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a b s t r a c t

This paper examines the changes to the flow and heat transfer induced by a non-zero mean sinusoidally
varying flow past a cylinder. This is done by simulating steady and pulsatile forced convective flows over a
circular cylinder placed in either a horizontal empty or a porous medium filled channel. The incompress-
ible Navier–Stokes equations are used for the empty channel, and the Darcy–Brinkmann–Forchheimer
momentum and the two-equation energy LTNE models in the porous-material filled channel. The effects
of pulsation frequency St and amplitude A on heat transfer are quantified, as the Reynolds number
(ReD = 1–250) and type of porous material (kr = 0.1, 1.0, 10, 100) are varied, whilst keeping the structural
properties of the porous medium constant. In the empty (non-filled) channel, initially steady and then
unsteady wakes evolve with an increase in Reynolds number. For the time-dependent case, two kinds
of wake structure, namely fully periodic and quasi-periodic shedding, are observed depending on the
values of Reynolds number, oscillation amplitude and forcing frequency. For the porous-medium filled
channel simulations, a highly stable flows results, i.e., without forming extended wakes in the regions
behind and in front of the cylinder, due to the damping from the porous medium. This is true even at high
amplitudes, e.g., A > 1.0, which generates reverse flow in the channel. In general, using porous media pro-
motes much higher heat transfer enhancement from the cylinder than that promoted by using pulsating
flow, particularly at higher Reynolds number. But, a significant thermal benefit can be achieved by com-
bining both schemes; however, only at the higher Reynolds numbers studied.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

There has been a growing need in many modern technological
thermal applications for using highly effective cooling techniques
to achieve a satisfactory heat transfer enhancement with a mini-
mum frictional losses, including a variety of passive or active cool-
ing techniques. Among the heat transfer enhancement schemes,
one of the promising techniques is the use of porous media sub-
jected to flow pulsation. Porous media has emerged as a convincing
passive cooling enhancer due to its large contact surface area to
volume ratio and intense mixing of fluid flow. Also, the forced pul-
sation of incoming fluid at the entrance of the 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 trans-
ports in the direction normal to the heated surface.
ll rights reserved.
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Generally, the research that has been done on oscillating flow
with porous media is really scarce and incomplete. Efforts have
been given to exploring the use of porous media as a heat sink in
a confined channel subjected to a pulsating flow due to the increas-
ing demand to achieve higher heat transfer removal from chips
used in high-performance high-power electronic devices. These
studies are related to the aspect of forced-pulsating convection
flow over full- or partial-porous systems. Paek et al. [26] performed
an experimental study of pulsating flow through an insulated hor-
izontal packed bed of spherical beads. It is indicated that the heat
transport from the porous material is little affected by the intro-
duction of flow pulsation if the pulsating amplitude is small; how-
ever, the heat transfer is decreased when the amplitude becomes
large enough to cause a backward flow. Also, for a given amplitude,
the pulsating frequency shows a positive effect on the rate of heat
transfer between the packed bed and the flowing fluid; yet, these
rates are still less than that for the case of steady flow. Fu et al.
[10] and Leong and Jin [22,23] reported the experimental results
for heat transfer in porous channels subjected to steady and oscil-
lating air flows with reticulated vitreous carbon and metal foam
materials. They found that the length-averaged Nusselt number
for oscillating flow is higher than that for steady flow. The effects
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Nomenclature

A dimensionless oscillating amplitude of axial inlet velocity
asf specific interfacial area (m�1)
Bi Biot number, Bi ¼ hsf asf D2

cy=ks.
cp specific heat capacity (J/kg K)
CF inertial coefficient, CF ¼ 1:75=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
150e3
p

dp particle diameter (m)
Dcy cylinder diameter (m)
Da Darcy number, Da ¼ K=D2

cy
�f pulsating frequency (Hz)
hcy cylinder surface heat transfer coefficient (W/m2 K)
hsf interfacial heat transfer coefficient (W/m2 K)
H channel height (m)
kd dispersion thermal conductivity (W/m K)
kf fluid thermal conductivity (W/m K)
ks solid thermal conductivity (W/m K)
kst stagnant thermal conductivity (W/m K)
kr solid/fluid thermal conductivity ratio, kr = ks/kf

K permeability of the porous medium, K ¼ e3d2
p=150

ð1� eÞ2 (m2)
L channel length (m)
Nu Nusselt number
�Pf fluid pressure (N/m2)
Pf dimensionless fluid pressure, Pf ¼ �Pf =qf �u2

o
Pr Prandtl number, Pr = mf/af

ReD Reynolds number, ReD ¼ �uoqf Dcy=lf
S circumference of the cylinder (m)
St dimensionless oscillating frequency parameter, Strouhal

number, �f Dcy= �uo

Stres the resonant frequency
�t time (s)

t dimensionless time, t ¼ �t �uo=Dcy
�T temperature (K)
�u vectorial fluid velocity (m/s)
u dimensionless vectorial fluid velocity, u ¼ �u/uo

ú horizontal velocity component (m/s)
u dimensionless horizontal velocity component, u ¼ �u= �uo
�uo horizontal fluid velocity at the inlet of the channel (m/s)
�v vertical velocity component (m/s)
v dimensionless vertical velocity component, v ¼ �v= �uo
�x; �y horizontal and vertical coordinates (m)
x, y dimensionless horizontal and vertical coordinates,

x ¼ �x=Dcy, y = ý/Dcy

Greek symbols
ar thermal diffusivity ratio, ar = as/af

e porosity
h dimensionless temperature, h ¼ ð�T � �ToÞ=ð �Th � �ToÞ
lf fluid dynamic viscosity (kg/m s)
qf fluid density (kg/m3)
mf fluid kinematic viscosity (m2/s)
u angular coordinate (�)

Subscripts
eff effective
f fluid
o inlet of the channel
s solid
t total
w wall of the channel
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of thermal conductivity and permeability for different metal foam
materials, and the kinetic Reynolds number based on the oscillat-
ing frequency and the amplitude, on heat transfer are also ana-
lyzed. It is shown that heat transfer from porous channel
subjected to an pulsating flow can be enhanced by using materials
of lower permeability and high thermal conductivity, and this
enhancement increases with increasing the amplitude, and also
with increasing the frequency but for relatively low values. Kho-
dadadi [18] analyzed analytically a fully developed oscillatory flow
through a porous medium channel bounded by two impermeable
parallel plates, showing that the velocity profiles exhibit maxima
next the wall. However, this study is not dealt with the issue of
associated heat transports.

Numerically, Sozen and Vafai [28] simulated compressible flow
of an ideal gas through an adiabatic packed bed. The effect of oscil-
lating hydrodynamic and thermal inlet boundary conditions on the
transport phenomena is examined. Once again, the average energy
storage characteristics are found to be very close, without major
differences, for both oscillating and constant boundary conditions.
Another numerical data on heat transport of forced pulsating flow
in a porous channel with a uniform temperature walls was pro-
vided by Kim et al. [19]. Their results show that the effect of pulsat-
ing on heat transfer between the channel wall and flowing fluid is
more pronounced in the case of small pulsating frequency and
large amplitude. Jue [14] tested oscillatory driven-cavity flow with
mixed convection in a fluid-saturated porous medium. They found
that the largest heat transfer occurs at a particular frequency
which is known as the resonant frequency, and they also men-
tioned that the trend of the variation of heat transfer versus the
oscillating frequency is seriously affected by Darcy number. Also,
Huang and Yang [12] who examined fluid flow and thermal
characteristics of oscillatory flow through a channel with two
porous-block-mounted heat sources in tandem indicted to the
presence of a critical value of Strouhal number (oscillating fre-
quency) to obtain a maximum heat transfer enhancement factor.
Below and above this critical value, the enhancement factor de-
creases afterward. This is occurred at low amplitude (A = 0.6). They
also indicated to that the heat transfer enhancement factor for both
heaters increases considerably with the pulsating amplitude. It is
worth noting that their results show that the values of the pulsat-
ing heat transfer enhancement factor are not always larger than
that of steady non-pulsating heat transfer enhancement factor
depending on the values of the amplitude and frequency of the
pulsating flow.

Steady and Pulsatile flow in a channel partially filled with two
porous layers subjected to constant wall heat flux was also inves-
tigated numerically by Forooghi et al. [9]. Although, their results
show the same finding for the pulsating amplitude which has a
positive influence on heat transfer, entirely different trend of aver-
age Nusselt number against the Womersley number or frequency
is observed. It has a minimum in a particular frequency, but sur-
prisingly the maximum average Nusselt number occurs at the low-
est frequency. This case is examined at high pulsating amplitude
(A = 1.5). Therefore, from the above-mentioned studies, it seems
that the influence of the pulsating frequency on heat transfer de-
pends on the amplitude of pulsation. Such a finding would require
further investigation since such observation has been not reported
in the literature.

The problem of convective heat transfer over circular cylinder
embedded in porous media has been the major topic for various
studies in the past decades due to its relevance in a wide range
of applications such as chemical catalytic reactors, nuclear waste
repositories, solar power collectors, and heat exchangers. Most of
these studies have been conducted on steady forced convection
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flow past cylinder immersed in a porous material for heat transfer
augmentation. Murty et al. [24] investigated the effect of Reynolds,
Darcy, and Forchheimer numbers on forced convective heat re-
leased from a circular cylinder embedded in a porous medium.
They concluded that the effect of inertial forces on the Nusselt
number depends on the permeability of the porous medium used.
Thevenin and Sadaoui [29] used the Darcy–Brinkmann model to
investigate forced convective flow over a cylinder immersed in a
fibrous porous medium for a range of Reynolds number 1–100 to
avoid the influence of thermal dispersion. More than 80% heat
transfer enhancement can be obtained from a single cylinder by
immersing it in a porous medium at high Darcy number was con-
cluded by Layeghi and Nouri-Borujerdi [20] who performed a heat
transfer analysis for a single cylinder and an array of cylinders by
using the Darcy and the Darcy–Brinkman models. The analysis
was carried out with and without the presence of porous media
at low Péclet number (640) for a single cylinder, and at intermedi-
ate Péclet number (6300) for arrays of cylinders. Layeghi and
Nouri-Borujerdi [21] numerically analyzed the steady-state of the
problem in the range of Péclet number 640 with constant Prandtl
number equal to 1.0, by using the simple Darcy model. The effect of
porosity and permeability of the porous medium on the thermal
field around the cylinder was examined.

Furthermore, Younis [35] also presented numerical results for
forced convective cross-flow and heat transfer from a cylinder
and a bundle of staggered cylinders, with and without a porous
medium using the standard Navier–Stokes equations with the
Darcy–Brinkmann model. The focus was on the effects of the per-
meability and the thermal conductivity of the porous material on
the fluid flow and the rate of heat transfer from a heated cylinder.
The results for bare cylinders without porous media were com-
pared with those for cylinders embedded in a porous medium. It
was found that it is possible to enhance the heat transfer rate from
a cylinder placed in a cross-flow by several fold using a porous
medium with high permeability and high thermal conductivity.
Younis and Mohamad [36] also used the Darcy–Brinkmann model
to study fluid dynamics and heat transfer for flow over a heated
cylinder immersed in an air-saturated porous medium. They inves-
tigated the effect of the presence of porous media on Von Karman
vortex shedding formation at the cylinder wake, and on the heat
transfer enhancement. Interestingly, their results showed that
the Von Karman Vortex periodic shedding (Two-counter rotating
vortices) can be formed behind the cylinder in a high permeable
porous medium, i.e., Darcy number Da = 0.01, at Reynolds number
Re = 200, which changes to a steady wake by decreasing the per-
meability to Da = 0.005, and suppresses completely at Da = 0.001.
Also, it was predicted that the porous medium enhances the rate
of heat transfer, and the rate of enhancement increases by using
a porous medium with higher thermal conductivity and lower per-
meability. By using the local thermal non-equilibrium (LTNE) en-
ergy model, Rees et al. [27] and Wong et al. [34] demonstrated
how the thermal fields of the solid and fluid phases, and the rate
of heat transfer around and from a horizontal circular cylinder,
are affected by the removing the local thermal equilibrium (LTE)
condition.

To the authors’ knowledge, although the literature reveals that
there is only one study done by Iwai et al. [13] to examine the fluid
flow and heat transfer characteristics of a circular cylinder
mounted inside an empty (non-filled) horizontal channel and ex-
posed to an oscillatory flow, this problem with the presence of por-
ous media have been not investigated to the recent date. Therefore,
the main purpose of the present study is to fill this gap. In this arti-
cle, steady and non-zero mean pulsatile flow and heat transfer over
a cylinder placed in a plate channel with and without the presence
of porous media are numerically investigated under the LTNE
condition. As the first objective of this work, the change in heat
transfer when a harmonic term is superimposed on the steady
state inlet velocity in both empty and porous channels is studied.
The effect of amplitude and frequency of pulsation on heat transfer
is thoroughly examined. The second objective is to find out the rea-
son for the contradictory conclusions in the studies of Huang and
Yang [12] and Forooghi et al. [9] concering the effect of pulsation
frequency on heat transfer. Also, a briefly investigation will be per-
formed to examine the sensibility of heat transfer to the thermo-
physical, i.e., solid/fluid thermal conductivity ratio, properties of
the porous medium under the pulsatile flow.
2. Mathematical formulation

2.1. Statement of the problem

The problem considered in this study can be broadly catego-
rised as predicting the flow and forced convection heat transfer
from a single circular cylinder mounted in a two-dimensional
empty (non-filled) channel or containing porous media, under
steady or non-zero mean pulsatile upstream flow. The schematic
diagrams of the cases considered are provided in Fig. 1. The cylin-
der is assumed to be isothermally heated at a constant tempera-
ture �Th and cooled by the incoming external flow at �To. The
confining horizontal walls have the same temperature �Tw as the
flow at the inlet. The geometrical relationships are set as follows:
The blockage ratio of the channel is Dcy/H = 0.25, where Dcy is the
cylinder diameter, which is considered to be the unit scale length
in the present study, and H is the channel height. The extent of
the channel in the z-direction is assumed to be large enough so
that the problem will essentially be two-dimensional. The section-
ally-averaged velocity oscillates sinusoidally around the tempo-
rally-averaged flow velocity, at a period s and an amplitude A.
The inlet flow produces the same net mass flow; thus the steady
flow can be thought of as either a temporal average of the pulsatile
flow, or as a limiting case of when the pulsation amplitude ap-
proaches zero. The character of a pulsating flow is specified by
two non-dimensional parameters. These are the pulsation fre-
quency represented by the Strouhal number St ¼ �f Dcy= �uo, where
�f ¼ 1=s is the forcing frequency and the velocity perturbation
amplitude A. The study reports on cases with and without the pres-
ence of porous media.
2.2. Governing equations

Prior to analysing these cases, it is useful to state the assump-
tions on which the governing equations are based:

1. The fluid flow is laminar and incompressible.
2. Forced convection dominates the thermal field of the channels,

i.e., natural convection effects can be ignored.
3. The fluid passing through the channels is Newtonian.
4. The porous medium is homogenous and isotropic.
5. The variation of thermo-physical properties of the fluid and

solid phases with temperature can be neglected.
6. Interfacial radiation heat transfer in the porous channel can be

ignored.
7. No heat generation occurs inside the porous medium.
8. But, importantly, local thermal equilibrium between the two

phases is not assumed.

Taking in account these assumptions, the system of the govern-
ing equations of the continuity, momentum and energy, that pre-
dicts the flow and thermal fields in the porous channel, can be
presented in the following vectorial form as given in Kaviany



Fig. 1. Schematic diagram of a single heated circular cylinder mounted in a horizontal, (a) empty (non-filled), and (b) porous, channels subjected to a steady or pulsatile flow.
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[17] and Nield and Bejan [25], based on the volume-average
method:

r � h�ui ¼ 0; ð1Þ

qf

e
@h�ui
@�t
þ1

e
hð�u �rÞ�ui

� �
¼�

lf

K
h�ui�

qf CFffiffiffiffi
K
p jh�uijh�uiþ

lf

e
r2h�ui�rh �Pf i;

ð2Þ

eðqcpÞf
@h �Tf i
@�t
þh�ui �rh �Tf i

" #
¼r�½kf :eff;ðx;yÞrh �Tf i�þhsf asf ðh �Tsi�h �Tf iÞ;

ð3Þ

ð1� eÞðqcpÞs
@h �Tsi
@�t
¼ r � ½ks:effrh �Tsi� � hsf asf ðh �Tsi � h �Tf iÞ; ð4Þ

where,

jh�uij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h�u2i þ h�v2i

q
; ð5Þ

Here, �u is the velocity vector field, �t is the time variable, �Pf is the
pressure field and �T is the temperature field. Subscripts f and s
denote the fluid and solid phases, respectively, and eff refers to
the effective property. The following are other fluid and medium
properties: K is the permeability, CF the inertia coefficient, lf the
fluid dynamic viscosity, q the density, cp the specific heat, e the
porosity, k the thermal conductivity, asf the specific surface area
of the packed bed and hsf the interfacial heat transfer coefficient.
In addition, the primes refer to dimensional quantities and the
operator h. . .i denotes local volume average of a quantity.

In the momentum Eq. (2), the first term on the right-hand side
represents the frictional resistance due to the presence of the mi-
cro-pore structure, while the square term, the second term on
the right-hand side, is caused by the inertial effects from passing
through the solid matrix. The third term on the right-hand side ac-
counts for the effect of friction posed by an external boundary on
the flow. With regard to the energy equations, it can be seen that
as the solid phase is stationary, the energy transport through the
solid phase, i.e., Eq. (4), only needs to account for conduction. How-
ever, an additional mode of heat transfer emerges if there is a dif-
ference in the temperature distributions between the fluid and
solid phases. This transfer mode can be conceived of as convective
heat transfer that can be formulated via a solid-to-fluid heat trans-
fer coefficient hsf.

After introducing the dimensionless variables defined in the
following:

x; y ¼
�x; �y
Dcy

; hui ¼ h
�ui
�uo
; t ¼

�t �uo

Dcy
; hhi ¼ h

�Ti � �To

ð �Th � �ToÞ
; hPf i ¼

h �Pf i
qf �u2

o

:

ð6Þ

The governing equations can be transformed into a non-dimen-
sional following form:

r � hui ¼ 0; ð7Þ

1
e
@hui
@t
þ 1

e
hðu � rÞui

� �
¼ � 1

ReDDa
hui � CFeffiffiffiffiffiffi

Da
p jhuijhui

þ 1
eReD

r2hui � rhPf i; ð8Þ

e
kr

@hhf i
@t
þ hui � rhhf i

� �
¼ 1

ReDPrkr
r � kf :eff;ðx;yÞ

kf
rhhf i

� �

þ Bi
ReDPr

ðhhsi � hhf iÞ; ð9Þ

ð1� eÞ
ar

@hhsi
@t
¼ 1

ReDPr
r � ks:eff

ks
rhhsi

� �
� Bi

ReDPr
ðhhsi � hhf iÞ: ð10Þ

Here, kr and ar are the solid-to-fluid thermal conductivity and diffu-
sivity ratios, ks/kf and as/af, respectively. In addition, the key dimen-
sionless groups appearing in these equations are: the Reynolds,
Darcy, Prandtl, and Biot numbers:

ReD ¼
�uoDcyqf

lf
; Da ¼ K

D2
cy

; Pr ¼ mf

af
; Bi ¼

D2
cyhsf asf

ks
: ð11Þ

In the empty channel, the dimensionless momentum Eq. (8) al-
lows for a smooth transition between fluid flow through porous
media and the Navier–Stokes equations in a space without porous
media by taking e = 1 and K ?1. Also, the fluid phase energy



Table 1
Four physical domains chosen, with their upstream and downstream lengths, and the
total number of macro-elements and nodes.

Domain Lu Ld Macro-elements Macro-nodes

M1 3Dcy 10Dcy 670 615
M2 5Dcy 12Dcy 742 683
M3 8Dcy 15Dcy 850 785
M4 8Dcy 20Dcy 940 870
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model (9) can be transformed to the standard fluid energy equa-
tion by taking kf.eff = kf and Bi = 0 to predict the fluid thermal field
in the absence of porous media.

The empirical expression suggested by Dullien [5] for the spe-
cific surface area of the packed bed asf is employed in the present
investigation as follows:

asf ¼
6ð1� eÞ

dp
; ð12Þ

where, dp is the particle diameter. While, the formulation of the
interfacial heat transfer coefficient hsf is based on the empirical cor-
relation proposed by Wakao et al. [32] for packed beds and can be
expressed as:

hsf ¼
kf

dp
2þ Pr1=3Re0:6

p

h i
; ð13Þ

where, Rep is the particle Reynolds number

Rep ¼
qf jhuijdp

lf
: ð14Þ
Table 2
Domain size study for a steady forced convective flow in two; (a) empty, and (b) porous,

Domain (a) Empty channel (b) Poro

ReD = 10 ReD = 250 ReD = 10

Nuf Nuf Nuf

M1 5.057827 19.441979 7.98464
M2 5.122665 19.539155 7.96863
M3 5.153913 19.660151 7.96510
M4 5.153913 19.660764 7.96510

Fig. 2. Typical computational macro-meshes for the; (Left) M2 physical domain used for
flow in the empty channel.

Table 3
Study the effect of upstream length of the M2 domain allocated for the porous channel, subj
ReD = 1.0 and (b) 250, and for two minimum and maximum frequency limitations St = 0.1

Lu ReD = 1.0

f = 0.1 f = 2.0

Nuf Nus Nuf Nus

5Dcy 2.79191 0.19102 2.47771 0.18740
6Dcy 2.75971 0.18934 2.47775 0.18740
7Dcy 2.74269 0.18845 2.47772 0.18740
8Dcy 2.73718 0.18814 2.47773 0.18740
9Dcy 2.73495 0.18804 2.47773 0.18740
10Dcy 2.73470 0.18803 2.47773 0.18740
In turn, this allows the Biot number to be expressed as

Bi ¼ 6ð1� eÞ 1
kr

� �
Dcy

dp

� �2

2þ Pr1=3Re0:6
p

h i
: ð15Þ

The permeability of the porous medium K incorporated in the
Darcy number and the inertia coefficient CF, in the momentum
Eq. (8), are inherently tied to the structure of the porous medium.
These are generally based on empirical fits from experimental find-
ings, i.e., no universal representations exist. For a randomly packed
bed of spheres such coefficients were reported by Ergun [6], and
were expressed in terms of porosity e and particle diameter dp as
follows:

K ¼
e3d2

p

150ð1� eÞ2
; ð16Þ

CF ¼
1:75ffiffiffiffiffiffiffiffiffiffiffiffiffi
150e3
p : ð17Þ

The effective thermal conductivity of the fluid phase kf.eff is
composed of a sum of the stagnant kst and dispersion kd

conductivities:

kf :eff;ðx;yÞ ¼ kst þ kdðx;yÞ: ð18Þ

Typically, the stagnant conductivity is the product of the phase frac-
tions and the individual thermal conductivities of the fluid and the
solid phases. In the ongoing investigation, the semi-theoretical
model of Zehner and Schluender [37] for calculating the stagnant
conductivity is used:
channels for two values of ReD = 10 and 250, with order of polynomial p = 6.

us channel

ReD = 250

Nus Nuf Nus

5 0.129630 69.705124 0.130727
9 0.128593 69.699884 0.129716
8 0.128553 69.698501 0.129681
8 0.128553 69.698501 0.129681

steady flow in the porous channel, and (Right) M3 physical domain used for steady

ected to a non-zero pulsatile flow at its highest amplitude A = 3.0, on Nuf and Nus, at (a)
and 2.0.

ReD = 250

f = 0.1 f = 2.0

Nuf Nus Nuf Nus

72.00615 0.29049 68.31169 0.30137
71.12894 0.28907 68.31170 0.30137
71.02395 0.28889 68.31171 0.30137
71.02322 0.28889 68.31172 0.30137
71.02282 0.28889 68.31172 0.30137
71.02238 0.28889 68.31172 0.30137



Table 4
Study the effect of upstream length of the M3 domain allocated for the empty
channel, subjected to a non-zero pulsatile flow at its highest amplitude A = 0.7, on Nuf,
at ReD = 1.0 and 250, and for two minimum and maximum frequency limitations
St = 0.1 and 2.0.

Lu ReD = 1.0 ReD = 250

St = 0.1 St = 2.0 St = 0.1 St = 2.0

Nuf Nuf Nuf Nuf

8Dcy 2.328386 2.381161 24.002609 24.374326
9Dcy 2.328386 2.381161 24.002609 24.374326
10Dcy 2.328386 2.381161 24.002609 24.374326
11Dcy 2.328386 2.381161 24.002609 24.374326
12Dcy 2.328386 2.381161 24.002609 24.374326
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kst

kf
¼ ð1�

ffiffiffiffiffiffiffiffiffiffiffi
1� e
p

Þ þ 2
ffiffiffiffiffiffiffiffiffiffiffi
1� e
p

1� kB

� ð1� kÞB
ð1� kBÞ2

lnðkBÞ � Bþ 1
2
� B� 1

1� kB

" #
; ð19Þ
Fig. 3. The effect of upstream length Lu of the M2 domain for the porous channel und
transient variation of; (a) Nuf, and (b) Nus for a one period, at (Left) ReD = 1.0 and (Right

Table 5
Grid resolution study of the computational domain M2 for a single cylinder embedded in
thermal conductivity ratio kr = 0.01 and 1000, and at two lowest and highest values of Rey
order p within the range 2–8, while keeping the macro-element layout the same.

p ReD = 1.0

kr = 0.01 kr = 1000

Nuf Nus Nuf Nus

2 2.093937 0.208724 1.945964 0.124746
3 2.084829 0.208389 1.940192 0.124378
4 2.082658 0.208095 1.935207 0.124058
5 2.081221 0.207893 1.931993 0.123852
6 2.080121 0.207749 1.929790 0.123711
7 2.079330 0.207646 1.928184 0.123608
8 2.078717 0.207566 1.926967 0.123529
where k = 1/kr, and B ¼ 1:25½ð1� eÞ=e�
10
9 . Whereas, the dispersion

conductivity that incorporates the additional thermal transport
due to the fluid’s tortuous path around the solid particles is deter-
mined in both longitudinal and lateral directions based on the
experimental correlation reported by Wakao and Kaguei [31], and
is given by:

kdx

kf
¼ 0:5Pr Rep; ð20Þ

kdy

kf
¼ 0:1Pr Rep: ð21Þ

While, the effective thermal conductivity for the solid phase con-
sists merely of the phase fraction component which is the stagnant
component since the solid phase is stationary:

ks:eff ¼ ð1� eÞks: ð22Þ

Heat transfer characteristics are evaluated based on the time-
mean local and average Nusselt numbers along the heated surface
of the cylinder. The Nusselt number is defined for the fluid and so-
lid phases separately and is expressed as:
er a non-zero pulsatile flow with amplitude A = 3.0 and frequency St = 0.1, on the
) ReD = 250.

a horizontal porous channel, at two minimum and maximum values of solid-to-fluid
nolds number ReD = 1.0 and 250. This is done by varying the interpolation polynomial

ReD = 250

kr = 0.01 kr = 1000

Nuf Nus Nuf Nus

66.31117 0.303586 54.95857 0.260723
65.98328 0.302715 54.71937 0.259967
65.99555 0.302373 54.74098 0.259612
65.99180 0.302171 54.74359 0.259411
65.97858 0.302032 54.73227 0.259271
65.96869 0.301929 54.72206 0.259169
65.96135 0.301852 54.71413 0.259092



Table 6
Grid resolution study of the computational domain M3 for a single cylinder placed in
a horizontal empty channel, at two lowest and highest values of Reynolds number
ReD = 1.0 and 250. This is done by varying the interpolation polynomial order p within
the range 2–8, while keeping the macro-element layout the same.

p ReD = 1.0 ReD = 250
Nuf Nuf

2 2.086845 22.453573
3 2.084753 19.399868
4 2.082221 18.992643
5 2.080529 19.377584
6 2.079362 19.465532
7 2.078513 19.435192
8 2.077858 19.425336
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Fluid phase local and average Nusselt numbers:

Nufu ¼
hcyDcy

kf
¼ �kf :eff ½@h �Tf i=@n�Dcy

kf ð �Th � �ToÞ
; Nuf ¼

1
S

Z S

0
Nufuds: ð23Þ

Solid phase local and average Nusselt numbers:
Fig. 4. Effect of pulsation frequency represented by Strouhal number, 0.1 6 St 6 2.0, and a
empty plate channel under non-zero pulsatile flow, at different ReD = 1.0, 10, 40, 70, 10
Nusu ¼
hcyDcy

ks
¼ �ks:eff ½@h �Tsi=@n�Dcy

ksð �Th � �ToÞ
; Nus ¼

1
S

Z S

0
Nusuds; ð24Þ

where n and s denote to the normal and tangential directions at the
cylinder surface, respectively, and S is the circumference of the cyl-
inder. Consequently, the time-mean average total Nusselt number
Nut is defined as the summation of Nuf and Nus:

Nut ¼ Nuf þ Nus: ð25Þ
2.3. Boundary conditions

The problem is not completely specified without the provision
of proper boundary conditions. In the problem under investigation
Dirichlet boundary conditions, for the pertinent hydrodynamic and
thermal variables, i.e., the velocity and temperature fields, are
imposed at the inlet and solid boundaries. For example, the
cylinder surface and the channel walls are maintained at constant
temperatures, and a no-slip boundary condition is imposed at the
cylinder surface and the confining walls. In addition, both fluid and
solid phases are at the same temperature at the inlet of the
mplitude 0.1 6 A 6 0.7, on the fluid Nusselt number Nuf from a cylinder placed in an
0 and 250.



Fig. 5. Evolution of the flow and temperature fields represented by vorticity (Left) and isotherms (Right), respectively, at eight instants wt = p/5, 3p/5, p, 7p/5, 9p/5, 11p/5, 3p
and 4p, during two pulsation cycles, around a circular cylinder mounted in a horizontal empty channel exposed to a non-zero pulsatile flow, at ReD = 250, Strouhal number
St = 0.5 and pulsation amplitude A = 0.7. Positive (negative) vorticity and hot (cold) temperatures are represented by red (blue) contours, with ranges of (�2,2) and (0,1),
respectively. The plot in the right top corner illustrates the oscillation of Nuf from the cylinder over time, and the plot in the left top corner illustrates the inlet velocity
waveform for pulsatile flow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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channel. At the exit, Neumann boundary conditions are imposed
on the normal velocity and the solid and fluid temperatures. In
addition, the pressure is set to zero at the outlet boundary. At other
boundaries the pressure satisfies a Neumann condition obtained by
taking the dot-product of the momentum equation and Navier–
Stokes equations with the surface normal vector. This higher-order
boundary condition also ensures mass conservation at solid
boundaries Karniadakis et al. [15]. Thus, the dimensional initial
and boundary conditions can be mathematically expressed as:

at �t ¼ 0 : h�ui ¼ h�vi ¼ h �Tf i ¼ h �Tsi ¼ 0

at �t > 0 : at inlet ð�x ¼ 0; 0 < �y < HÞ
h�ui ¼ �uo ðfor steady flowÞ
h�uð�tÞi ¼ �uoð1þ Asinð2p�f�tÞÞ ðfor pulsatile flowÞ
h�vi ¼ 0; h �Tf i ¼ h �Tsi ¼ �To

at outlet ð�x ¼ L; 0 < �y < HÞ
@h�ui
@�x ¼

@h �Tf i
@�x ¼

@h �Tsi
@�x ¼ h�vi ¼ 0

at the walls ð0 < �x < L; �y ¼ 0 and HÞ
h�ui ¼ h�vi ¼ 0; h �Tf i ¼ h �Tsi ¼ �Tw

at the cylinder boundary ð0 < u� < 360Þ
h�ui ¼ h�vi ¼ 0; h �Tf i ¼ h �Tsi ¼ �Th:

ð26Þ
By using the dimensionless variables in Eq. (6), the dimension-
less initial and boundary conditions become as follows:
at t ¼ 0 : hui ¼ hvi ¼ hhf i ¼ hhsi ¼ 0
at t > 0 : at inlet ðx ¼ 0;0 < y < H=DcyÞ

hui ¼ 1 ðfor steady flowÞ
huðtÞi ¼ 1þ Asinð2pSt tÞ ðfor pulsatile flowÞ
hvi ¼ hhf i ¼ hhsi ¼ 0
at outlet ðx ¼ L=Dcy; 0 < y < H=DcyÞ
@hui
@x ¼

@hhf i
@x ¼

@hhsi
@x ¼ hvi ¼ 0

at the walls ð0 < x < L=Dcy; y ¼ 0 and H=DcyÞ
hui ¼ hvi ¼ hhf i ¼ hhsi ¼ 0
at the cylinder boundary ð0 < u� < 360Þ
hui ¼ hvi ¼ 0; hhf i ¼ hhsi ¼ 1:

ð27Þ

For these boundary conditions, the fluid is assumed to enter the
empty channel with a parabolic velocity profile, �uo ¼ umax½y�
ðy=ðH=2ÞÞ2�, where, umax is the maximum velocity in the channel,
for both steady and pulsatile flows. In addition, in the porous chan-
nel the thermal equilibrium assumption is imposed at heated



Fig. 6. Evolution of the flow and temperature fields represented by vorticity (Left) and isotherms (Right), respectively, at eight instants wt = p/5, 3p/5, p, 7p/5, 9p/5, 11p/5, 3p
and 4p, during two pulsation cycles, around a circular cylinder mounted in a horizontal empty channel exposed to a non-zero pulsatile flow, at ReD = 250, Strouhal number
St = 0.8 and pulsation amplitude A = 0.7. Positive (negative) vorticity and hot (cold) temperatures are represented by red (blue) contours, with ranges of (�2,2) and (0,1),
respectively. The plot in the right top corner illustrates the oscillation of Nuf from the cylinder over time, and the plot in the left top corner illustrates the inlet velocity
waveform for pulsatile flow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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boundaries, e.g., the fluid and solid phases have the same temper-
ature as that of the isothermal cylinder’s surface, see Alazmi and
Vafai [3] and Wong and Saeid [33].
3. Numerical method of solution

The above Eqs. (7)–(10) form the mathematical model for ana-
lysing the transient momentum and energy transport in unsteady
forced convective flow in a porous media. This is a system of highly
coupled equations describing the evolution of the four pertinent
fields, i.e., velocity hui, fluid temperature hhfi, solid temperature hhsi
and pressure hPfi. To numerically solve this system of equations, it
is necessary to discretise the problem in both time and space.

The temporal discretisation method used for this study is a two-
and three-step time-splitting scheme for the energy and momen-
tum equations, respectively. The name of time-splitting for this
method is because the right-hand side of the equations is divided
into two or three groups, and integrated separately, which results
in the overall integration over one time-step being split into two or
three sub-steps. The method is thoroughly described in Chorin [4],
Karniadakis et al. [15] and Thompson et al. [30].

The nodal-based spectral-element method, which is a high-
order Galerkin finite-element approach, is implemented to
discretise the governing equations in space. In this method, the
computational domain is usually subdivided coarsely into a series
of discrete macro-elements. The spatial discretisation employed
here is based on quadrilateral elements, although these elements
are free to have curved sides. This method employs tensor-product
Lagrange polynomials, associated with Gauss–Legendre–Lobatto
quadrature points, as shape functions over each quadrilateral
element. Refinement (spatial resolution) can be made to the gener-
ated macro-mesh by either changing the number of quadrilateral
elements (h-refinement), particularly in regions of the domain that
experience high gradients, or by changing the order of the Lagrange
polynomial shape functions (p-refinement). For the current study,
a polynomial order of p = 6 was employed. The treatment of spatial
discretisation using the Galerkin method is well-documented by,
for example, Fletcher [7,8] and Karniadakis and Sherwin [16].

In addition, the numerical method used here has been
throughly verified in our works Al-Sumaily et al. [2,1], previously
published for the case of forced convection heat transfer from a
single cylinder embedded in a porous medium.

3.1. Resolution studies

Tests are conducted to ensure that the numerical results ob-
tained are independent of the domain size and the spatial grid res-
olution. Domain size and grid resolution studies are undertaken for
the configuration described in Fig. 1 for a single circular cylinder
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mounted in a horizontal channel. Nuf and Nus are monitored in
these studies as an indicator of convergence.

3.1.1. Domain size study
The study of domain size is first performed for steady flow with-

out pulsation. Four physical domains, i.e., M1, M2, M3 and M4,
according to their upstream Lu and downstream Ld lengths from
the centre of the cylinder as explained in Table 1, are chosen.
The four domains are examined with and without the presence
of porous media at two values of Reynolds number ReD = 10 and
250, with polynomial order p = 6. To sufficiently resolve the higher
temperature gradients near the heated cylinder the macro-element
distribution is concentrated around its surface. The macro-mesh
resolution is decreased in both the upstream and downstream
directions to the inlet and outlet boundaries where gradients are
smaller. To capture the boundary layers in the y-direction a finer
mesh is employed near the walls with coarsening towards the core
of the channel. The results of the study presented in Table 2, show
that the M2 and M3 domains are appropriate choices for the porous
and empty channels, respectively, with numerical errors less than
0.1% as measured by fluid and solid Nusselt number convergence.
The distribution of the computational macro-meshes for the M2
and M3 domains are described in Fig. 2.

To use the M2 and M3 physical domains for the problem of pul-
satile flow over a single cylinder inside porous and empty chan-
nels, and to ensure that they are relevant for this application, the
effect of the their upstream length Lu on heat transfer from the
cylinder Nuf and Nus, is investigated. This investigation is done by
changing the upstream length within the range of 5Dcy 6 Lu

6 10Dcy for the M2 domain, and within 8Dcy 6 Lu 6 12Dcy for the
M3 domain. This is achieved at the highest pulsation amplitude
examined, i.e., A = 3.0 in the porous channel, and A = 0.7 in the
empty channel, for the lowest and highest limits of pulsation
Fig. 7. Vorticity of the flow (Left) and isotherms of the thermal field around a circular cy
(a) St = 0.5, and (b) St = 0.8, for different Reynolds numbers, from top to bottom, ReD

temperatures are represented by red (blue) contours, with ranges of (�2,2) and (0,1), r
reader is referred to the web version of this article.)
frequency St = 0.1 and 2.0, and for ReD = 1.0 and 250. The results
of the investigation are presented in Tables 3 and 4, for both chan-
nels. It is found that the M2 domain with Lu = 6Dcy, and the M3
domain with the same original upstream length Lu = 8Dcy, are
appropriate for oscillatory flows in these channels with numerical
errors less than 0.1%. Fig. 3 depicts the influence of Lu on the tran-
sient variation of Nuf over one period of a pulsating flow in the por-
ous channel, at A = 3.0 and St = 0.1, and for ReD = 1.0 and 250.
3.1.2. Grid resolution study
In order to ascertain at what spectral resolution the solution

becomes grid independent and subsequently which resolution
provides a satisfactory compromise between accuracy and compu-
tational expense, a grid resolution study (GRS) for the aforemen-
tioned meshes is undertaken. As described earlier, interpolants of
order p = N � 1 are employed to represent the solution variables
throughout the spatial discretisation. This leads to a set of N � N
internal node points during each macro-element of the mesh,
while keeping the macro-element layout the same. Therefore, in
the present study the mesh resolution is varied by changing the
order of these interpolants from 2 to 8.

The GRS is carried out for the macro-element meshes of the M2
and M3 domains shown in Fig. 2. The GRS is first achieved for the
porous channel, e.g., M2 domain, at two lowest and highest values
of Reynolds number ReD = 1 and 250, and at two minimum and
maximum values of solid-to-fluid thermal conductivity ratio
kr = 0.01 and 1000. Then, the GRS study is done for the empty chan-
nel, e.g., M3 domain, at only ReD = 1 and 250. Again, Nuf and Nus are
monitored as an indication of accuracy. The results of this case are
presented in Tables 5 and 6. Here the selection of an appropriate p
value relied rather on the range of p for which the solution does not
diverge. These results show that Nuf and Nus are converged by p = 6
linder placed in a horizontal empty channel exposed to a non-zero pulsatile flow, at
= 40, 70, 100 and 250, and at A = 0.7. Positive (negative) vorticity and hot (cold)
espectively. (For interpretation of the references to colour in this figure legend, the
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for the porous channel, and Nuf is converged by p = 7 for the empty
channel, with a relative error of less than 0.5%.

The numerical simulations for the domain and mesh resolution
studies have been performed at a time-step Dt = 0.001 (deter-
mined by a Courant time-step restriction), on the Monash (Univer-
sity) Sun Grid (MSG) and National Computational Infrastructure
(NCI) high-performance computers.
4. Results and discussion

The current study presents the numerical results of forced con-
vection heat transfer from a horizontal circular cylinder placed in a
horizontal plate channel with and without the presence of porous
media, under upstream steady or oscillatory flow. The main pur-
pose of the present study is to investigate the effect of using both
passive (porous media) and active (pulsation) techniques on heat
transfer augmentation, and to examine the influence of pertinent
pulsating flow characters, i.e., A and St, on the heat enhancement,
at different porous materials.
Fig. 8. Effect of the pulsation frequency represented by Strouhal number, 0.1 6 St 6 2.0,
20, 40, 100 and 250, at pulsation amplitude A = 1.0.
4.1. Preliminary work

Numerical simulations were first conducted for both empty
(non-filled) and porous medium filled channels to find the appro-
priate and possible ranges for the two key parameters A and St.
In the empty channel, it was found to be not possible to obtain
numerical convergence for A > 0.7 due to the high instability in
the flow, caused by recirculations behind the cylinder, for different
St. (This is presumably a boundary condition issue but was not pur-
sued further.) However, for pulsating flow through a porous chan-
nel, stable behaviour resulted even for high A and St. Given this, the
ranges of A 2 [0.2,3] and St 2 [0.1,2] were selected. The reason for
choosing these ranges is they are higher than, and cover previously
examined parameter values from the literature, and mentioned in
the section Introduction. Also, the range for St in the empty channel
has been chosen to be similar as that used for the porous channel
studies for consistency.

Furthermore, in the porous channel, the investigation is accom-
plished for the following ranges of other pertinent parameters:
ReD 2 [1,250] and kr 2 [0.1,100] which covers a wide range of
on Nuf from a cylinder immersed in a porous plate channel, for different ReD = 1, 10,
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metallic and non-metallic porous materials with water being se-
lected as working fluid with kf = 0.609W/m K and Pr = 7.0. Also, this
investigation is performed for the following constant values of the
physical properties for the porous medium: Dcy/dp = 20, e = 0.5 and
Da = 8.333 � 10�6. These parameter values have been chosen
based both on previous studies published in the literature and to
include typical combinations for physical systems. In addition, as
can be seen in Eq. (10) that ar governs only the diffusion time
scales of heat within the solid phase. Therefore, ar is held at 1.0,
too.

4.2. Without the presence of porous media

4.2.1. Nusselt number
The effects of (forcing) Strouhal number, 0.1 6 St 6 2.0, and

amplitude 0.1 6 A 6 0.7, of a non-zero pulsatile flow on the fluid
Nusselt number Nuf for the cylinder are revealed in Fig. 4. The fig-
ure displays the variation of Nuf with St at different A, and for var-
ious values of ReD = 1.0, 10, 40, 70, 100 and 250, compared with
that for a steady flow. It is observed that Nuf in pulsatile flow is
smaller than that of steady flow in all conditions for ReD 6 10;
however, Nuf for the former flow is larger than that of the later flow
for ReD P 40, but the trend is not monotonic with respect to both St
and A.

For ReD 6 10, Nuf increases steadily as St or as A decreases. The
influence of A becomes significant for lower St; however, it dimin-
ishes for high St, and visa-versa, thus the impact of St becomes con-
siderable for higher A, and it is totally diminished at lower A.

Interestingly, for ReD P 40, it is seen that the negative impact of
A on Nuf changes to the positive one, showing an increase in Nuf as
A increases. Also, the plots of Nuf for this range of ReD show peaks
of Nuf at a critical value of St. Below and above this critical value,
Nuf is lower. It can be also seen that the effect of A effectively van-
ishes at lower and higher St. In addition, the figure displays a seem-
ingly strange behaviour of Nuf at its peaks, where at ReD = 40 and
A = 0.7, the single peak at lower amplitudes splits into two peaks.
This transition moves to lower A as ReD increases. This behaviour
Fig. 9. (a) Vorticity with streamlines of the flow, and (b) isotherms of the thermal field, a
flow, at different pulsation frequency, from top left image and progressing first down, the
at ReD = 250 and A = 1.0.
may be produced from the change in the flow structure, i.e., from
fully periodic to a quasi-periodic flow, at high A and a particular va-
lue of St.

4.2.2. Flow and thermal responses
The influence of external forced pulsation on the flow and tem-

perature fields is now investigated, in an attempt to find out the
reason for the collapsed behaviour of Nuf as the amplitude is in-
creased. Figs. 5 and 6 portray the flow patterns and thermal fields
over two pulsation cycles at the asymptotic periodic state over
eight successive phases of 2pt/s = p/5, 3p/5, p, 7p/5, 9p/5, 11p/5,
3p and 4p, at ReD = 250 and A = 0.7, and for two values of St = 0.5
and 0.8, marked with red circles in Fig. 4.

In these two figures, unsteady cylinder wakes are observed at
both frequencies. However, the wake structure changes from fully
harmonic periodic at St = 0.8 to sub-harmonic quasi-periodic at
St = 0.5. In the former wake structure, the flow is shown to be sym-
metrically shedding and not spatio-temporally symmetric, e.g.,
each half is just reflection for the second half. However, in the later
wake structure, a period doubling phenomenon is seen, e.g., only
one half shedding cycle is shown within a one period-time. This
means that the response frequency is a half of the driving pulsation
frequency. In addition, the natural shedding frequency for the non-
pulsating flow at ReD = 250 is ’0.26. Therefore, it can be clearly
seen that this phenomenon occurs at the driving pulsation fre-
quency St = 0.5 which is approximately twice the natural shedding
frequency. The frequency St = 0.5 is the frequency at which a vor-
tex is shed from each side of the cylinder for the flow without pul-
sation; therefore, the inlet pulsation drives the formation of each
alternating sign vortex.

In the two figures, it is obvious that the flow structure over the
cylinder affects significantly its corresponding thermal response.
Thus, in Fig. 5 for St = 0.5, it is observed that because the emerging
of period doubling phenomenon due to the incomplete full cycle
for the vortex shedding around the cylinder over one period, the
thermal boundary layer at the rear part of the cylinder surface
remains relatively large throughout the whole period-time,
round a circular cylinder placed in a porous channel exposed to a non-zero pulsatile
n across the page, (a) St = 0.1, 0.2, 1 and 2, and (b) St = 0.1, 0.2, 0.3, 0.4, 0.5 and 2, and



Fig. 10. The variation of Nuf against St, for a low range of amplitude 0.2 6 A 6 1.8, and for ReD = 1, 10, 40, 100 and 250.
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compared with that in Fig. 6. This reduces the temperature gradi-
ent on the hot cylinder wall and then decreases Nuf, causing the
collapsed behaviour of Nuf at St = 0.5.

Fig. 7 displays the symmetric and non- symmetric vortex shed-
ding that occur at St = 0.8 and 0.5, respectively, and their corre-
sponding thermal fields at different Reynolds numbers ReD = 40,
70, 100, 250. It is seen that at St = 0.5, the non-symmetric vortex
shedding mode is also dominant at other different selected values
of ReD; however, the symmetric vortex shedding mode is apparent
at St = 0.8.

4.3. In the presence of porous media

In the presence of porous media, Huang and Yang [12] have
indicated the existence of a critical value of St to obtain a maxi-
mum Nuf. This occurred at a low amplitude of A = 0.6. They also
indicated that A has a considerable positive impact on the heat
transfer enhancement at St = 0.8 for a Reynolds number equals to
250. Surprisingly, their results showed a negative influence from
the pulsation flow on this enhancement at particular values of A
and St. In addition, although, Forooghi et al. [9] found similar
behaviour with respect to A at low frequencies, a different trend
with a minimum value of Nuf at a certain frequency was observed,
but surprisingly the maximum Nuf was found to occur at the low-
est frequency. This case was examined at high amplitude A = 1.5.
Therefore, the hypothesis that arises is that the trend of the varia-
tion of Nuf with St depends on the specific values of A. Further sup-
port for this hypothesis requires further investigation over a larger
amplitude range. Therefore, as mentioned in the previous section,
the range used for this study 0.2 P A P 3.0 includes those ranges
previously explored in the published literature.

In this investigation, the thermal and structural properties of
the porous medium used are set to fixed values as follows: solid/
fluid thermal diffusivity ratio ar = 1.0, cylinder-to-particle diameter
ratio Dcy/dp = 20 and porosity e = 0.5 with Darcy number
Da = 8.333 � 10�6. The effect of pulsation St and A have been inves-
tigated for different metallic or non-metallic porous material, e.g.,
solid/fluid thermal conductivity ratio kr = 0.1, 1.0, 10, 100, with
water being chosen as working fluid with kf = 0.609 W/m K and
Pr = 7.0, and for Reynolds number ReD = 1–250 as well. The justifi-
cation and relevance of this parameter selection has been dis-
cussed previously.



Fig. 11. The variation of Nuf against St, for a high range of amplitude 1.8 6 A 6 3.0, and for ReD = 1, 10, 40, 100 and 250.
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4.3.1. Effect of the pulsating frequency St
The effect of St on the cycle-averaged fluid Nusselt number dis-

tribution Nuf is illustrated in Fig. 8, for different ReD = 1, 10, 20, 40,
100 and 250, at A = 1.0. It can be seen that an increase in St from 0.1
to 0.7 results in a sharp increase in Nuf, until an optimal St/heat
transfer rate (around St = 0.7) is reached and then decreases slightly
afterward. For ReD 6 20, the heat transfer is insensitive to the
changes in the pulsating frequency when St > 0.7. Therefore, the
peak of Nuf is not very clear. However, this peak grows considerably
and becomes very clear as ReD increases. There are two reasons for
this trend: the first reason is that increasing St causes the heat pen-
etration distance into the fluid and the oscillation of this depth dur-
ing a cycle to decrease; and the second is that the stronger
oscillating interaction, caused by small eddies formed in the pores
between the flowing fluid and the solid matrix in the vicinity of
the heat source surface, convects more thermal energy away from
the cylinder. The increasing rate of heat transfer is up to a maxi-
mum at approximately St = 0.7, and beyond this value it decreases
due to the reduction in the above-mentioned oscillation interaction
between the flow and the solid matrix near the cylinder. Nuf for the
pulsating flow is observed to be lower than that for the non-pulsat-
ing one for lower St, and for higher St but at higher ReD. Also, it is
clear that the change in Nuf with St increases as ReD increases.

To demonstrate the effect of variations in the pulsation fre-
quency or Strouhal number St on the flow and thermal fields,
Fig. 9 exhibits a sample of the results for ReD = 250 and A = 1.0. It
can seen that the structure of the flow fields at different St is still
quite uniform, without causing recirculations in the vicinity of
the cylinder. However, this effect on the thermal response
throughout the channel is obviously significant, and consequently
on the instantaneous thickness of thermal boundary layer around
the cylinder. For example, for A = 1.0, the flow stops completely
at a certain instantaneous time during the period time s. For
St = 0.1, s is large and the flow stops only once during this period.
At double the Strouhal number St = 0.2, there are two times when
the flow instantaneously stops over the same period and so on for
larger St. In consequence, as expected, the instantaneous thickness
of the thermal boundary layers decreases with the increase of St
from 0.1 to 0.7, while it slightly increases with an increase of the
St from 0.7 to 2.



Fig. 12. The variation of Nus against St, for a low range of amplitude 0.2 6 A 6 1.8, and for ReD = 1, 10, 40, 100 and 250.
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4.3.2. At different amplitudes
In order to look into the effects of St on heat transfer for the en-

tire chosen range of A = 0.2–3.0 in more detail, the distributions of
Nuf and Nus are provided in Figs. 10–13, for five values of ReD = 1.0,
10, 40, 100 and 250.

Fig. 10 shows the distributions of Nuf with St for the low range
of A = 0.2–1.8. Five amplitudes A = 0.2, 0.6, 1.0, 1.4 and 1.8 are
selected for comparison. It is clearly seen that within this range,
these distributions have the same increase–decrease profile with
a peak at a certain St. The effect of St decreases as A decreases,
and becomes insignificant at the lowest amplitude of A = 0.2. How-
ever, interestingly, as A increases above the value of 1.8, the initial
increase with St at low St changes to a decrease from an absolute
maximum, as the amplitude is increased to the maximum value
examined of A = 3.0. This is shown in Fig. 11. At higher values of
St > 0.5 the Nusselt number curves approach each other, relatively
independent of amplitude. Between the values of A = 1.8–3.0, local
minima at St ’ 0.2 appear. The same qualitative trends are re-
ported by Guo and Sung [11] in an empty tube, and by Forooghi
et al. [9] in a porous channel partially filled with porous media.

More interestingly, the pulsation amplitude is shown to have a
negative impact on Nuf over its low amplitude range, i.e., A =
0.2–1.8, for low frequencies (St 6 0.5), except for ReD = 1.0. For that
case the trend of Nuf with St is shown not to be monotonic, and has
a positive impact for high frequencies, i.e., St > 0.5. However, for
the higher amplitude range, i.e., A = 1.8–3.0, this impact becomes
positive for all low and high frequencies. But, the effect of A ap-
pears to be not significant at high St.

In these two Figs. 10 and 11, it is obvious that there are two
ways to increase the heat transfer from hot bodies facing oscilla-
tory cross-flows: The first way comes from the resonance phenom-
enon which happens at a certain range of oscillating amplitude A,
as shown in Fig. 10, and the second way is by increasing the inlet
velocity throughout increasing the pulsation amplitude A, i.e.
uin = uo + Asin(wt), as shown in Fig. 11. It is seen that the resonance
phenomenon occurs at low and moderate values of amplitude
A = 0.2–1.8, for getting a bill shape for Nusselt number Nuf with a
maximum value at the resonant frequency Stres � 0.6. However,
the significant positive effect of high inlet velocity on Nuf emerges
and dominates the resonance phenomenon at higher A and lower
pulsation frequencies St, for instance, at A = 3.0 and St = 0.1 for dif-
ferent values of ReD shown in Fig. 11. The physical reason for this
behaviour is that at the lowest frequency St = 0.1, each pulsation
cycle takes long time period s = 10 to be on the higher A, and



Fig. 13. The variation of Nus against St, for a high range of amplitude 1.8 6 A 6 3, and for ReD = 1, 10, 40, 100 and 250.
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consequently thinner thermal boundary layer around the hot cyl-
inder and then higher Nuf. Therefore, by increasing St, the time per-
iod s with high A becomes shorter, leading to an increase in the
thickness of thermal boundary layer around the cylinder and then
a decrease in Nuf.

Furthermore, Figs. 12 and 13 present the influence of St on the
variation of the cycle-average solid Nusselt number Nus, for differ-
ent ReD = 1, 10, 40, 100 and 250, and for the same classified low
(0.2–1.8) and high (1.8–3.0) amplitude ranges previously men-
tioned. Firstly, the change in Nus with St is obviously insignificant,
i.e., there is not such a change as observed for Nuf. The plots in
Fig. 12 indicate that for A = 0.2–1.8, the positive influence from St
on the variation of Nus, especially within the range of St 6 0.7,
which seems to be the same range for gaining heat transfer within
the fluid phase, decreases considerably as A decreases. Beyond this
range, Nus becomes insensitive to the variation in St. Also, interest-
ingly, this influence disappears completely, for all St, for A = 0.2. In
addition, it is seen that Nus decreases as A increases for the entire
range of St. However, for A = 1.8–3.0, Fig. 13 shows that the trend
with A changes from a negative to a positive one, but only for
low frequencies St 6 0.4. Also, in this specific range of St and at
ReD = 1.0, it can be shown that the increasing trend of Nus with St
changes gradually to a decreasing one, as A increases to higher val-
ues. However, this behaviour disappears as ReD increases.

Fig. 14 shows a series of images of the fluid flow and thermal
field, covering approximately one pulsation cycle, with the tran-
sient development of heat transfer in both phases. These are for
the lowest pulsation frequency of St = 0.1, the highest amplitude
of A = 3.0 and for ReD = 250. These are the conditions for gaining
optimal heat transfer enhancement, as shown in Fig. 11. It is clear
that in spite of the fact that the value of A considered causes strong
reverse flow, the flow development over time in this regime is far
more stable than that for the regime without porous media. The
flow varies from forward directed to backward directed, without
any sign of flow recirculation either behind or in front of the cylin-
der. The figure demonstrates the influence of pulsation on the fluid
thermal field, which responds effectively to the fluid flow.

4.4. At different porous materials

Huang and Yang [12] and Forooghi et al. [9] obtained their re-
sults for different porous materials defined by differences in the
thermal conductivity of the solid. Therefore, for the present study,
it is useful to investigate the effect of pulsatile flow on heat transfer



Fig. 14. Temporal fluid (Left) flow, and (Right) thermal, fields around a circular cylinder placed in a porous channel exposed to a non-zero pulsatile flow, for eight instants,
from top to bottom, wt = p/6, p/2, 5p/6, p, 7p/6, 3p/2, 11p/6 and 2p, during roughly one cycle, at St = 0.1, A = 3.0 and ReD = 250. The above plots represent the inlet velocity
waveform (Left) and the transient behaviour of Nuf (Right).
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for different thermal conductivities corresponding to various
metallic and non-metallic porous materials. Thus, Fig. 15 demon-
strates the profiles of Nuf with St for four values of kr = 0.1, 1.0,
10, 100, at A = 1.0 and 3.0, and at ReD = 250. It is clear that kr does
not have a major effect on the trend of these profiles described in
the previous sections at kr = 1.0 at both low and high amplitudes.
Hence, Nuf has a minimum value at the smallest St, with a maxi-
mum value at a critical St, at a low pulsation amplitude of
A = 1.0. While, at high amplitude, for example A = 3.0, the profile
of Nuf changes entirely; thus, its minimum shifts to be at the larg-
est St, and its maximum occurs at the lowest St.

In addition, it is implied that thermal conduction through the
solid phase in porous media contributes to augmentation of Nuf

under pulsatile flow. However, the figure shows that this occurs
only as kr increases from 0.1 to 10, whereas the increase of kr from
10 to 100 leads to a considerable fall in Nuf under pulsatile forcing.
This drop in Nuf at high kr is due to the high convective interaction
between the fluid and solid phases, as clarified in our work Al-
Sumaily et al. [2]. This interaction is included under the LTNE en-
ergy model considered in the current study.
To view the overall benefit from the application of these two
techniques (passive, i.e., porous media, and/or active, i.e., pulsatile
flow) for heat transfer enhancement purposes, Fig. 16 shows the
variation of total average Nusselt number Nut with ReD for both
empty and filled channels exposed to steady inlet flow, compared
with that for pulsatile inlet flow. For the empty channel, the plot
corresponds to St = 0.8 and A = 0.7, which were found to be optimal
values for obtaining maximum enhancement. It has been shown
that a pulsating flow can lead to further enhanced thermal trans-
port due to better fluid mixing. The value of Nuf for pulsating inlet
flow is higher than that for non-pulsating Nuf, and the difference
between them increases as ReD increases. The higher the ReD, the
higher the convective flow acceleration (relative to diffusive
forces) during the flow pulsation reversal. This leads to the produc-
tion of stronger recirculation zones due to the stronger flow
momentum and the smaller thickness of temporal thermal bound-
ary layer due to the reattachment of the larger amount of core fluid
to the rear part of the cylinder.

On the other hand, the optimal pulsation frequency and ampli-
tude for gaining maximum heat transfer augmentation for the



Fig. 15. The distribution of Nuf against St, for different metallic and non-metallic porous materials, kr = 0.1, 1.0, 10, 100, at: (a) A = 1.0 and (b) A = 3.0, and at ReD = 250.

Fig. 16. Effect of a non-zero pulsatile flow on the variation of total average Nusselt
number Nut from the heated cylinder in both empty porous channel, with ReD. The
plots of pulsatile flow are calculated as follows; in empty channel at St = 0.8 and
A = 0.7, while in porous channel at St = 0.1 and A = 3.
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porous case were found to be St = 0.1 and A = 3. In this figure, by
comparing the plots for both channel types, it can be concluded
that the passive scheme promotes a much higher heat transfer
enhancement than the active one. Although, a further augmenta-
tion can be obtained by implementing pulsating inlet flow for both
an empty and a porous channel, its advantage for the porous chan-
nel is more than that for the empty one, especially at higher ReD.
Indeed, it is obvious that significant benefit can be achieved from
using both augmentation approaches; however, only at higher ReD.

5. Conclusion

In this study, the influence of pulsating inlet flow on the flow
and heat transfer characteristics for a heated circular cylinder
within a channel in the presence and absence porous media has
been explored. In particular, the effects of the control parameters,
pulsation frequency St and amplitude A, are quantified, for the cho-
sen ranges of each parameter.

Naturally, as the porous medium induces such a strong damp-
ing effect on the flow, a direct comparison with the flow and ther-
mal behaviour for the case without a porous medium is not
entirely appropriate. Despite this, the empty (non-filled) channel
is used as a reference case to gauge the heat transfer augmentation
possible by using porous media, and for this study, the extra
enhancement from pulsatile inlet flow. In the empty channel, the
unsteady cylinder wakes that evolve with the increase in Reynolds
number ReD, were observed. It was found that the wake structure
changes as ReD, A and St change. For example, at ReD = 40 and the
highest amplitude considered (A = 0.7) fully periodic vortex shed-
ding was observed for all St, except at St = 0.5 where it changes
to quasi-periodic shedding. The effect of St and A on fluid Nusselt
number Nuf depends strongly on the value of ReD. For ReD 6 10,
Nuf increases as St increases and/or as A decreases. However, for
ReD P 40, a critical value of St was found to produce a maximum
Nuf, and the negative impact of A for lower ReD changes to a posi-
tive one for all values of St. Interestingly, for the higher range of
ReD, there are two peaks in the Nusselt number curves at higher
amplitudes, collapsing to a single peak for lower amplitudes. The
collapse from two peaks to one peak occurs at increasingly lower
amplitudes for higher Reynolds numbers.

For the porous-medium filled channel, the results showed a
highly stable flows without the formation of extended wakes be-
hind or in front of the cylinder, even for pulsation amplitudes
which produce reverse flow in the channel. This is due to the high
overall frictional damping resistance offered by the porous matrix.
In the presence of porous media, Nuf was also found to have a peak
at a critical value of St. However, the results indicate that this trend
is for low amplitudes A = 0.2–1.8, and it changes to a continuous
decrease with Strouhal number as A is increased to higher values.
These trends were established for kr = 1.0. However, further com-
putations for different values of kr, characteristic of different
metallic and non-metallic porous materials, i.e., kr = 0.1, 1.0, 10,
100, showed similar trends.

Overall, the enhancement to Nuf depends primarily on the
amplitude range and then on the value of St. For instance, for
A = 0.2–1.8, this effect is negative for only low frequencies, i.e.,
St [ 0.5; however, it becomes positive for all St at higher ampli-
tudes A = 1.8–3.

Generally, it can be concluded that using porous media pro-
motes much higher heat transfer enhancement than that achiev-
able using pulsating flow; however, this does not consider the
different drag penalties associated with each. It is also obvious that
the significant benefit can be obtained by combining both schemes,
but only at higher ReD.
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