here, a pulsating channel flow, i.e., an oscillating component
superposed on the mean flow in a confined passage, can enhance
the axial transfer of energy due to large oscillating temperature
gradients in the direction normal to the heated wall. Pulsating
flow is frequent encountered in natural system (human respira-
tory and vascular system) and engineering system (exhaust and
intake manifolds of IC engines, regenerator, Stirling engine, elec-
tronic cooling, etc.). For the related heat transfer characteristics
studies of pulsating confined flow over protruding blocks or fins,
Mackley and Ni [9], Nishimura et al. [10], and Azar [11] pointed
out that fluid mixing and heat transfer are intensified by fluid
oscillation in furrowed-wall channels and baffled tubes. How-
ever, published studies on pulsating convective flow passing
through porous channel are scarce. Kim et al. [12] simulated
forced pulsating flow in a fully porous channel. The results
showed that the effect of pulsation on heat transfer between
the channel wall and fluid is more pronounced in case of small
pulsating frequency and large pulsating amplitude. Khodadadi
[13] analyzed a fully developed oscillatory flow through a porous
medium channel bounded by two impermeable parallel plates,
showing that the velocity profiles exhibit maxima next to the
wall. Paek et al. [14] performed an experimental study of pulsat-
ing flow through a porous duct. It was indicated that the heat
transport from the porous material decreases as pulsating fre-
quency decreases at given amplitude and is decreased when
the pulsating amplitude is large enough to cause a backward
flow. Fu et al. [15] conducted experimentally the heat transfer
of a porous channel subjected to oscillating flow and found that
the length-average Nusselt number for oscillating flow is higher
than that for steady flow. Leong and Jin [16] treated experimen-
tally the heat transfer in oscillating flow through a channel filled
with an aluminum foam subjected a constant wall heat flux.
Their results revealed that the heat transfer in oscillating flow
is significantly enhanced by employing porous media in a plate
channel. Most of these studies are related to the aspect of
forced-pulsation convection over the full-porous system, how-
ever, little is known about the problem combining forced pulsat-
ing convection in a fluid/porous composite system and
conduction in the solid region due to the complex geometry
and the different thermal properties among the composite sys-
tem. This constitutes a case for forced pulsating convection over
a fluid/porous/solid composite system, such as a finite-sized por-
ous substance enclosing a block where the block is used to sim-
ulate heated electronic component while the porous cover
simulate the porous heat sink. Guo et al. [17] investigated the
pulsating flow and heat transfer in a partially porous pipe and
indicated the maximum effective thermal diffusivity was gained
by pulsating flow through a pipe partially filled with porous
medium rather than the limiting case of no porous medium or
the fully filling of porous medium. The purpose of the present
study is to explore the effects of both the heat transfer enhance-
ment factors by external flow pulsation and finite-size fiber por-
ous cover on the convective cooling of electronic devices.

This paper describes a numerical investigation on flow field and
heat transfer characteristics of two successive porous-covering
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heated blocks subjected to pulsating channel flow. Both the mixing
enhanced convection caused by porous cover and the oscillatory
enhanced convection caused by pulsating flow are examined. Sev-
eral important characteristic of the time-dependent flow and tem-
perature fields in the fluid/porous/solid composite system is
reported. The dependence of these characteristics on the governing
parameters such as Darcy number, pulsation frequency and ampli-
tude, and effective conductivity ratio is also documented. In addi-
tion, the results are also compared with those obtained for a steady
non-pulsating nonporous-cover flow. It is shown that altering
some parametric values can have significant and interesting effects
on the cooling of the heat blocks.

2. Mathematical formulation

The configuration of problem under investigation is depicted in
Fig. 1(a). It includes flow through a parallel-plate channel with two
porous-covering heated blocks on the bottom plate. Both upper
and lower channel walls are insulated. The fluid enters the channel
at uniform temperature Ti with a pulsating flow ui = uo[1 + A-
sin(xt)], where A and x are the pulsating amplitude and fre-
quency, respectively. The flow field is assumed to be unsteady,
two-dimensional, laminar, and incompressible. Buoyancy induced
effects are assumed negligible, and the heat generation within
the blocks is assumed to be constant and uniform. Besides, the
thermophysical properties of the fluid and the porous matrix are
a

b

c

Fig. 1. (a) Schematic diagram of the problem and the corresponding coordinate systems,
close-up of the region near the porous-covering heated block.
assumed to be constant, and the fluid-saturated porous medium
is considered homogeneous, isotropic, non-deformable, and in lo-
cal thermodynamic equilibrium with the fluid. Possible channel-
ling near the wall is neglected in the present study because
fibrous media are considered for which the porosity and perme-
ability are relatively constant even close to the wall (Hunt and Tien
[18]). The effective viscosity of porous medium is equal to the vis-
cosity of the fluid. In this work, the flow is modelled by the time-
dependent Darcy–Brinkman–Forchheimer equation in the porous
matrix to incorporate the viscous and inertial effects (Vafai and
Tien [19]) and by transient Navier–Stokes equation in the fluid do-
main, and the thermal field by the energy equation. Then, an effi-
cient alternative method for combining the three sets of
governing equations for the fluid, porous, and solid regions into
one set of conservation equations is to model the whole fluid/por-
ous/solid composite system as a single domain governed by one set
of conservations, the solution of which satisfies the matching con-
ditions at both fluid/porous and porous/solid interfaces. The above-
mentioned resulting unsteady momentum and energy equations in
terms of dimensionless variables are as followings (Huang and Va-
fai [3], Huang et al. [20]):

e
of�

ot�
þ u�

of�

ox�
þ v�

of�

oy�
¼ e

Re
r2f� þ S�/ ð1Þ

r2u� ¼ �n� ð2Þ
 

(a) 

(b) a typical nonuniform grid system for the whole computational domain, and (c) a
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Pe Rc
oT�

ot�
þ u�

oT�

ox�
þ v�

oT�

oy�

� �
¼ r � ðRKrT�Þ þ #

H� �W� ð3Þ

where (x*,y*) are dimensionless rectangular Cartesian coordinates, e
is the porosity of the porous medium, Re is Reynolds number, Pe is
the Pelect number, Rc is the heat capacity ratio, Rk is the thermal
conductivity ratio, and S �u is the source term. # is a function set
equal to one to account for heat generation in the block, and to zero
elsewhere, and / and n are the stream function and vorticity,
respectively, which are related to the fluid velocity components u
and v by

u ¼ ou
oy

; v ¼ � ou
ox

; n ¼ ov
ox
� ou

oy
ð4Þ

The non-dimensional parameters in the fluid region are

Rcf ¼ ðqCpÞf=ðqCpÞf ¼ 1; Ref ¼ uoR=mf ; Pef ¼ uoR=af ;

Rkf ¼ kf=kf ¼ 1; S�u ¼ 0; e ¼ 1; # ¼ 0 ð5Þ

and in the porous region the non-dimensional parameters are

Rceff ¼ ðqCpÞeff=ðqCpÞf ; Reeff ¼ uoR=meff ; Peeff ¼ uoR=aeff ;

Rkeff ¼ keff=kf ð6aÞ

S�u ¼ �
e2

Reeff Da
f� � Fe2ffiffiffiffiffiffi

Da
p jV�jf�

� Fe2ffiffiffiffiffiffi
Da
p v�

ojV�j
ox�
� u�

ojV�j
oy�

" #
; #¼ 0 ð6bÞ

where the Darcy number, Da = K/R2, is related to the permeability of
the porous medium. F is the inertia coefficient of porous medium
and keff is the effective thermal conductivity of fluid-saturated por-
ous medium. The energy equation for solid blocks becomes

Pef Rcs
oT�

ot�

� �
¼ r � ðRksrT�Þ þ #

H� �W� ð7Þ

where Rcs = (qCp)s/(qCp)f, Rks = ks/kf (taken equal to 10 in the
present study), # = 1. The source term S�u can be considered as
those contributing to the vorticity generation due to the pres-
ence of the rectangular porous-covering blocks. All of the above
variables have been non-dimensionalized based on the following
definitions:

x� ¼ x
R
; y� ¼ y

R
; u� ¼ u

uo
; v� ¼ v

uo
;

jV�j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u�2 þ v�2

p
; L� ¼ L

R
; H�P ¼

Hp

R
; W�

P ¼
Wp

R
ð8aÞ

H�s ¼
Hs

R
; W�

s ¼
Ws

R
; S�s ¼

Ss

R
; S�p ¼

Sp

R
; u� ¼ u

uiR
;

n� ¼ Rn
ui

ð8bÞ

St ¼ fR
uo
; t� ¼ tuo

R
; T� ¼ T � T i

q00R=kf
; Pr ¼ m

a
; P� ¼ P

qu2
o

ð8cÞ

It should be noted that these conservation equations for forced con-
vection in the porous region are developed here using the local vol-
ume-averaging technique (Vafai and Tien [19]).

The associated dimensionless initial and boundary conditions
necessary to complete the formulation of the present problem are:

(1) At the channel(x* = 0, 0 < y* < 1, t* > 0), the unidirectional,
pulsating flow inlet is given
u� ¼ y�; n� ¼ 0; T� ¼ 0; u� ¼ 1þAsinð2pStt�Þ; v� ¼ 0
ð9aÞ
(2) At the exit ðx� ¼ L�t ;0 < y� < 1; t� > 0Þ, the fully developed
conditions is satisfied
ou�

ox�
¼ 0;

on�

ox�
¼ 0;

oT�

ox�
¼ 0 ð9bÞ
(3) Along the channel walls, the no-slip conditions at the per-
fect-insulated plates are taken. Namely, along the lower
plate ð0 < x� < L�t ; y

� ¼ 0; t� > 0Þ
u� ¼ 0; n� ¼�o2u�

oy�2 ;
oT�

oy�
¼ 0; u� ¼ 0; v� ¼ 0 ð9cÞ

and along the upper plate ð0< x� < L�t ;y
� ¼ 1; t� > 0Þ

u� ¼ 1; n� ¼�o2u�

oy�2 ;
oT�

oy�
¼ 0; u� ¼ 0; v� ¼ 0 ð9dÞ

where St = fR/uo is the dimensionless pulsating frequency
parameter (Strouhal number).
In addition to these, the three sets of conservation equations
are coupled by the following matching conditions at the por-
ous/solid and fluid/porous interfaces:
(4) Along the porous/solid interface (the non-slip condition, and
the continuities of temperature and heat flux are accounted)
u� ¼ 0; v� ¼ 0; T�p
���

hðx;yÞ¼0
¼ T�s

��
hðx;yÞ¼0;

keff
oT�p
on�

����
hðx;yÞ¼0

¼ ks
oT�s
on�

����
hðx;yÞ¼0

ð10Þ
(5) Along the fluid/porous interface (the continuities of the veloc-
ity, pressure, stress, temperature, and heat flux are satisfied)
u�p
���

g x;yð Þ¼0
¼ u�f

��
gðx;yÞ¼0; v�p

���
gðx;yÞ¼0

¼ v�f
��

gðx;yÞ¼0 ð11aÞ

leff

ov�p
on�

����
gðx;yÞ¼0

¼lf
ov�f
on�

����
gðx;yÞ¼0

;

leff

ou�p
on�
þ

ov�p
oj�

� �����
gðx;yÞ¼0

¼lf
ou�f
on�
þ ov�f

oj�

� �����
gðx;yÞ¼0

ð11bÞ

T�P
��

gðx;yÞ¼0 ¼ T�f
��
gðx;yÞ¼0; keff

oT�P
on�

����
gðx;yÞ¼0

¼ kf
oT�f
on�

����
gðx;yÞ¼0

ð11cÞ

where g(x,y) = 0 and h(x,y) = 0 are the curves defining the
porous/fluid and porous/solid interfaces, and the derivative
with respect to n and j represents the normal and tangential
gradients, respectively, to these curves at any point on the
interfaces.
For further insight into the effects of both flow pulsation and
porous cover on the heated-block heat transfer rate, the local
instantaneous Nusselt number along the surfaces of the blocks is
evaluated as

Nux;t ¼
hxR
kf
¼ � keff R

kf ðTw � T iÞ
oT
oy

����
y¼0
¼ � keff

kf T
�
w

oT�

on
ð12Þ

where T�w ¼ ðT
w � TiÞ=ðq00R=kfÞ is the dimensionless block surface

temperature and n is the coordinate normal to the block surface.
Then the corresponding local Nusselt number along the block sur-
faces in a time average over one cycle of pulsation s is calculated as

Nux ¼
1
s

Z s

0
Nux;t dt ð13Þ

and the cycle-space averaged overall mean Nusselt number for each
heated block

Num ¼
1

sP

Z s

0

Z P

0
Nux;t dxdt ð14Þ
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where P is the overall exposed area of heated block. Noted that the
definition of Nusselt number based on the conductivity of the fluid
permits a direct comparison for a heated block with and without
porous cover.
3. Numerical method and procedure

Employing a spatial non-uniform rectangular grid system, the
foregoing transient finite-difference form of the vorticity transport,
stream function, and energy equations were derived using control
volume integration of these differential equations over discrete
cells surrounding the grid points. Fig. 1(b) and (c) shows a typical
non-uniform grid system employed for the present calculations.
This grid system was designed to capture the steep gradients near
the porous/fluid as well as porous/solid interfaces, and to provide
sufficient grid density at the solid-block surfaces with minimal ele-
ment distortion. In the above discretizating scheme the first-order
fully implicit scheme, second-upwind-differencing, and central-
differencing formats are introduced for the time derivatives,
convective and diffusive terms, respectively. The transient finite
difference equations thus obtained were solved by the extrapo-
lated-Jacobi scheme. This iterative scheme is based on a double-
cyclic routine, which translates into a sweep of only half of the grid
points at each iteration step (Adams and Ortega [21]). In this work,
convergence was considered to have been achieved when the abso-
lute value of relative error on each grid point between two succes-
sive iterations was found to be less than 10�6. In most cases, steady
periodic solutions were obtained after 20–45 cycles of pulsation.
The time resolution was such that one pulsating period was di-
vided into 60 time steps during the early 5–10 cycles, and into
120 time steps for later cycles.

In addition, the harmonic mean formulation suggested by Pat-
ankar [22] was used to handle abrupt variations in thermophysical
properties, such as the permeability, inertia factor, and thermal
conductivity, across the interface. This ensures the continuity of
the convective and diffusive fluxes across the porous/fluid inter-
face. All of these effects on the porous/fluid interface are summa-
rized in the dimensional parameters Reynolds number Re, Darcy
number Da, Prandtl number Pr, and inertial parameter K ¼ Fe2ffiffiffiffi

Da
p .

For the present case Re, Da, and Pr at the interface of a control vol-
ume are as follows:

ReI ¼
2Reeff Ref

Reeff þ Ref
; DaI ¼

2Daeff Daf

Daeff þ Daf
;

PrI ¼
2Preff Prf

Preff þ Prf
; KI ¼

2KeffKf

Keff þKf
ð15Þ

where the subscripts eff, f, and I stand for effective, fluid, and inter-
face, respectively. Therefore, instead of the source terms in Eqs. (5)
and (6), the following source terms were used across the interface:

S�u ¼
u�

ReI

o

oy�
1

DaI

� �
� v�

ReI

o

ox�
1

DaI

� �
þ jV�ju� o

oy�
ðKIÞ

� jV�jv� o

ox�
ðKIÞ ð16Þ

S�u ¼ �
1

ReIDaI
n� �KIjV�jn� �KI v�

ojV�j
ox�
� u�

ojV�j
oy�

" #

þ u�

ReI

o

oy�
1

DaI

� �
� v�

ReI

o

ox�
1

DaI

� �
þ jV�ju� o

oy�
ðKIÞ

� jV�jv� o

ox�
ðKIÞ ð17Þ

where Eq. (16) was used for the fluid and Eq. (17) was used for the
porous region. In addition, to accommodate the solution of the
transport equations in both the fluid and porous regions, the effec-
tive viscosity of the fluid saturated porous medium is set to be equal
to the viscosity of fluid. It had been found that this approximation
provides good agreement with experimental data (Neale and Nader
[23]). In this study, the computational domain was chosen to be lar-
ger than the physical domain to eliminate the entrance and exit ef-
fects and to satisfy continuity at the exit. A systematic set of
numerical experiments was performed to ensure that the use of a
fully developed velocity profile for the outflow boundary condition
has no detectable effect on the flow solution within the physical
domain.

A grid independence test showed that there is only a very small
difference (less than 1%) in the time-averaged local Nusselt num-
ber distribution along the two solid block peripheral distance
among the solution for (120 � 70), (130 � 90), (150 � 110),
(180 � 140) and (230 � 180) grid distributions. Also the time step
was reduced until a further reduction did not significantly affect
the results on amplitude and frequency. Therefore, a 150 � 110
grid system was adopted for the present work. Also, special con-
cern was paid to the grid density in the boundary layer along the
solid wall. The boundary layer thickness d/R for the classical oscil-
latory flow can be estimated as follows [24]:

d � ð2m=xÞ1=2; d=R � 1=ðStReÞ1=2 ð18Þ

Thus the dimensionless boundary layer thickness becomes smaller
as St and/or Re increases. Spatial grids were clustered to resolve
the region of this thin boundary layer for high-frequent pulsation.

To validate the numerical scheme used in the present study,
comparisons with three relevant results were made. This was
achieved by making the necessary adjustments of our model to re-
duce it to a system equivalent to the simplified available cases. The
relevant studies for our case correspond to the problems: (1) a
steady non-pulsating forced flow in a channel with two heat solid
blocks at uniform temperature, that is, Da ? 0, and St = 0 for
Pr = 0.7, H�s ¼ 0:25, S�s ¼ 1:0, ks/kf ?1, L�i ¼ 5:0, L�o ¼ 29:0 at
Re = 500 and 700 for 0:5 6W�

s 6 3; (2) a steady non-pulsating
forced convection from a isolated heat source in a channel with a
porous block attached to the upper surface wall vertically above
the heating zone, (i.e., St = 0, H�p ¼ 0:5, W�

p ¼ 1:0 for Re = 500,
Da = 1 � 10�2, F = 0.55, e = 0.9, keff/kf = 1, Pr = 0.72, L�i ¼ 5:5,
L�o ¼ 15); and (3) a forced pulsating flow in a channel filled with
fluid-saturated porous media, that is, H�p ¼ 1, W�

p !1. The results
for the first case agree to better than 2.1% with data provided by
Kim and Kang [25] for streamlines and space–space averaged over-
all mean Nusselt number (Num)s of each solid block for the steady
non-pulsating channel flow over two heat blocks, as shown in
Fig. 2(a) and (b). For the second case, the results, as shown in
Fig. 2(c) and (d), are within less than 1% agreement with the data
reported by Sung et al. [26] for both streamlines and isotherms.
The third validity was to compare with the study of Kim et al.
[12] for Da = 10�4, Re = 50, Pr = 0.7, F = 0.057, e = 0.6, A = 0.75,
St = 0.006 and 0.16. Comparisons between the profiles of normal-
ized time-dependent fluctuation u�t-s ¼ u�t � u�s of velocity u*, where
u�t is the total instantaneous velocity and u�s denotes the non-pul-
sating steady part, calculated in Kim et al. [12] and the current
analysis show discrepancies less than 1.5%, as shown in Fig. 2(e)
and (f).
4. Results and discussion

The fixed input parameters that were used for cases were
Pr = 0.7 (the air is used as the cooling fluid), H�s ¼ 0:25, W�

s ¼ 0:5,
F = 0.057, e = 0.6, Rks = 10, L�i ¼ 5, and L�o ¼ 25. In this study, empha-
sis is placed on the effects of Darcy number
(1 � 10�5

6 Da 6 1 � 10�3), pulsation frequency (0 6 St 6 1), pul-
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Table 1
Input data of governing parameters for a porous-covering heated blocks array

Case Da A St H�p W�
p S�s Rkeff Ns

1 1 � 10�3 0.4 0.6 0.3 1.0 1.0 1.0 2
1 � 10�4 0.4 0.6 0.3 1.0 1.0 1.0 2
3 � 10�5 0.4 0.6 0.3 1.0 1.0 1.0 2

2 5 � 10�5 0.2 0.6 0.3 1.0 1.0 1.0 2
5 � 10�5 0.4 0.6 0.3 1.0 1.0 1.0 2
5 � 10�5 0.6 0.6 0.3 1.0 1.0 1.0 2

3 5 � 10�5 0.4 0.1 0.3 1.0 1.0 1.0 2
5 � 10�5 0.4 0.4 0.3 1.0 1.0 1.0 2
5 � 10�5 0.4 0.7 0.3 1.0 1.0 1.0 2

4 5 � 10�5 0.4 0.6 0.3 1.0 1.0 1.0 2
5 � 10�5 0.4 0.6 0.375 1.0 1.0 1.0 2
5 � 10�5 0.4 0.6 0.4 1.0 1.0 1.0 2

5 5 � 10�5 0.4 0.6 0.3 0.8 1.0 1.0 2
5 � 10�5 0.4 0.6 0.3 1.0 1.0 1.0 2
5 � 10�5 0.4 0.6 0.3 1.2 1.0 1.0 2

6 5 � 10�5 0.4 0.6 0.3 1.0 0.8 1.0 2
5 � 10�5 0.4 0.6 0.3 1.0 1.2 1.0 2
5 � 10�5 0.4 0.6 0.3 1.0 1.4 1.0 2

7 5 � 10�5 0.4 0.6 0.3 1.0 1.0 1.0 2
5 � 10�5 0.4 0.6 0.3 1.0 1.0 10 2
5 � 10�5 0.4 0.6 0.3 1.0 1.0 100 2

8 5 � 10�5 0.4 0.6 0.3 1.0 1.0 1.0 1
5 � 10�5 0.4 0.6 0.3 1.0 1.0 1.0 3
5 � 10�5 0.4 0.6 0.3 1.0 1.0 1.0 5
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sation amplitude (0 6 A 6 0.8), geometric parameters
ð0:3 6 H�p 6 0:4;0:8 6W�

p 6 1:2;0:8 6 S�s 6 1:4Þ, and the effective
conductivity ratio (1 6 Rkeff 6 100) on the flow and heat transfer
characteristics. Table 1 displays various parameter set considered
in this analysis. The parameter sets presented in Table 1 were only
a subset of much larger set that was investigated in this work. The
parameter sets introduced in Table 1 were found to be most impor-
tant in revealing aspects of the geometric arrangements of the por-
ous cover and variations in the flow pulsation. Figs. 5–12 show
time-dependent streamlines and cycle-average local Nusselt num-
ber distribution over porous-covering blocks array for the corre-
sponding cases listed in Table 1. To illustrate the results of flow
and temperature fields near the porous-covering heated blocks
clearly, only this region and its vicinity are presented. However,
it should be noted that the computational domain included a much
larger region than what is displayed in the subsequent figures. Fur-
thermore, for the sake of brevity, only the main features and char-
acteristics of some of the results are discussed and the
corresponding figures are not presented.

4.1. Steady flow

For comparison purpose, the typical velocity and temperature
fields around the porous-covering heated blocks in the case of a
steady non-pulsating flow (St = 0) are displayed in Fig. 3 for
L�i ¼ 5, L�o ¼ 25, Re = 250, S�s ¼ 1:0, H�s ¼ 0:25, W�

s ¼ 0:5, H�p ¼ 0:3,
W�

p ¼ 1:0, Rkeff = 1, Rks = 10 at Da = 1 � 10�2, 1 � 10�3, 1 � 10�4,
7 � 10�5, 5 � 10�5, 3 � 10�5, and 1 � 10�5, respectively. It can be
observed from Fig. 3(a) that the streamlines are considerably dis-
torted in the channel due to the presence of the porous-covering
block array. As Darcy number decreases from 1 � 10�2 to
1 � 10�5, the distortion of streamlines and the size of recircula-
tions behind the blocks become more pronounced. At the smaller
Darcy number, the core flow creates four vortex effects, when it
interacts with the porous-covering two-block array: a weak recir-
culation zone ahead of the first block, a clockwise (CW) recircula-
tion between solid blocks, a relatively strong recirculation behind
the last block, and a large counterclockwise (CCW) eddy zone on
the smooth upper plate surface corresponding to the reattached
region on the bottom plate. The variation of these complicated flow
field within the channel is the consolidated result of the following
four effects: (1) a penetrating effect pertaining to the porous med-
ium, (2) a blowing effect caused by porous media displacing trans-
versely the fluid from the porous region into the fluid region, (3) a
suction effect caused by the pressure drop behind the porous-cov-
ering blocks resulting in a reattached flow, and (4) the effects of
boundary-layer separation. It should be noted that within the
interblock cavity, the streamlines between the recirculation center
and the upstream wall (CD) of that cavity are slightly denser than
those between the recirculation center and the downstream wall
(EF) of the cavity. This shows that the magnitude of upward veloc-
ity near the upstream cavity wall (CD) is slightly larger than that of
the downward velocity near the downstream wall (EF), which may
transport more convective energy from the upstream wall (CD)
than the downstream wall (EF) of cavity. Fig. 3(b) shows the iso-
therms corresponding to the above flow field. The thermal bound-
ary layer thickness increases over the two porous-covering block
array, and decreases downstream from the block array. Here, the
distortion of isotherms arises partly due to the variation in the
cross-sectional area of core flow and partly the displacement of
fluid from the porous region into the fluid region occurring at the
top face of each block. The level of isotherms distortion increases
with decreasing Da number. At smaller Darcy number, within the
interblock space spacing between isotherms is closer in the up-
stream end (CD) than in the downstream end (EF). This indicates
that a higher temperature gradient in the right face (CD) of block
than in the left face (EF) of proceeding block.

The local Nusselt number distributions around the exposed
faces of the two heated blocks for this case are depicted in
Fig. 3(c). At larger Darcy number (Da = 1 � 10�2), along the left face
(AB) of first block, Nux is small at the lower corner (point A) and it
grows as the reattachment point is approached due to the recircu-
lation effect. The maximum Nux occurs at the upper corner (point
B). For the top face (BC) of first block, the Nux is largest at the left
corner and then decreases rapidly to a local minimum value. Near
the (block top) right corner (point C) Nux increases slightly. This
can be explained by noting that since this surface is parallel to
the flow direction, as the fluid turns around the corner, a thermal
boundary layer starts to develop at the left corner (point B). Under
the blowing effect caused by porous matrix attached to that sur-
face, the thickness of thermal boundary layer grows up quickly.
Downstream the top face (BC), the boundary-layer separation oc-
curs, resulting in an increase in the convective energy transport
again due to the fluid mixing. On the block right face (CD), Nux is
large at the upper corner (point C) and decreases rapidly to a small,
nearly constant value before rising at the bottom corner (point D)
where the temperature is greater. For the left, top, and right faces
in the two-heated block array, Nux decreases with downstream
blocks. The reason is that as the fluid passed over first block, the
temperature of the fluid increases. Consequently, the temperature
difference between the fluid and the block decreases as the fluid
moves downstream; as a result, the local Nusselt number de-
creases progressively with downstream blocks.

Fig. 3(c) displays also how Nux distributions around the two
heated block exposed surfaces changes with Darcy number. In
the range of 1 � 10�2 P Da P 3 � 10�5 for the first block, Nux de-
creases along the left face (AB) as Da decreases because of the
smaller impact of core flow on the left face (AB). Along its top faces
(BC), as Da decreases, the decreasing tendency of local Nusselt
number distribution from a local maximum value at the left corner
(point B) to a local minimum value near the right corner (point C)
is steeper. This phenomenon is due to the fact that a smaller value
of Da translates into larger blowing effects, which in turn increases
the increment of thermal boundary layer thickness. The maximum
value of Nux occurring at the leading edge (point B) of top face (BC)



Fig. 3. Effects of the Darcy number on (a) streamlines (Du* = 0.2 for 0 < u* < 1) and (b) isotherms (DT* = 0.1 for 0 < DT* < 1), and (c) local Nusselt number distribution for a
steady non-pulsating flow.
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increases with decreasing Da due to the larger temperature gradi-
ent caused by the larger recirculation flow ahead of the first block.
Near the top right corner (point C), Nux decreases to a local mini-
mum value and then increase slightly. This increased level be-
comes more significant for smaller Da due to the stronger
separation flow downstream the top faces (BC). Whereas, along
its right face (CD), Nux increases with decreasing Da due to the lar-
ger recirculation behind it, which can convect more thermal energy
away from the block. For the right faces (GH) of second blocks, Nux

increases with decreasing Da due to the stronger interaction be-
tween the core flow and the downstream recirculation flow. Along
its top (FG) and left (EF) faces Nux decreases as Da decreases be-
cause of the smaller interaction between the interblock recirculat-
ing zone with the left face (EF) and the smaller temperature
gradient at the leading-edge corner of the top face (FG). Compari-
son of local Nusselt number distributions for the two-block array
with and without porous cover (Da ?1) shows that the exten-
sion-transverse recirculating flow caused by porous medium can
augment significantly the heat transfer rate from the block right
faces (CD or GH) to the core flow by convection, as discussed pre-
viously. More other relative parametric effects on the steady flow
field and heat transfer can be found on reference [8].

4.2. Pulsating flow

The above-stated steady and stable flow field can be destabi-
lized by inducing pulsation, which leads to better flow mixing
and further enhanced thermal transport. The influence of external
forced pulsation on the flow and temperature fields is now inves-
tigated. Fig. 4(a) and (b) portraits the flow patterns and thermal
fields over one pulsating cycle at a periodic-steady state with eight
successive phase angle of xt = 0, p/4, p/2, 3p/4, p, 5p/4, 3p/2, and
7p/4 for Re = 250, St = 0.6, A = 0.4, W�

p ¼ 1:0, H�p ¼ 0:3, and
Rkeff = 1.0 at Da = 5 � 10�5. In Fig. 4(c) the u* is plotted as a function
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Fig. 5. Effects of the Darcy number on the variations of streamlines (Du* = 0.2 for 0 < u* < 1) (a)–(c), cycle-averaged local Nusselt number (d), and heat transfer enhancement
factor (e) during a periodic-steady cycle.
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of time at a monitoring point ðx ¼ L�i þW�
p þ S�p=2; y ¼ H�p=2Þ for the

case with Da = 5 � 10�5. The x-component velocity u* exhibits a
time-asymptotic periodic-steady behavior after about 40 cycles
of pulsation. Fig. 4(d) and (e) shows phase diagrams of v* vs. u*

and T* vs. u* at the same monitoring point. These phase diagrams
display a simple closed loop, which clearly indicate that the flow
and thermal fields are in a high time-periodic regime. The same
well-closed loops are also found for other cases of Darcy numbers.
It can be seen from Fig. 4(a) the previously-mentioned four recircu-
lating cells, caused by porous-covering blocks, shrink and expand
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cyclically under the action of external forcing pulsation. Each
instantaneous flow pattern is the overall results of four competing
effects of penetrating, blowing, suction and boundary layer separa-
tion as mentioned earlier. This periodic alternation of flow struc-
ture contributes to the bulk mixing of fluids in the porous-
covering block region, especially in inter-block and downstream
recirculation zones. The oscillating interaction of recirculations,
caused by both porous block and forced Pulsation, with the core
flow influences significantly the heat transfer rate from each
heated block faces. Fig. 4(b) shows the impact of pulsation on the
thermal field. Comparison of Fig. 4(b) with Fig. 3(b) indicates that
the thermal field under a pulsating flow presents a periodic oscil-
Fig. 6. Effects of the pulsating amplitude on the variations of streamlines (Du* = 0.2
enhancement factor (e) during a periodic-steady cycle.
lation of the isotherm field. The thermal boundary layer thickness
along the block surfaces descends during the acceleration phase of
the cycle (xt = 0 to p/2 and 3p/2 to 2p), and rises during the
deceleration phase of the cycle (xt = p/2 to 3p/2). This is because
when the flow velocity is low, the ratio of fluid residence time over
the heated block surfaces to the heat diffusion time is high, allow-
ing more heat to diffuse per unit volumetric flow. This leads to
higher flow temperatures and less steep temperature gradient at
the wall. The depth of heat penetration into the fluid increases at
those times. When the flow velocity is high, decreasing that ratio
leads to lower flow temperatures and greater temperature
gradients.
for 0 < u* < 1) (a)–(c), cycle-averaged local Nusselt number (d), and heat transfer
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4.3. Effect of Darcy number Da

To investigate the effect of Darcy number on the pulsating flow
and temperature fields, computations were carried out at
Da = 1 � 10�3, 1 � 10�4, and 3 � 10�5, respectively, for Re = 250,
St = 0.6, A = 0.4, W�

p ¼ 1:0, H�p ¼ 0:3, and Rkeff = 1.0. Comparison of
the streamline variation in Fig. 5(a)–(c) shows that as the Darcy
number increases from 3 � 10�5 to 1 � 10�3, the distortions of
instantaneous streamlines become less pronounced, and the CCW
eddy zone on the smooth upper plate becomes smaller and finally
disappears at each time instant. This is due to the smaller bulk fric-
tional resistance that the flow encounters in the porous region at
larger values of Darcy number, which in turn accelerates the core
Fig. 7. Effects of the Strouhal number on the variations of streamlines (Du* = 0.2 fo
enhancement factor (e) during a periodic-steady cycle.
flow through the porous-covering blocks and confines the develop-
ment of recirculation zones in the transverse direction. The pulsat-
ing temperature fields are affected in a similar way. Fig. 5(d) shows
the variation of cycle-averaged local Nusselt number Nux along the
solid block surfaces with Da. For the case of pulsation flow with
porous block, the variation tendency of Nux vs. Da is the same as
that in the stated-previously case of steady non-pulsation flow
with porous-covering heat sink. But, as expected, the values of
Nux for pulsating-flow case are higher than that for the steady-flow
case.

In order to obtain an overall measure of heat transport charac-
teristics in the present study, the influence of both flow pulsation
and porous-covering heat sink on the heat transfer enhancement
r 0 < u* < 1) (a)–(c), cycle-averaged local Nusselt number (d), and heat transfer
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factors Num/(Num)non-s and (Num)s/(Num)non-s, which give the cycle-
space averaged overall mean Nusselt number Num and steady
space-averaged overall mean Nusselt number (Num)s over a heated
block normalized by the corresponding steady non-pulsation non-
porous-covering value (Num)non-s, is calculated. Fig. 5(e) exhibits
the effect of Da on Num/(Num)non-s and (Num)s/(Num)non-s. Here, ab-
scissa is expressed in log scale to show clearly the effect of Da in
the range of 1–1 � 10�5. It is clear from Fig. 5(e) that in the calcu-
lation range of Da, there exists a critcal Darcy number (about
Da = 1 � 10�4) corresponding to the smallest values of Num/
(Num)non-s and (Num)s/(Num)non-s, beyond or below which both heat
transfer enhancement factors increase. For the case of steady flow
Fig. 8. Effects of the porous-covering geometric parameters H�p on the variations of stream
heat transfer enhancement factor (e) during a periodic-steady cycle.
with porous cover, the heat transfer rate is enhanced ((Num)s/
(Num)non-s > 1) for the second heated block at smaller Da
(<3 � 10�5) due to increased convection aided by higher velocities
in the downstream recirculation eddy (see Fig. 3(c)). This enhanced
effect on the second block heater is better than that on the first
one. For larger Da(>4 � 10�5), the heat transfer rate is lessened
((Num)s/(Num)non-s < 1) for both heated blocks due to the reduction
of the mass flow rate passing over the surface of block heater com-
paring with the case without porous cover. For the case of pulsat-
ing flow with porous cover, the value of pulsating heat transfer
enhancement factor Num/(Num)non-s is higher than that of steady
heat transfer enhancement factor (Num)s/(Num)non-s due to the
lines (Du* = 0.2 for 0 < u* < 1) (a)–(c), cycle-averaged local Nusselt number (d), and



Fig. 9. Effects of the porous-covering geometric parameters W�
p on the variations of streamlines (Du* = 0.2 for 0 < u* < 1) (a)–(c), cycle-averaged local Nusselt number (d), and

heat transfer enhancement factor (e) during a periodic-steady cycle.
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larger cycle-space averaged temperature gradient near the
heated block surfaces. The second heater has larger value of Num/
(Num)non-s than the first heater. For second heater, when
Da=2 � 10�5, the cycle-space average overall mean Nusselt
number of pulsating flow is about 1.18 times that of non-pulsating
flow and about 1.02 times that of non-pulsating flow over nonpo-
rous-covering heater. Noted that when 1 > Da > 1 � 10�2, Num/
(Num)non-s = 1.2. This enhanced heat transfer is due to the periodic
burst of recirculating cells in the inter-block region and in the
downstream region of the second block (see Fig. 4(a)), which en-
hanced the interaction between the groove or back-facing step of
the two solid block array and the mainstream flow. The higher
cycle-space averaged Nusselt number (Num/(Num)non-s > 1) indi-
cates that the porous-covering block heater subjected to pulsating
flow has a higher heat dissipation rate compared to steady flow.

4.4. Effect of the pulsating amplitude A

The influence of pulsating amplitude A on the flow and temper-
ature fields over a periodic-steady pulsating cycle is shown in
Fig. 6. for Re = 250, Da=5 � 10�5, St = 0.6, S�s ¼ 1:0, H�s ¼ 0:25,
W�

s ¼ 0:5, H�p ¼ 0:3, W�
p ¼ 1:0, and Rkeff = 1.0 at A = 0.2, 0.4, and

0.6, respectively. Based on the inlet pulsating velocity in Eq. (9a),
the larger the pulsating amplitude A is, the higher the flow decel-
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eration becomes during the flow pulsation reversal (xt = p to 2p),
which leads to the produce of the stronger recirculation zones. The
reason for this trend is that increasing A decreases the fluid’s for-
ward momentum, resulting in a smaller penetration into the por-
ous matrix. This, in turn, increases the action of the blowing
effect caused by porous medium on the block top face and en-
hances the expansion of recirculation flows in the transverse direc-
tion. In addition, as A increases the area of downstream vortex zone
attaching on the upper plate extends axially and the size of the
Fig. 10. Effects of the porous-covering geometric parameters S�s on the variations of strea
heat transfer enhancement factor (e) during a periodic-steady cycle.
weak vortex zone ahead of the first block increases. As expected,
the distortion of temporal isotherms in the channel region corre-
sponding to the flow field becomes more pronounced with an in-
crease in A. Fig. 6(d) displays the effect of A on the variation of
Nux around the two block faces. For each block top faces, the tem-
poral heat transfer rate from the top faces slightly decreases as the
pulsating amplitude increases. This is due to the smaller instanta-
neous velocities near the top face for larger pulsating amplitude,
which convects lower thermal energy away from the face. Along
mlines (Du* = 0.2 for 0 < u* < 1) (a)–(c), cycle-averaged local Nusselt number (d), and
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the left and right faces, for larger A the first block has much larger
Nux values along its left face because of the larger impact of core
flow as it turns upwards and accelerates into the bypass region.
The last block has also larger Nux value along its right face because
of the larger oscillation temperature difference between the fluid
and the block as the fluid moves downstream. The remaining ver-
tical faces within the two-block array, the Nux slightly increases
along the second block right face and increases along the first block
left face as A increases from 0.2 to 0.8. The thermal transport from
these faces is dominated by the interblock recircuation. The larger
the value of A, the stronger the temporal recirculation zone, which
enhances convective heat transfer from these block faces. Fig. 6(e)
gives the results for cycle-space average overall block mean
Nusslt numbers. It can be seen that as A increases the gain in
Num/(Num)non-s increases. The second heated block has a larger
Fig. 11. Effects of the effective conductivity ratio on the variations of isotherms (DT* = 0
factor (e) during a periodic-steady cycle.
heat transfer enhancement factors Num/(Num)non-s and (Num)s/
(Num)non-s than the first one.

4.5. Effect of the pulsating frequency St

The effect of variations in the pulsating frequency or Strouhal
number is depicted in Fig. 7 for Re = 250, Da = 5 � 10�5, A = 0.4,
S�s ¼ 1:0, H�s ¼ 0:25, W�

s ¼ 0:5, H�p ¼ 0:3, W�
p ¼ 1:0, and Rkeff = 1,

with St = 0.1–1.0. The flow fields during a pulsating cycle with a
phase angle increment of p/4 reveal that as St increases from 0.1
to 0.4, the size of all the recirculation zones in the channel slightly
increases in the longitude direction (as shown in Fig. 7(a) and (b)),
and reduces as St is increased further to 0.7. As expected, the
instantaneous thickness of thermal boundary layers along the
block surfaces decreases with the increase of St from 0.1 to 0.4,
.1) (a)–(c), cycle-averaged local Nusselt number (d), and heat transfer enhancement
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while slightly increases with the increase of the St from 0.4 to 1.0.
The effect of St on the cycle-averaged local Nusselt number distri-
bution Nux is shown in Fig. 7(d). It can be seen that an increase in St
from 0.1 to 0.4 results in slight increase in Nux, until an optimal St/
heat transfer rate (around St � 0.4 for first block and St � 0.6 for
second block) is reached and then decreases afterward. There are
two reasons for this trend: the first season is that increasing Strou-
hal number causes heat penetrating distance into the fluid and the
oscillation of this depth during a cycle to decrease, and the second
is that the stronger oscillating interaction, caused by recirculations
between the core flow and the heated block surface, convects more
thermal energy away from the heated block. The increasing rate of
heat transfer is up to a maximum and then decreases to a fixed va-
lue due to the reduction in the above-mentioned oscillating inter-
action between the core flow and the heated block surface. Again,
as St increases, the gain in Num/(Num)non-s gradually increases to a
maximum Num/(Num)non-s = 0.71 for the first block around St � 0.6,
Fig. 12. Effects of the number of porous-covering heated blocks in a array on the vari
number (d), and heat transfer enhancement factor (e) during a periodic-steady cycle.
and Num/(Num)non-s = 1.04 for the second block around St � 0.4, as
displayed in Fig. 7(e), and then decreases to a fixed value. The heat
transfer enhancement factor is insensitive to the changes in the
pulsating frequency when St > 1.0. For the first heater, the pulsat-
ing heat transfer enhancement factor Num/(Num)non-s is always
larger than steady heat transfer enhancement factor (Num)s/
(Num)non-s. For the second heater, Num/(Num)non-s > (Num)s/
(Num)non-s only when St > 0.2. Also, the heater two has a larger heat
transfer enhancement factors Num/(Num)non-s and (Num)s/(Num)non-s

than heater one in the estimated range of St.

4.6. Effects of the porous-covering geometric parameters
H�p; W�

p; and S�s

The porous-covering geometric parameters H�p; W�
p; and S�s are

related to the porous-covering block height, width, and spacing,
respectively. The effects of varying porous-covering block height
ations of streamlines (Du* = 0.2 for 0 < u* < 1) (a)–(c), cycle-averaged local Nusselt
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H�p from 0.3 to 0.4 is shown in Fig. 8 for W�
p ¼ 1:0, Da = 5 � 10�5,

Re = 250, A = 0.4, St = 0.6, S�s ¼ 1:0, H�s ¼ 0:25, W�
s ¼ 0:5, Rkeff = 1,

and Rks = 10. In Fig. 8(a)–(c), it is seen that the distortions of instan-
taneous streamlines become evident. In addition, the size and
strength of recirculation zones increase. This is the direct result
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Re = 250, A = 0.4, St = 0.6, S�s ¼ 1:0, H�s ¼ 0:25, W�
s ¼ 0:5, Rkeff = 1,

and Rks = 10. The wider porous-covering block width bring about
smaller interblock recirculation because of the smaller volume of
interblock cavity, as shown in Fig. 9(a)–(c). The effects of increasing
the porous-covering block spacing S�s from 0.8 to 1.4 are shown in
Fig. 10 for Da = 5 � 10�5, Re = 250, A = 0.4, St = 0.6, H�s ¼ 0:25,
W�

s ¼ 0:5, H�p ¼ 0:3, W�
p ¼ 1:0, Rkeff = 1 and Rks = 10. As S�s increases

from 0.8 to 1.2, the size of interblock recirculation zones increases
(as shown in Fig 10(a) and (b)), and reduces as S�s is increased fur-
ther to 1.4. When S�s > 1:2, the wider block spacing produces the
flatter-and-wider instantaneous interblock recirculation, whose
center moves to downstream wall of interblock cavity. This is be-
cause the larger block spacing allows more fluid into the interblock
cavity, which, in turn, causes acceleration in the core flow and less-
ens the blowing action made by porous medium.

Figs. 8(d), 9(d), and 10(d) show the variation of Nux with geo-
metric parameters H�p; W�

p; and S�s , respectively. As expected, the
larger interblock and downstream recirculations produce higher
heat transfer rate from the block left (EF) and right (CD, GH) faces
to the core flow by convection, but reduces at the block top faces
(BC, FG). It is noticed that the relative large recirculating cell in
front of the first block will increase the cycle-average local Nusselt
number along its left face (AB), which depends on the porous-cov-
ering thickness at that face. As shown in Figs. 8(c) and 9(c), the heat
transfer enhancement factor increases with increasing porous-cov-
ering obstacle height H�p, but decreases with increasing porous-
covering obstacle width W�

p. While the effect of inter-block spacing
on the heat transfer enhancement factor does not go straight
ahead. As S�s increases, the heat transfer enhancement factor grad-
ually increases to a maximum value 0.74 for the first block around
S�s � 1:2, and 1.04 for the second block around S�s � 1:0, as dis-
played in Fig. 10(c), and then decreases.
4.7. Effects of the effective thermal conductivity ratio Rkeff

The effect of the effective thermal conductivity ratio is shown in
Fig. 11 for fixed values of Da = 5 � 10�5, Re = 250, A = 0.4, St = 0.6,
S�s ¼ 1:0, H�s ¼ 0:25, W�

s ¼ 0:5, H�p ¼ 0:3, and W�
p ¼ 1:0, with

Rkeff = 1, 5, and 10, respectively. The values for the effective thermal
conductivity ratio – 1, 5, and 10 – are such that they will cover a
moderate range of thermophysical porous-material properties,
which may correspond to certain nonmetallic materials [27]. Since
Da, Re, A, and St are fixed, the variation of the effective conductivity
ratio has no effect on the flow field, and therefore, the flow field is
the same for all effective conductivity ratios. This pulsating flow
field is shown in Fig. 4(a). As expected, increasing Rkeff decreases
the thickness of the thermal boundary layer at each time instant,
as shown in Fig. 11(a)–(c). As seen in Fig. 11(d) the cycle-averaged
local Nusselt numbers Nux along the block surfaces increase with
an increase in the effective conductivity ratio Rkeff. Fig. 11(e) gives
the results for cycle-space average overall block mean Nusselt
numbers. It can be seen that as Rkeff increases the gain in Num/
(Num)non-s increases significantly.

4.8. Effects of the number Ns of porous-covering blocks in the array

To examine whether the Nusselt numbers become periodic
within the array, the baseline case was extended to five identical,
porous-covering heated blocks with dimensions S�s ¼ 1:0,
H�s ¼ 0:25, W�

s ¼ 0:5, H�p ¼ 0:3, and W�
p ¼ 1:0, for Re = 250,

Da = 5 � 10�5, A = 0.4, St = 0.6, Rkeff = 1.0, L�i ¼ 5, and L�o ¼ 25.
Fig. 12 gives the results for the flow fields, exposed surface cycle-
average local Nusselt number, and heat transfer enhanced factors.
Comparison of the instantaneous streamlines in Fig. 12(a)–(c)
shows the distortion of streamlines becomes pronounced as the
block number increases. Both strength and size of the instanta-
neous interblock recirculations are almost the same no matter
what the number of block is 3 or 5 due to the same blowing
strength occurring at the top face of each block. For the left, top,
and right faces in the five-heated-block array, Nux decreases for
downstream blocks except block one. This is because as the fluid
passed over the heated blocks, the temperature of the fluid
increases, which results in Nux decreases progressively for
downstream blocks. It can be seen from Fig. 12(e) that the gain
in Num/(Num)non-s and (Num)s/(Num)non-s increases downstream
the heat block array. The pulsating heat transfer enhancement
factor Num/(Num)non-s is always larger than steady heat transfer
enhancement factor (Num)s/(Num)non-s.

4.9. Pressure drop calculation

When using both inducing pulsation and porous material for
augmenting heat transfer, an important factor to consider is the
penalty arising from increased pressure drop. In the stream func-
tion-vorticity formulation, the pressure field is eliminated in
obtaining the solution. However, the pressure field can be recov-
ered from the converged stream function and vorticity fields. This
is done by integrating the pressure gradient along the upper chan-
nel wall. The temporal pressure gradient in a periodic steady state
is derived from the unsteady momentum equation using the no-
slip boundary conditions on the solid wall. The total temporal pres-
sure drop DP* along the upper channel wall is then obtained from

DP� ¼
Z L�t

0

oP�

ox�

����
y�¼1

dx� ¼ �
Z L�t

0

ou�

ot�
þ 1

Re
on�

oy�

� �����
y�¼1

dx� ð19Þ

The corresponding steady non-pulsating nonporous-covering pres-
sure drop (DP*)non-s is

DP�ð Þnon-s ¼
Z L�t

0

oP�

ox�

����
y�¼1

dx� ¼ �
Z L�t

0

1
Re

on�

oy�

����
y�¼1

dx� ð20Þ

where pressure P* is non-dimensionalized with respect to qu2
o. The

effects of Da, A, St, H�p; W�
p; and S�s on the temporal pressure drop

factor DP*/(DP*)non-s and (DP*)non/(DP*)non-s, which gives the overall
pressure drop with and without the porous covers, respectively,
throughout the entire channel length, normalized by the corre-
sponding steady non-pulsating nonporous-covering value
(DP*)non-s, is presented in Fig. 13. In Fig. 13(e) and (f) the amplitude
of the temporal pressure drop factor is less affected by a change in
W�

p (at Re = 250, Da = 5 � 10�5, A = 0.4, St = 0.6, S�s ¼ 1:0, H�s ¼ 0:25,
W�

s ¼ 0:5, and H�p ¼ 0:3), and or S�s (at Re = 250, Da = 5 � 10�5,
A = 0.4, St = 0.6, H�s ¼ 0:25, W�

s ¼ 0:5, H�p ¼ 0:3, and W�
p ¼ 1:0). How-

ever, the magnitude of DP*/(DP*)non-s increases substantially as St
(at Re = 250, Da = 5 � 10�5, A = 0.4, S�s ¼ 1:0, H�s ¼ 0:25, W�

s ¼ 0:5,
H�p ¼ 0:3, and W�

p ¼ 1:0) or, A (at Re = 250, Da = 5 � 10�5, St = 0.6,
S�s ¼ 1:0, H�s ¼ 0:25, W�

s ¼ 0:5, H�p ¼ 0:3, and W�
p ¼ 1:0), and or H�p

(at Re = 250, Da = 5 � 10�5, A = 0.4, St = 0.6, S�s ¼ 1:0, H�s ¼ 0:25,
W�

s ¼ 0:5, and W�
p ¼ 1:0) increases, and or as Da (at Re = 250,

St = 0.6, A = 0.4, S�s ¼ 1:0, H�s ¼ 0:25, W�
s ¼ 0:5, H�p ¼ 0:3, and

W�
p ¼ 1:0) decreases, as seen in Fig. 13(a)–(d). The reason is that

as the flow approaches the smaller passage formed by the porous-
covering blocks and the upper surface of the channel, the fluid starts
to accelerate, resulting in an increase in the pressure drop. The tem-
poral pressure recovery behind each porous-covering block is not
complete due to the pressure loss in the recirculation zones. A de-
crease in Da or increase in H�p provides a larger bulk frictional resis-
tance to flow and grows the blowing action. This in turn enhances
the growth of recirculation zones in the transverse direction, result-
ing in a profound increase in variations of temporal pressure drop.
An increase in St or A also leads to a larger pressure loss due to the
formation of stronger and larger recirculating zones in the channel
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as stated previously. As expected, the temporal pressure drop factor
(DP*/(DP*)non-s) for porous-covering case is always larger than that
((DP*)non/(DP*)non-s) for nonporous-covering case, as shown in
Fig. 13. Therefore, the required pumping power to maintain a pul-
sating flow increases as pulsation amplitude, Darcy number and
porous blockage ratio. The phase lead of temporal pressure gradi-
entDP*/(DP*)non-s over the inlet pulsating velocity for all cases stud-
ied here is around p/2. This indicated that the flow pulsation
considered in this study is in a higher frequency regime, compared
to the oscillating flow inside a smooth duct [24]. In this classical
oscillating flow, the phase leads of pressure drop over the inlet
velocity approaches p/2 from zero as x increases.

5. Conclusions

This study presents a numerical simulation of forced pulsating
convective flow in a parallel-plate channel with tandem porous-
covering heated blocks. Findings indicate that for the case of
non-pulsating steady flow the heat transfer rate from the right face
of block heaters could be enhanced by fiber porous-covering heat
sink, which depends on the consolidated result of four interrelated
effects caused by porous block: penetrating, blowing, suction and
boundary layer separation. For the case of pulsating flow, the stea-
dy and stable flow field is substantially destabilized by external
pulsation and exhibits a cyclic expanding and shrinking alteration
of the vortex structure. The phase diagrams also show that this un-
steady pulsating flow is highly periodic and well organized. The
temperature field is significantly affected by such increased
large-scale flow mixing and presents a periodic oscillation of the
thermal boundary layer thickness near the heater surfaces. It is
shown the heat transfer enhancement factor Num/(Num)non-s of
the block heaters increases with the pulsating amplitude, height
of porous-covering obstacle, and effective conductivity ratio, but
decreases with width of porous-covering obstacle. However, the
effects of Darcy number, Strouhal number, and spacing of por-
ous-covering obstacle are not straightforward. There exists a criti-
cal value for which the heat transfer enhancement factor is
minimum (for Darcy numbers) or maximum (for Strouhal number
and obstacle spacing). Below and above this critical value, the heat
transfer enhancement factor drops off or goes up. Under specific
choices of descriptive parameters, the value of pulsating heat
transfer enhancement factor Num/(Num)non-s is larger than that of
steady heat transfer enhancement factor (Num)s/(Num)non-s. In
addition, although using the porous-covering heat sink can signif-
icantly enhance the heat transfer rate on the block right face, it also
leads to a decrease on the frontal and upper sides of the blocks
(especially the upstream block one). This can be improved by using
(1) high-conductivity porous heat sink, and (2) porous layer cover-
ing the second block but just partially covering the first block [27].
This may also decrease the pressure drop.

The results of this investigation clearly demonstrate that the
heated block with high-conductivity fiber porous-covering heat
sink subjected to forced pulsating channel flow is an effective
method for cooling electronic devices. However, one must consider
a tolerance limit in view of increased pressure drop to determine
the optimal amplitude of external pulsation according to the por-
ous blockage ratio and porous material.
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