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Enhanced Heat-Source Cooling by Flow
Pulsation and Porous Block

Po-Chuan Huang,∗ Shy-Her Nian,† and Chao-Fu Yang†

National Taipei University of Technology, Taipei 106, Taiwan, Republic of China

A numerical study has been carried out for forced pulsating flow in a parallel-plate channel with a porous-block-
attached strip heat source at the bottom wall. Both the transient non-Darcy flow model taking the effects of the
impermeable boundary, inertia, as well as variable porosity into consideration for the momentum equation and local
thermal equilibrium model with thermal dispersion for energy transport were employed inside the porous region.
Through the use of a stream function-vorticity transformation, the solution of the coupled governing equations for
the porous/fluid composite system is obtained using the control-volume method. Comprehensive time-dependent
flow and temperature data are calculated and averaged over a pulsation cycle in a periodic steady state. The effects
of the important governing parameters, such as the particle diameter, the blockage ratio, pulsation frequency, and
pulsation amplitude on the flow behavior in the vicinity of the porous block and the heat transfer rate from the
heater are documented in detail. The results show that the cycle-space averaged Nusselt number for pulsating flow
is higher than that for steady flow. The heat transfer enhancement factor increases with the increase of particle
diameter, pulsation frequent, and blockage ratio, but decreases with the increase of pulsation amplitude. The
method combining flow pulsation with a particle-porous heat sink can be considered as an augment heat transfer
tool for cooling high-speed electronic devices.

Nomenclature
A = oscillating amplitude of axial inlet velocity
a, b = coefficients in Eq. (1)
B = coefficient of stagnant conductivity, Eq. (4)
Cp = specific heat at constant pressure, J/kg · K
Da = Darcy number, K/R2

dp = particle diameter, m
F = function used in expressing inertia terms
f = dimensional forcing frequency, Hz
Hp = height of porous block, m
h = convective heat transfer coefficient, W/m2 · K
K = permeability of porous medium, m2

k = thermal conductivity, W/m · K
kd = stagnant conductivity, W/m · K
keff = effective thermal conductivity of porous

block, W/m · K
ks = thermal conductivity of solid phase in porous

block, W/m · K
kt = thermal dispersion conductivity, W/m · K
Li = length of channel upstream from porous block, m
Lo = length of channel downstream from porous block, m
Lt = total length of channel as shown in Fig. 1a, m
Num = cycle-space average Nusselt number, Eq. (25)
Nux = cycle-averaged local Nusselt number, Eq. (24)
Nux,t = local instantaneous Nusselt number, Eq. (23)
P = pressure, N/m2

Pe = Pelect number, uo R/α
Pr = Prandtl number, ν/α
R = height of channel, m
Rceff = effective heat capacity ratio, (ρCp)eff/(ρCp) f

Re = Reynolds number, uo R/ν
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Sr = dimensionless pulsating frequent, Strouhal
number, f R/uo

T = temperature, K
t = time, s
u = x-component velocity, m/s
ui = inlet pulsating velocity, m/s
uo = cycle-averaged velocity of the inlet flow, m/s
V = velocity vector, m/s
v = y-component velocity, m/s
W = width of heat source, m
x, y = Cartesian coordinates, m
α = thermal diffusivity, k/ρCp,, m2/s
αeff = effective thermal diffusivity, keff/ρ f Cp, f , m2/s
δ = boundary-layer thickness, m
ε = porosity of porous medium
ε∞ = freestream porosity
λeff = effective thermal conductivity ratio, k f /keff

λs = thermal conductivity ratio of fluid phase to solid
phase in porous block, k f /ks

µ = dynamic viscosity, kg/m · s
ν = kinematic viscosity, m2/s
ξ = vorticity
ρ = density, kg/m3

τ = oscillatory period for a cycle
ϕ = stream function
ω = angular velocity, 1/s
〈 〉 = volume-averaged quantity

Subscripts

eff = effective
f = fluid
i = inlet
p = porous
s = nonpulsating component
x = local

Superscript

∗ = dimensionless quantity

Introduction

C ONSIDERABLE attention has been given lately to thermal
control of electronic devices due to the requirement of keeping
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the component operating temperature at or below a maximum allow-
able level. Studies have proven that a significant change in the design
temperature can lead to a perceptible reduction in the reliability of
the electronic components. Different highly effective cooling tech-
niques have been used in the past to obtain heat transfer enhancement
with a minimum of frictional losses, including the traditional meth-
ods of natural and forced convective cooling. One of the promising
techniques is the application of a porous material. This is due to the
high ratio of surface area to volume in the heat transfer process and
the enhanced flow mixing, caused by the tortuous path of the porous
matrix, in the thermal dispersion process.

There have been significantly increasing numbers of studies of
thermal convection in fluid-saturated porous media in past decade
because of the presence of porous media in diverse engineering
applications, including thermal insulation, heat exchangers, elec-
tronic cooling, drying process, etc. Extensive investigations have
been conducted on the forced convection flow through a channel
fully or partially packed with a porous material. Koh and Colony1

analyzed the cooling effectiveness for a porous material in a cooling
passage. Kaviany2 studied heat transfer in porous media bounded by
two isothermal parallel plates in laminar forced convection. Huang
and Vafai3,4 numerically simulated a forced convection problem in
an isothermal parallel-plate channel with a porous-block or cavity-
block array. Their results showed that porous substrate can substan-
tially enhance the thermal performance in a channel. Among these
studies, the heat transfer of a fully/partially porous channel with dis-
crete heated sources was of special interest due to its applications
on the cooling of electronics. Kuo and Tien5 studied forced con-
vection in a porous channel with discrete heat sources on one wall.
They reported a two to four times increase of heat transfer as com-
pared to that of slug flow in a clear duct. Hadim and Bethancourt6

investigated forced convection in a fully/partially porous channel
containing discrete heat sources on the bottom wall. A significant
increase in heat transfer rate was observed as the Darcy number
was decreased, especially at the leading edge of each heat source.
Fu et al.7 dealt with heat transfer from a porous-block-mounted heat
plate in a channel flow. The effects of flow inertia, variable poros-
ity, and a solid boundary were included. They reported that for the
blocked ratio H ∗

p = 0.5, the thermal performances are enhanced by
higher porosity and porous particle diameter. However, the result is
the opposite for H ∗

p = 1.
Recently, because of the demands of high-performance electronic

systems, there has been a growing need to achieve further augmented
heat transfer from the fully/partially porous channel flow. One such
effort has been directed to exploring the use of a porous heat sink
subjected to flow pulsation. Here, a pulsating flow, that is, an os-
cillating component added to the mean flow, within a channel, can
enhance the axial transfer of energy due to the presence of an axial
gradient in the fluid temperature.8−10 This oscillation-induced axial
heat transport can be two or three orders of magnitude larger than
pure molecular heat conduction.10 Pulsating flow is frequently en-
countered in natural systems (human respiratory and vascular sys-
tems) and engineering systems [exhaust and intake manifolds of
internal combustion (IC) engines, regenerators, Stirling engines,
etc]. However, studies of pulsating flow passing through porous
media are relatively scarce and often incomplete. Kim et al.11 sim-
ulated forced pulsating flow in a fully porous channel. Their results
showed that the effect of pulsation on heat transfer between the chan-
nel wall and fluid is more pronounced in case of a small pulsating
frequency and a large pulsating amplitude. Khodadadi12 analyzed a
fully developed oscillatory flow through a porous medium channel
bounded by two impermeable parallel plates, showing that the ve-
locity profiles exhibit maxima next to the wall. Paek et al.13 treated
experimentally pulsating flow through a porous duct. It was indi-
cated that the heat transport from the porous material decreases as
pulsating frequency decreases at given amplitude and is decreased
when the pulsating amplitude is large (>1) enough to cause a back-
ward flow. Fu et al.14 conducted experimentally the heat transfer of
a porous channel subjected to oscillating flow and found that the
length-averaged Nusselt number for oscillating flow is higher than
that for steady flow. Most of these studies are related to the aspect of

forced-pulsation convection over the fully porous system; however,
little is known about the problem combining forced pulsation in a
fluid/porous composite system. Guo et al.15 investigated the pulsat-
ing flow and heat transfer in a partially porous pipe and indicated
that the maximum effective thermal diffusivity was gained by pul-
sating flow through a pipe partially filled with a porous medium,
rather than the limiting case of no porous medium or the full fill-
ing of a porous medium. The main motivation of the present study
is to determine the effects of both the heat transfer enhancement
factors by flow pulsation and a spherical-bead porous block on the
convective cooling of an electronic device.

This paper presents a numerical investigation of forced pulsating
convection in a parallel-plate channel with a porous-block-mounted
heat source. The analysis is based on the use of an unsteady Navier–
Stokes equation in the fluid region and the transient non-Darcy flow
model, which considers the channeling, inertial, and solid boundary
effects in the porous region. As for thermal dispersion in the energy
equation, the correlation equation by Hsu and Cheng16 is adopted. In
this study, the basic interaction phenomena between the porous sub-
strate and the fluid region, as well as the methodology for enhancing
the heat transfer rate of a strip heater in a channel, have been ana-
lyzed. Detailed numerical results are obtained to describe the effects
of various governing parameters defined in the problem, such as the
particle diameter of porous block, the frequency and the amplitude
of pulsation, or the blockage ratio. In addition, the results are also
compared with those obtained for a steady nonpulsating flow.

Mathematical Formulation
Consider a pulsating flow in a channel with an isolated, heated

strip source at uniform temperature, as shown in Fig. 1a. The channel
width and total length are R and Lt , respectively, and both channel
walls are insulated. The width and temperature of heat source are
W , which is equal to R, and Tw , respectively. A porous-block heat
sink with height Hp and width Wp is mounted on the heat source. At
the channel inlet, a pulsating flow ui , where ui = uo[1 + A sin(ωt)],
is imposed with a uniform temperature Ti .

To simplify the problem, the following assumption are made:
1) The flowfield is unsteady, two-dimensional, single-phase, lam-

inar, and incompressible.
2) The fluid properties are constant, and the effect of gravity is

neglected.
3) The porous block is made of spherical particles, and is nonde-

formable and does not have any chemical reaction with the fluids.
The effective viscosity of porous medium is equal to the viscosity
of the fluid.

4) The geometric function F and the permeability K of porous
medium are based on Ergun’s experimental findings,17

F = 1.75
√

(150)ε3
, K = ε3d2

p

150(1 − ε)2

ε = ε∞[1 + a exp(−by/dp)] (1)

where a and b are empirical constants.
5) The effective thermal conductivity of porous medium keff

emerges as a combination of the stagnant conductivity kd and ther-
mal dispersion conductivity kt , that is,

keff = kd + kt (2)

where the stagnant component is based on the experimental findings
of Zehner and Schlünder,18 as follows:

kd

k f
= [

1 − (1 − ε)
1
2
] − 2(1 − ε)

1
2

1 − λs B

[
(1 − λs)B

(1 − λs B)2
ln(λs B)

+ B + 1

2
+ B − 1

1 − λs B

]
(3)

with

B = 1.25

(
1 − ε

ε

)10/9

, λs = k f

ks
(4)
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a)

b)

Fig. 1 Present configuration: a) schematic diagram and corresponding coordinate systems and b) typical nonuniform grid system for the whole
computational domain.

The dispersion conductivity is determined based on experimental
correlation reported by Hsu and Cheng,16 given by

kt = 0.04

(
1 − ε

ε

)
ρCpud (5)

With the preceding assumptions, the governing conservation
equations for the present problem can then be separately written
for the porous and fluid regions. Treating the fluid-saturated porous
medium as a continuum, the local averages of the conservation equa-
tions for mass, momentum, and energy in the porous region are19

∇ · 〈V 〉 = 0 (6)
[

1

ε

∂〈V 〉
∂t

+ 1

ε2
〈(V · ∇)V 〉

]
= − 1

ρ f
∇〈p〉 f +

(
ν f

ε

)
∇2〈V 〉

− ν f

K
〈V 〉 − F√

K
[〈V 〉 · 〈V 〉]J (7)

{
(ρCp)eff

∂〈T 〉
∂t

+ (ρCp) f [〈V 〉 · ∇〈T 〉]
}

= ∇ · [Keff∇〈T 〉] (8)

The conservation equations for mass, momentum, and energy in the
fluid region are

∇ · V = 0 (9)

∂V

∂t
+ V · ∇V = − 1

ρ f
∇ P + ν f ∇2V (10)

∂T

∂t
+ V · ∇T = α f ∇2T (11)

The associated initial and boundary conditions necessary to com-
plete the formulation of the problem are as follows. The unidirec-
tional, pulsating flow at the channel inlet is given

x = 0, 0 < y < R, for t > 0

ui = u0[1 + A sin(2π f t)], v = 0, T = Ti (12a)

At the exit, the fully developed condition is satisfied
∂u

∂x
= 0,

∂v

∂x
= 0,

∂T

∂x
= 0

for x = Lt , 0 < y < R for t > 0 (12b)

The no-slip conditions at the perfectly insulated channel walls are

u = 0, v = 0,
∂T

∂y
= 0

at

{
0 < x < Lt , y = R for t > 0

x < Li , Li + Wp < x < Lt , y = 0 for t > 0

(12c)

At the wall of heat source, Li < x < Li + Wp , y = 0, for t > 0,

u = 0, v = 0, T = Tw (12d)

Along the fluid/porous interface, the continuities of the velocity,
pressure, stress, temperature, and heat flux are satisfied.3

When the stream function ϕ and vorticity ζ are introduced as

u = 〈u〉 = ∂ϕ

∂y
, v = 〈v〉 = −∂ϕ

∂x

ζ = ∂v

∂x
− ∂u

∂y
= ∂〈v〉

∂x
− ∂〈u〉

∂y
(13)

and the following dimensionless variables are introduced as

x∗ = x/R, y∗ = y/R, u∗ = u/uo, v∗ = v/uo

d∗
p = dp/R, W ∗

p = Wp/R, H ∗
p = Hp/R (14a)

Sr = f R/uo, T ∗ = (T − Ti )/(Tw − Ti ), t∗ = tuo/R

ϕ∗ = ϕ/ui R, ζ ∗ = Rζ/ui (14b)

then the foregoing two sets of conservation equations are trans-
formed into one set of dimensionless stream function-vorticity
formulation, which is valid throughout the composite system, as
follows:

ε
∂ζ ∗

∂t∗ + u∗ ∂ζ ∗

∂x∗ + v∗ ∂ζ ∗

∂y∗ = ε

Re
∇2ζ ∗ + S∗ (15)

∇2ϕ∗ = −ζ ∗ (16)

Rc
∂T ∗

∂t∗ + u∗ ∂T ∗

∂x∗ + v∗ ∂T ∗

∂y∗ = ∇
(

1

λPe
∇T ∗

)
(17)

The dimensionless parameters in Eqs. (15–17) are Reynolds num-
ber Re, the heat capacity ratio Rc, the thermal conductivity ratio λ,
and the Pelect number Pe. S∗ is the source term. Then, the nondi-
mensional parameters in the fluid region are

Rc f = 1, Re f = uo R/ν f , Pe f = uo R/α f

λ f = k f /k f = 1, S∗ = 0, ε = 1 (18)

In the porous region, the nondimensional parameters are

Rceff = (ρCp)eff/(ρCp) f , Reeff = uo R/νeff

Peeff = uo R/αeff, λeff = k f /keff (19)
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S∗ = − ε2

ReDa
ζ ∗

p − Fε2

√
Da

∣∣V∗
p

∣∣ζ ∗
p − Fε2

√
Da

[

v∗
p

∂
∣∣V∗

p

∣∣

∂x∗ − u∗
p

∂
∣∣V∗

p

∣∣

∂y∗

]

− 2
v∗

ε

∂v∗

∂x∗
∂ε

∂y∗ + u∗ε
Re

∂

∂y∗

(
ε

Da

)
+ u∗ε

∣∣V∗
p

∣∣ ∂

∂y∗

(
Fε√
Da

)

+ u∗v∗ε

[
2

ε2

(
∂ε

∂y∗

)2

− 1

ε2

∂2ε

∂y∗2

]

+ v∗

ε

∂ε

∂y∗
∂u∗

∂y∗ + u∗

ε

∂ε

∂y∗
∂v∗

∂y∗

+ 1

ε

∂ε

∂y∗

(

ε
∂u∗

∂t∗ + u∗ ∂u∗

∂x∗ + v∗ ∂u∗

∂y∗

)

(20)

where the Darcy number, Da = K/R2, is related to the permeability
of the porous medium, which is proportional to the square of the
nondimensional particle diameter [as seen from Eq. (1)].

The corresponding dimensionless boundary conditions, thus,
become

ϕ∗ = y∗, ξ ∗ = 0, T ∗ = 0, u∗ = 1 + A sin(2π Srt∗)

v∗ = 0 at x∗ = 0, 0 < y∗ < 1, t∗ > 0 (21a)

∂ϕ∗

∂x∗ = 0,
∂ξ ∗

∂x∗ = 0,
∂T ∗

∂y∗ = 0

at x∗ = L∗
t , 0 < y∗ < 1, t∗ > 0 (21b)

ϕ∗ = 0, ξ ∗ = −∂2ϕ∗

∂y∗2
,

∂T ∗

∂y∗ = 0, u∗ = 0

v∗ = 0 at 0 < x∗ < L∗
t , y∗ = 0, t∗ > 0 (21c)

ϕ∗ = 1, ξ ∗ = −∂2ϕ∗

∂y∗2
,

∂T ∗

∂y∗ = 0, u∗ = 0

v∗ = 0 at 0 < x∗ < L∗
t , y∗ = 1, t∗ > 0 (21d)

ϕ∗ = 0, ζ ∗ = −∂2ϕ∗

∂y∗2
, T ∗ = 1, u∗ = 0

v∗ = 0 at L∗
i < x∗ < L∗

i + W ∗
p , y∗ = 0, t∗ > 0

(21e)

where Sr = f R/uo is the dimensionless pulsating frequency param-
eter (Strouhal number), and along the fluid/porous interface

u∗
p

∣∣
g(x,y) = 0

= u∗
f

∣∣
g(x,y) = 0

, v∗
p

∣∣
g(x,y) = 0

= v∗
f

∣∣
g(x,y) = 0

µeff

∂v∗
p

∂n∗

∣∣∣∣
g(x,y) = 0

= µ f

∂v∗
f

∂n∗

∣∣∣∣
g(x,y) = 0

(22a)

µeff

[
∂u∗

p

∂n∗ + ∂v∗
p

∂t∗

]∣∣∣∣
g(x,y) = 0

= µ f

[
∂u∗

f

∂n∗ + ∂v∗
f

∂t∗

]∣∣∣∣
g(x,y) = 0

(22b)

T ∗
P

∣∣
g(x,y) = 0

= T ∗
f

∣∣
g(x,y) = 0

, keff
∂T ∗

P

∂n∗

∣∣∣∣
g(x,y) = 0

= k f

∂T ∗
f

∂n∗

∣∣∣∣
g(x,y)= 0

(22c)

where g(x, y) = 0 are the curves defining the porous/fluid interfaces
and the derivative with respect to n and t represents the normal and
tangential gradients, respectively, to these curves at any point on the
interfaces.

To assess the effects of both flow pulsation and a porous block
on the heat transfer rate at the heat source, the local instantaneous

Nusselt number along the surface of the heat source is evaluated as

Nux,t = h(x, t)R

k f
= − keff

k f

∂T ∗

∂y∗

∣∣∣∣
y∗ = 0

(23)

Then the corresponding local Nusselt number in a time average over
one cycle of pulsation is calculated as

Nux = 1

τ

∫ τ

0

Nux,t dt (24)

and the cycle-space averaged Nusselt number over a heat source

Num = 1

τW

∫ τ

0

∫ w

0

Nux,t dx dt (25)

where W is the overall exposed length of heat source.

Numerical Method and Procedure
To obtain the solution of foregoing system of equations, the region

of interest is overlaid with a variable grid system as shown in Fig. 1b.
When the first-order fully implicit scheme for the time derivatives,
the central differencing for the diffusion terms, and the second up-
wind differencing for the convective terms are applied, the transient
finite difference form of the vorticity transport, the stream function,
and the energy equations were derived by control-volume integra-
tion of these differential equations over discrete cells surrounding
mesh points. The transient finite difference equations were solved by
the extrapolated Jacobi scheme. This iterative scheme is based on a
double cyclic routine, which translates into a sweep of only one-half
of the grid points at each iteration step.20 In this work, convergence
was considered to have been achieved when the absolute value of
relative error on each mesh point between two successive iterations
was found to be less than 10−6. Also, The steady nonpulsating flow
results were used as the initial-state conditions to reduce the compu-
tational time. In most cases, steady periodic solutions were obtained
after 15–45 cycles of pulsation. The time resolution was such that
one pulsating period was divided into 60 time steps during the early
5–10 cycles and into 120 time steps for later cycles.

In addition, to ensure continuity of the convective and diffusive
fluxes across the porous/fluid interface, the harmonic mean formu-
lation suggested by Patankar21 was used to handle abrupt variations
in the thermophysical properties, such as the permeability, inertia
factor, and thermal conductivity, across the interface.

A nonuniform spatial grid system with a large concentration of
nodes in regions of steep gradients, such as those close to the wall and
the porous-cover heater, was employed to obtain accurate vorticity,
streamline, and isotherm distribution. Figure 1b shows a nonuniform
grid system for the computational domain. A grid independence test
showed that there is only a very small difference (less than 1%) in
the space–time averaged Nusselt number among the solution for
(160 × 57), (270 × 95), (210 × 142), and (514 × 70) grid distribu-
tion. Also, the time step was reduced until a further reduction did not
significantly affect the results on amplitude and frequency. There-
fore, a 270 × 95 grid system was adopted for the present work. In
addition, special attention was given to the spatial mesh points in
the boundary layer because the boundary-layer thickness δ/R for the
classical oscillatory flow on a flat plate can be estimated as follows22:

δ ∼ (2ν/ω)
1
2 , δ/R ∼ 1/(Sr Re)

1
2 (26)

Thus, the dimensionless boundary-layer thickness becomes smaller
as Strouhal and/or Reynolds number increases. Spatial grids were
clustered to resolve the region of this thin boundary layer for high-
frequency pulsation.

To validate the numerical scheme used in the present study, com-
parisons with three relevant results were made. This was achieved by
making the necessary adjustments of our model to reduce it to a sys-
tem equivalent to the simplified available cases. The relevant studies
for our case correspond to the problems of 1) a two-dimensional
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a)

b) c)

d) e)

Fig. 2 Results compared with other literature: a) u∗ velocity profiles with channel effect compared with those of Vafai,23 b) and c) u∗ velocity profiles
near wall region and Nux distribution compared with those of Fu et al.,7 and d) and e) profiles of time-dependent fluctuation of u∗ compared with
those of Kim et al.11 for Sr = 0.006 and 0.16, respectively.

steady flow through a variable-porosity medium confined by an ex-
ternal boundary, that is, H ∗

p → ∞, W ∗
p → ∞, and A = 0; 2) a two-

dimensional fully developed steady flow through a porous block
mounted on a heated plate in a channel, that is, H ∗

p = 0.5, W ∗
p = 0.5,

and A = 0, representing the nonpulsating steady case; and 3) forced
pulsating flow in a channel filled with fluid-saturated porous media,
that is, H ∗

p = 1, and W ∗
p → ∞. The result for the first case was to

compare the present numerical solution with the analytical solu-
tion of Vafai23 for u/uc velocity profiles at Rep = u0dp/ν f = 331,
dp = 0.004 m, ε∞ = 0.5, a = 0.98, b = 2, and x/L = 0.5. Figure 2a
shows the comparisons between the analytical solution of Vafai23

and the present numerical solution for u∗ velocity profiles at the
aforementioned operating condition. The deviation of the maxi-
mum velocity is about 0.7%. For the second case, the results agree
to better than 1% with data reported by Fu et al.7 for u∗ velocity
profiles near the heated plate region at x∗ = 0.25 and local Nusselt
number Nux distributions along that heated surface, as shown in
Figs. 2b and 2c, at Re = 500, Pr = 0.7, d∗

p = 0.1, and x∗ = 0.25,
for ε∞ = 0.5 (a = 0.98 and b = 2) and 0.8 (a = 0.42 and b = 2). The
third validity was to compare with the study of Kim et al.11 for
Da = 10−4, Re = 50, Pr = 0.7, ε (constant porosity) = 0.6, A =

0.75, Sr = 0.006, and 0.16. Comparisons between the profiles of
normalized time-dependent fluctuation u∗

t − s = u∗
t − u∗

s of velocity
u∗ calculated in Ref. 11 and the current analysis show discrepancies
of less than 1.5% as shown in Figs. 2d and 2e.

Results and Discussion
The fixed input parameters utilized in the simulation were

L∗
i = 4, L∗

o = 10, Re = 500, Pr = 0.7 (where the air is used as
the cooling fluid, k f = 0.0267 W/m K), ε∞ = 0.7 [empirical con-
stants in Eq. (1), a = 0.98 and b = 2], Rceff = 1, and W ∗

p = 1. The
porous material of the spherical bead adopted here is considered
as having the same properties as copper (ks = 401 W/m K). In
this study, emphasis is placed on the effects of particle diameter
(0.05 < d∗

p < 0.2), pulsation frequency (0.1 < Sr < 0.5), pulsation
amplitude (0.1 < A < 0.5), and the blockage ratio (0.3 < H ∗

p < 0.5)
on the flow and heat transfer characteristics. Note that to illustrate
the results of the flow and temperature fields near the porous-block-
mounted strip heat source clearly, only this region and its vicinity
were presented. However, at all times, the much larger domain was
used for numerical calculations and interpretation of the results. In
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a)

b)

c)

d)

e)

f)

g) h) i)

j)

Fig. 3 Effects of the particle diameter on streamlines a)–c), isotherms d)–f), velocity distributions g)–i), and local Nusselt number distribution j) for
a steady nonpulsating flow.

addition, for the sake of brevity, the main features and characteristics
of some of the results are discussed and the corresponding figures
are not presented.

Steady Flow
For comparison purposes, the typical velocity and temperature

fields and the local Nusselt number distribution in the case of a
steady nonpulsating flow (A = 0) are presented in the Fig. 3 with
Re = 500, Pr = 0.7, ε∞ = 0.7, H ∗

p = 0.3, and W ∗
p = 1.0, at three dif-

ferent particle diameters d∗
p = 0.05, 0.1, and 0.2. Note from Fig. 3a

that, for smaller d∗
p = 0.05, the streamlines inside the porous block

move upward and a recirculation zone is formed behind the porous
block. The mechanism for the formation of this complicated flow-
field within the channel is the consolidated result of four effects:
1) a penetrating effect pertaining to the porous medium, 2) a blow-
ing effect caused by porous media displacing transversely the fluid
from the porous region into the fluid region, 3) a suction effect
caused by the pressure drop behind the porous blocks resulting in
a reattached flow, and 4) the effects of boundary-layer separation.
The temperature field corresponding to the preceding flowfield is
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displayed in Fig. 3d. On the top interface of the porous block, the
isotherms spread upward due to the blowing effect, whereas on the
rear interfacial surface, the isotherms are crowded upwind due to
the neighboring clockwise-rotating recirculation effect. The varia-
tion of local Nusselt number along the heat source plate is illustrated
in Fig. 3j. A large local Nusselt number occurs at the leading edge
of the heat source where the thermal boundary layer begins to grow,
and then the Nusselt number declines to a local minimum value
due to boundary-layer growth. Near the right corner of heat source,
Nux increases quickly again. This is because the boundary-layer
separation occurs, resulting in an increase in the convective en-
ergy transport caused by the fluid eddy mixing. Note that the afore-
mentioned enhanced heat transfer effect caused by vertex convec-
tion occurs only when the recirculation zone penetrates the porous
block.

The effect of particle diameter d∗
p is also shown in Fig. 3. Fig-

ure 3 shows that as d∗
p increases the mass flow rate passing directly

through the porous block increases and the downstream recircu-
lation zone becomes small and finally disappears, as indicated in
Figs. 3a–3c. This is due to the smaller drag force that the flow en-
counters at larger value of d∗

p under the same porosity condition.
This, in turn, causes a smaller blowing effect through the porous
block, which confines the development of downstream recircula-
tion zone. In addition, increasing d∗

p causes the channel effect to be
more pronounced (Figs. 3g–3i). The higher velocity exists near the
solid wall (heat source surface). This result was also found in the
work of Fu et al.7 These higher velocities can increase the convected
energy and form a thinner thermal boundary layer inside the porous
region (Figs. 3d–3f) which leads to higher values of local Nusselt
number distribution, as illustrated in Fig. 3j, except in the rear part
of the porous block where the recirculation zone appears. Compar-
ison of the Nux distribution for the heat source with and without a
porous block shows that, for larger d∗

p (>0.1), the heat transfer is
enhanced along the whole heat source due to the channeling effect
observed throughout the heater surface.

Pulsating Flow
The aforementioned stable and steady flow structures can be

destabilized by inducing pulsation, which results in the strong in-
teraction of the bulk fluid flow with the boundary layer and, thus,
enhances thermal transport. The influence of pulsation is now ex-
plained. Figure 4a shows the flow patterns over one pulsating cycle at
a periodic steady state for Re = 500, Pr = 0.7, d∗

p = 0.05, Sr = 0.1,
A = 0.5, ε∞ = 0.7, W ∗

p = 1.0, H ∗
p = 0.3, L∗

i = 4, and L∗
o = 10, with

six successive phase angle of ωt = 0, π/3, 2π/3, π , 4π/3, and 5π/3.
In Fig. 5a, the u∗ is plotted as a function of time at a monitoring point
(x = Li + Wp − 0.5, y = Hp/2). The x-component velocity exhibits
a time-asymptotic periodic-steady behavior after about 40 cycles of
pulsation. Figure 5b shows phase diagrams of u∗ vs v∗ at the same
monitoring point. The Fig. 5b phase diagram displays a well-closed
loop, which indicates that the flow is in a high time-periodic regime.
Note in Fig. 4a that for smaller d∗

p = 0.05 two recirculating cells in
both the upstream and downstream of the porous block shrink and
expand cyclically as the result of forcing pulsation. This periodic
alternation of flow structure contributes to the bulk mixing of fluids
in the porous-block region. The interaction of recirculations with the
core flow influences the temperature field if the downstream vortex
zone deeply penetrates into the porous block. Figure 4b shows the
impact of pulsation on the thermal field. Comparison of Fig. 4b with
Fig. 3d indicates that the thermal field under a pulsating flow presents
a periodic oscillation of the thermal boundary-layer thickness. The
thermal boundary-layer thickness descends during the acceleration
phase of the cycle (ωt = 0 to π/2 and 3π/2 to 2π ) and rises dur-
ing the deceleration phase of the cycle (ωt = π/2 to 3π/2). This is
because when the flow velocity is low, the ratio of fluid residence
time over the heat source plate to the heat diffusion time is high, al-
lowing more heat to diffuse per unit of volumetric flow. This results
in higher flow temperatures and a 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.

In addition, the upstream and downstream recirculation zones cause
the isotherms to extend upstream.

Effect of Particle Diameter
In the pulsation channel flow, the effect of particle diameter d∗

p
of a porous medium is shown in Fig. 4 for the same flow condi-
tion at three different particle diameters, d∗

p = 0.05, 0.1, and 0.2,
respectively. Comparison of the streamline variation shows that as
d∗

p increases, the size and strength of the aforementioned recircula-
tion zones become smaller or disappear at each time, and most of
the fluid directly flows through the porous block due to the smaller
drag force. The temperature fields are affected in a similar way. For
larger d∗

p , the isotherms extend downstream more conspicuously,
and the instantaneous thickness of thermal boundary layer becomes
smaller. (For brevity, the corresponding figures are not presented
here.) Figure 4c shows the variation of cycle-averaged local Nusselt
number Nux with d∗

p . The values of Nux increase as d∗
p increases

because of the larger oscillation temperature gradients near the heat
source surface, except in the rear part of heater where the large vor-
tex zone appears at d∗

p = 0.05. Comparison of the cycle-averaged
local Nusselt number Nux distribution of pulsating and nonpulsat-
ing (A = 0) flows with the porous block case in Fig. 4c shows that
the value of Nux for pulsating flow is higher than that for steady
nonpulsating flow. This is caused by the larger cycle-averaged tem-
perature gradients near the heat source surface. In addition, the larger
the diameter, the larger the difference between the Nux of the pul-
sating and nonpulsating flows because cycle-averaged temperature
gradients near the heat source surface are more pronounced, except
in the front part of heater where the small vortex zone appears at
d∗

p = 0.05.
To obtain an overall measure of heat transport characteristics

in the present study, the influence of both flow pulsation and
the porous-block heat sink on the heat transfer enhancement fac-
tors Num/(Num)non-s and Num/(Num)s , which give the cycle-
space averaged Nusselt number over a heat source normalized
by the corresponding steady nonpulsation nonporous-block value
(Num)non-s and steady nonpulsating value (Num)s , respectively, is
calculated. Figure 4d shows the effect of d∗

p on Num/(Num)non-s and
Num/(Num)s . It is clear from Fig. 4d that the gain in Num/(Num)s

increases with increasing d∗
p . For d∗

p = 0.2, the cycle-space average
Nusselt number of the pulsating flow is about 1.48 times that of
the nonpulsating flow and about 1.95 times that of the nonpulsating
flow over a nonporous-block heater.

Effect of Pulsating Frequency Strouhal Number
The effect of variations in the pulsating frequency or Strouhal

number is shown in Fig. 6 for Re = 500, Pr = 0.7, ε∞ = 0.7,
d∗

p = 0.1, A = 0.5, W ∗
p = 1.0, H ∗

p = 0.3, Li = 4, and Lo = 10 with
Sr = 0.1, 0.3, and 0.5, respectively. The flowfields during a pulsat-
ing cycle with a phase angle increment of π/3 reveal that when
the Strouhal number is larger, the recirculation zone behind the
porous block becomes less pronounced at each time, and near the
heat source surface more fluid with higher velocity flows directly
through the porous block. This leads to a steep velocity gradient near
the heat source plate, that is, a higher channel effect. The instanta-
neous thickness of the thermal boundary layers decreases with the
increase of the pulsating frequency or Strouhal number (figures not
presented). The reason for this trend is that an increasing Strouhal
number causes heat penetration distance into the fluid and the os-
cillation of this depth during a cycle to decrease. The effects of
Strouhal number on the cycle-averaged local Nusselt number dis-
tribution are shown in Fig. 6a. Note that an increase in Strouhal
number results in an increase in Nux due to the larger oscillation
temperature gradients in the direction normal to the heat source
surface. This in turn increases the heat transfer rate from the heat
source to the fluid. As expected, when Strouhal number increases,
the gain in Num/(Num)s or Num/(Num)non-s increases as shown in
Fig. 6b. The ratio values of Num/(Num)non-s are larger than those
of Num/(Num)s because the value of (Num)s is larger than that of
(Num)non-s .
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a)

b)

c) d)

Fig. 4 Effects of particle diameter on the variations of a) streamlines (∆ϕ∗ = 0.2 for 0 < ϕ∗ < 1), b) isotherms (∆T∗ = 0.1), c) cycle-averaged Nusselt
number, and d) heat transfer enhancement factor during a periodic-steady cycle.

Effect of Pulsating Amplitude A
Figure 7 shows the effect of A on the variation of Nux ,

Num/(Num)s and Num/(Num)non-s over a periodic-steady pulsat-
ing cycle for Re = 500, Pr = 0.7, d∗

p = 0.1, Sr = 0.1, H ∗
p = 0.3,

W ∗
p = 1.0, L∗

i = 4, and L∗
o = 10 at A = 0.1, 0.3, and 0.5. Based on

the inlet pulsating velocity in Eq. (12a), the larger the pulsating am-
plitude A is, the higher the flow deceleration becomes during the
flow pulsation reversal (ωt = π to 2π ). This leads to the production
of the stronger downstream recirculation zones due to the lower flow
momentum and the larger thickness of the temporal thermal bound-
ary layer due to the relatively longer residence time of fluid over
the heat source surface. It is seen from Fig. 7a that Nux decreases
with increased A due to the smaller oscillation temperature gradients
near the heat source surface. Note that for a larger pulsating ampli-

tude such as A = 0.5, most of the area of the temporal recirculation
zone is outside the porous block, which only has a slight assistance
in the convective heat diffusion. Therefore, with an increase in A
from 0.1 to 0.5, Num/(Num)s decreases from 1.57 to 1.53, and
Num/(Num)non-s decreases from 1.46 to 1.43, as shown in Fig. 7b.

Effect of Porous Blockage Ratio H∗
p

Figure 8 shows the changes in Nux , Num/(Num)s and
Num/(Num)non-s as H ∗

p increases from 0.3 to 0.5 for Re = 500,
d∗

p = 0.1, Sr = 0.1, A = 0.5, W ∗
p = 1.0, L∗

i = 4, and L∗
o = 10. The

flowfields (not shown) illustrate that the length and the relative weak-
ness of the downstream recirculation zone increase with increasing
H ∗

p during the flow pulsating reversal, and more fluid flows through
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a)

b)

Fig. 5 For u∗: a) velocity u∗ as a function of time and b) phase diagram
of u∗ vs v∗ at (x∗, y∗) = (L∗

i + W∗
p −− 0.5, and H∗

p /2).

a)

b)

Fig. 6 Effect of pulsating frequency Strouhal number on a) cycle-
averaged Nusselt number and b) heat transfer enhancement factor dur-
ing periodic-steady cycle.

a)

b)

Fig. 7 Effect of pulsating amplitude on a) cycle-averaged Nusselt num-
ber and b) heat transfer enhancement factor during a periodic-steady
cycle.

a)

b)

Fig. 8 Effect of the porous blockage ratio H∗
p on a) cycle-averaged Nus-

selt number and b) heat transfer enhancement factor during a periodic-
steady cycle.
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a)

b)

c)

d)

Fig. 9 Temporal variations of pressure drop factor along upper plate for various values of a) A, b) Sr, c) d∗
p , and d) H∗

p .

the porous block. In addition, the downstream recirculation zone
moves away from the porous block. This is because of the relative
increase in the height of the porous block, which, in turn, offers
a higher degree of obstruction to the flow and accelerates the core
flow to satisfy the mass continuity. This limits the development of the
downstream recirculation zone in the transverse direction and leads
to the recirculation zone moving outside of the porous block. Mean-
while, the isotherms with smaller instantaneous thermal boundary-
layer thicknesses extend downstream more conspicuously at each
time for the larger H ∗

p . As expected, Nux increases with increasing
H ∗

p , shown in Fig. 8a, due to the existance of larger velocity near
the heater surface. Therefore, the gain in Num/(Num)non-s is more
substantial for larger H ∗

p , shown in Fig. 8b.

Pressure Drop Calculation
When both porous material and flow pulsation for heat trans-

fer augmentation are used, an important factor to consider is the
penalty arising from increased pressure drop. In the stream function-
vorticity formulation, the pressure field is eliminated in obtaining
the solution. However, the pressure field can be recovered from the
converged stream function and vorticity fields. This is done by in-
tegrating the pressure gradient along the upper channel wall. The
temporal pressure gradient is derived from the unsteady momentum
equation using the no-slip boundary conditions on the solid wall.
The temporal pressure drop �P∗ along the upper channel wall is
then obtained from

�P∗ =
∫ L∗

0

∂ P∗

∂x∗

∣∣∣∣
y∗ = 1

dx∗ = −
∫ L∗

0

[
∂u∗

∂t∗ + 1

Re

∂ξ ∗

∂y∗

]∣∣∣∣
y∗ = 1

dx∗

(27)

The corresponding steady nonpulsating (A = 0) nonporous-block
pressure drop (�P∗)non-s is

(�P∗)non-s =
∫ L∗

0

∂ P∗

∂x∗

∣∣∣∣
y∗ = 1

dx∗ = −
∫ L∗

0

1

Re

∂ξ ∗

∂y∗

∣∣∣∣
y∗ = 1

dx∗

(28)

where pressure P∗ is nondimensionalized with respect to ρu2
o. The

effects of A, Strouhal number, d∗
p , and H ∗

p on the temporal pres-
sure drop factor �P∗/(�P∗)non-s , which gives the overall pressure
drop throughout the entire channel length, normalized by the cor-
responding steady nonpulsating nonporous-block value (�P∗)non-s ,
are presented in Fig. 9, respectively. In Fig. 9a, the amplitude of
the temporal pressure drop factor increases substantially as A in-
creases at Re = 500, d∗

p = 0.1, Sr = 0.1, H ∗
p = 0.3, and W ∗

p = 1.0.
However, the magnitude of �P∗/(�P∗)non-s , is not significantly
affected by a change in Strouhal number (at Re = 500, Sr = 0.1,
A = 0.5, H ∗

p = 0.3, and W ∗
p = 1.0), d∗

p (at Re = 500, Sr = 0.1,
A = 0.5, H ∗

p = 0.3, and W ∗
p = 1.0), or H ∗

p (at Re = 500, d∗
p = 0.1,

Sr = 0.1, A = 0.5, and W ∗
p = 1.0), as seen in Figs. 9b–9d. The re-

quired pumping power to maintain a pulsating flow increases with
pulsation amplitude. The phase lead of �P∗/(�P∗)non-s over the
inlet pulsating velocity for all cases studied here is around π/2.
This indicates that the flow pulsation considered in this study is in
a higher frequency regime compared to the oscillating flow inside
a smooth duct.22 In this classical oscillating flow, the phase lead of
pressure drop over the inlet velocity approaches π/2 from zero as ω
increases.

Conclusions
In this study, a numerical analysis was conducted to investigate the

heat transfer characteristics on a porous-block-mounted heat source
subjected to both steady and pulsating channel flow. The results can
be summarized as follows:

1) For the nonpulsating steady flow case, the heat transfer rate
from a strip heater could be enhanced by a copper porous block
with higher particle diameter.

2) For the pulsating flow case, the stable and steady flowfield is
significantly destabilized by introducing pulsation and exhibits a
regularly expanding and shrinking alteration of the vortex structure.
The phase diagram also shows that this unsteady pulsating flow is
in a time-periodic regime. The thermal field is substantially affected
in a similar way and presents a periodic oscillation of the thermal
boundary-layer thickness near the heater surface.
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3) The cycle-averaged local Nusselt number for pulsating flow
is higher than that for nonpulsating steady flow. The heat transfer
enhancement factor Num/(Num)non-s of the heater increases with in-
creasing particle diameter, pulsation frequent, and porous blockage
ratio, but decreases with increasing pulsation amplitude.

4) The results of this investigation indicate that a heat resource
with a high-conductivity particle-porous block subjected to forced
pulsating channel flow is a new and effective method for cooling
electric devices. However, one must consider a tolerance limit in
view of the increased pressure drop to determine the optimal ampli-
tude of external pulsation according to the porous blockage ratio.
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