
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

Validation of thermal equilibrium assumption in forced convection steady and
pulsatile flows over a cylinder embedded in a porous channel☆

Gazy F. Al-Sumaily a,b,⁎, John Sheridan a, Mark C. Thompson a

a Fluids Laboratory for Aeronautical and Industrial Research (FLAIR), Department of Mechanical and Aerospace Engineering, Monash University, Victoria 3800, Australia
b Department of Mechanics and Equipments Engineering, University of Technology, Baghdad, Iraq

a b s t r a c ta r t i c l e i n f o

Available online 9 February 2013

Keywords:
Steady and pulsatile forced convection
Porous media
Non-Darcian effects
Local thermal non-equilibrium

The validity of the local thermal equilibrium assumption in the forced convection steady and pulsatile flows over
a circular cylinder heated at constant temperature and embedded in a horizontal porous channel is investigated.
For this purpose, the Darcy–Brinkman–Forchheimer momentum and the local thermal non-equilibrium energy
models are solved numerically using a spectral elementmethod. Numerical solutions obtained over broad ranges
of representative dimensionless parameters are utilized to present conditions atwhich the local thermal equilib-
rium assumption can or cannot be employed. For steady flow, the circumstances of a higher Reynolds number, a
higher Prandtl number, a lower Darcy number, a lower microscopic and macroscopic frictional flow resistance
coefficient, a lower Biot number, a lower solid-to-fluid thermal conductivity ratio, a lower cylinder-to-particle di-
ameter ratio and a lower porosity, are identified as unfavorable circumstances for the local thermal equilibrium
LTE condition to hold. For oscillatory flow, the degree of non-equilibrium can be decreased as pulsating ampli-
tude increases or pulsating frequency decreases; however, such flows do not have a significant influence on sat-
isfying the LTE.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Forced convection heat transfer in porousmedia has been extensive-
ly investigated. This interest stemmed from the variety of engineering
applications associated with the presence of a porous medium in the
path of the working fluid. Excellent review articles and monographs
have been provided by, for example, Vafai [22], Pop and Ingham [17]
and Nield and Bejan [14]. In the literature, two models are adopted to
describe the thermal behavior of porous systems. These are the
so-called the single-phase and the two-phase Schumann models. The
main distinction between thesemodels is that local thermal equilibrium
(LTE) is assumed in the formermodelwhile no such assumption ismade
in the later model. Therefore, the single-phase model reduces to one
governing energy equation, whereas in the two-phase model which is
often called the (LTNE) model, there are two governing energy equa-
tions with each of them possessing an inter-phase heat transfer term.

Depending on the nature of the transient process and the
thermo-physical properties of the individual phases, the phase temper-
atures can be different. In several industrial applications, see Nield and
Kuznetsov [15], such as nuclear rods placed in a coolant fluid bath and
thermal energy storages in underground reservoirs, the temperature

difference between the local fluid and solid phases is essential and the
transport process is inherently unsteady, hence, the performance of
the device depends on the degree of non-equilibrium between the
two phases. More and more studies, for example by Vafai and Sözen
[23] and Kaviany [8], have found the LTE assumption invalid for a num-
ber of applications involving convection in porous media. They men-
tioned that when there is a significant difference between advection
and conduction mechanisms in transferring heat, the deviation be-
tween the solid and fluid phase temperatures increases, and therefore
the LTE model becomes progressively less valid. It was also noted by
Pop and Cheng [16] that this approach may be questionable when the
particle size in the solid porous matrix is comparable to or exceeds
the thermal boundary layer thickness. In addition, Quintard [18] argued
that assessing the validity of the assumption of LTE is not a simple task
since the temperature difference between the two phases cannot be
easily estimated.He suggested that the use of the LTNEmodel is the pos-
sible approach to solving the problem.

By using the LTNEmodel, much research has been conducted to de-
termine the applicable region of the LTE model for forced convection
through porous media. Whitaker and his co-workers, Carbonell and
Whitaker [4], Whitaker [25], Quintard and Whitaker [19] and Quintard
and Whitaker [20], have performed a pioneering work in this regard.
Based on the order of magnitude analysis, they proposed a criterion in
the case where the effect of conduction is dominant in porous channel.
Lee and Vafai [12] presented a practical criterion for the case of Darcian
flow in channel subjected to a constant heat flux. Later, Kim and Jang
[10] presented a general criterion for the LTE expressed in terms of
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important engineering parameters such as Darcy, Prandtl and Reynolds
numbers. Their criterion which was checked to be applied for conduc-
tion and/or convection heat transfer in porous media, is more general
than the previous one suggested by Whitaker and his co-workers
above. Nield [13] clarified the circumstances under which the LTNE
may be important in a saturated porous channel using an analytical ap-
proach for phase temperature fields and Nusselt number. The applica-
bility of the LTE model for the micro-channel sink, which was
modeled as a porous medium, was also analytically assessed by Kim
et al. [11] for the case where the bottom surface is uniformly heated
by constant heat flux and the top surface is insulated. Numerically,
Vafai and Sözen [23] assessed the validity of the LTE assumption for a

forced convective gas flow through a packed bed of uniform spherical
particles by presenting an error contour maps based on qualitative rat-
ings for three types of materials; lithium–nitrate–trihydrate, sandstone
and steel. Following, Amiri and Vafai [3] examined this validity in a
packed bed confined by walls at constant temperature, using the same
qualitative error maps used by Vafai and Sözen [23]. Khashan and
Al-Nimr [9] presented quantitative LTE–LTNE region maps for the prob-
lem of non-Newtonian forced convective flow through channel filled
with porous media for a broad range of representative dimensionless
parameters such as Péclet number, Biot number, power-law index,
fluid/solid thermal conductivity ratio andmicroscopic and macroscopic
frictional flow resistance coefficients, to examine whether the LTE as-
sumption can or cannot be employed. Celli and Rees [5] analyzed ana-
lytically and numerically the effect of the LTNE on forced convective
thermal boundary layer flow in a saturated porous medium over a hor-
izontal flat plate. This effect was found to be at its strongest close the
leading edge with O(x−1) in magnitude, but themaximum discrepancy
between the temperature fields decreases with the distance from the
leading edge, and the LTE condition is attained at large distance.

The current literature reveals that the assessment of the validity of
the LTE assumption and the corresponding one-phase energymodel in
forced convection regime has been surprisingly restricted to only the
application of porous channel or flat plate, with far fewer numerical
than analytical work. Therefore, the present study aims to examine
this validity for forced convective steady and pulsatile flows over heat-
ed bodies of high complexity, such as a circular cylinder, embedded in
a porous medium. The departure from local thermal equilibrium is to
be captured by solving the problem numerically using the LTNE
model that incorporates the effect of thermal dispersion. A Darcy–
Brinkmann–Forchheimer (DBF) model that incorporates non-Darcian
effects, i.e., including the solid boundaries and inertia effects, is
adopted to accurately predict the hydrodynamic behavior.

2. Mathematical formulation

Theanalysis is carried out for steady andoscillatory two-dimensional
forced convective laminar flows over a circular cylinder embedded in a
homogenous and isotropic porous medium confined by two imperme-
able horizontal walls as shown in Fig. 1. The cylinder is assumed to be
heated at constant temperature T�h and cooled by the incoming external
flow at T�o. The channel walls are considered to have the same

Nomenclature

A dimensionless oscillating amplitude of axial inlet
velocity.

asf specific interfacial area (m−1).
Bi Biot number, Bi=hsfasfDcy

2 /ks.
dp particle diameter (m).
Dcy cylinder diameter (m).
Da Darcy number, Da=K/Dcy

2 .
f´ pulsating frequency (Hz).
CF inertial coefficient, CF ¼ 1:75=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
150ε3

p
.

hsf interfacial heat transfer coefficient (W/m2 ⋅K).
H channel height (m).
k thermal conductivity, (W/m⋅K).
kr solid/fluid thermal conductivity ratio, kr=ks/kf.
K permeability of the porousmedium, K=ε3dp2/150(1−

ε)2 (m2).
L channel length (m).
Pf dimensionless fluid pressure, Pf ¼ P�f =ρf u�

2
o .

Pr Prandtl number, Pr=νf/αf.
ReD Reynolds number, ReD ¼ u�oρf Dcy=μ f .
St dimensionless oscillating frequency parameter, Strouhal

number, f�Dcy=u�o.
t´ time (s).
t dimensionless time, t ¼ t�u�o=Dcy.
T´ temperature (K).
u dimensionless vectorial fluid velocity, u=ú /úo.
u dimensionless horizontal velocity component.
úo inlet horizontal fluid velocity (m/s).
v dimensionless vertical velocity component.
x́, ý horizontal and vertical coordinates (m).
x,y dimensionless horizontal and vertical coordinates,

x= x́ /Dcy, y=ý/Dcy.

Greek symbols
αr thermal diffusivity ratio, αr=αs/αf.
ε porosity.
θ dimensionless temperature, θ ¼ T�−T�o

� �
= T�h−T�o
� �

.
μf fluid dynamic viscosity (kg/m⋅s).
ρf fluid density (kg/m3).
νf fluid kinematic viscosity (m2/s).
φ angular coordinate (°).

Subscripts
eff effective.
f fluid.
o inlet of the channel.
s solid.

(a)

(b)

Fig. 1. Flow configurations.
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temperatureT�w as theflow at the inlet. The blockage ratio of the channel
isDcy/H=0.25, whereDcy andH are the cylinder diameter and the chan-
nel height, respectively.

The transient governing equations of the average-volume mass,
DBF momentum, and LTNE energy which are presented in Nield and
Bejan [14] and Kaviany [8], are transformed into the following vecto-
rial non-dimensional form employing the dimensionless variables
given in the nomenclature:

∇⋅ uh i ¼ 0; ð1Þ

∂ uh i
∂t þ 1

ε
u⋅∇ð Þuh i ¼ − ε

ReD⋅Da
uh i− CFεffiffiffiffiffiffi

Da
p uh ij j uh i þ 1

ReD
∇2 uh i−ε∇ Pf

D E
; ð2Þ

∂ θf
D E
∂t þ uh i⋅∇ θf

D E
¼ 1

εReDPr
∇⋅

kf ⋅eff ; x;yð Þ
kf

∇ θf
D E" #

þ Bi⋅kr
εReDPr

θsh i− θf
D E� �

; ð3Þ

∂ θsh i
∂t ¼ αr

1−εð ÞReDPr
∇⋅

ks⋅eff
ks

∇ θsh i
� �

− Bi⋅αr

1−εð ÞReDPr
θsh i− θf

D E� �
; ð4Þ

where, 〈u〉 is the velocity vector field, t is the time variable, 〈Pf〉 is the
pressure field and 〈θ〉 is the temperature field, CF is the inertial coeffi-
cient, and the operator 〈…〉 denotes local volume average of a quan-
tity. Also, kr and αr are the solid/fluid thermal conductivity and
diffusivity ratios, ks/kf and αs/αf, respectively. Subscripts f and s de-
note the fluid and solid phases, respectively. In addition, the key
governing non-dimensional groups: the Reynolds, Darcy, Prandtl,
and Biot numbers are defined respectively, as:

ReD ¼ u
0
oDcyρf

μ f
; Da ¼ K

D2
cy
; Pr ¼ νf

αf
; and Bi ¼ D2

cyhsf asf
ks

; ð5Þ

here, the primes refer to dimensional quantities. The following are
other fluid and medium properties: μf and vf are the fluid dynamic
and kinematic viscosities, respectively, ρf is the fluid density, K is
the permeability, asf is the specific surface area of the packed bed
and hsf is the interfacial heat transfer coefficient. The permeability of
the porous medium K and the inertial coefficient CF in the momentum
equation are based on the Ergun's experimental investigation [6] who
expressed them in terms of porosity ε and particle diameter dp as fol-
lows:

K ¼ ε3d2p
150 1−εð Þ2 ; CF ¼ 1:75ffiffiffiffiffiffiffiffiffiffiffiffiffi

150ε3
p : ð6Þ

The effective thermal conductivity of the fluid phase emerges as a
combination of the conductivities of two constituents; a stagnant
component kst and a dispersion component kd,

kf ⋅eff ; x;yð Þ ¼ kst þ kd x;yð Þ: ð7Þ

In the ongoing investigation, the stagnant component is based on
the experimental findings of [27] as follows:

kst
kf

¼ 1−
ffiffiffiffiffiffiffiffiffiffi
1−ε

p� �
þ 2

ffiffiffiffiffiffiffiffiffiffi
1−ε

p

1−λB
� 1−λð ÞB

1−λBð Þ2 ln λBð Þ−Bþ 1
2

− B−1
1−λB

� �
; ð8Þ

where λ=1/kr and B ¼ 1:25 1−εð Þ=ε½ �109 . Whereas, the dispersion con-
ductivity is determined in both longitudinal and transverse directions
based on the experimental correlation reported by [24] given by:

kdx
kf

¼ 0:5Pr
ρf uh ij jdp

μ f

 !
;

kdy
kf

¼ 0:1Pr
ρf uh ij jdp

μ f

 !
: ð9Þ

The solid effective thermal conductivity has a stagnant component
only since it is stationary:

ks⋅eff ¼ 1−εð Þks: ð10Þ

In accordance with the problem description, the Neumann bound-
ary conditions are imposed on the inlet and solid boundaries, while
the Dirichlet boundary conditions are imposed on the outlet. The di-
mensionless initial and boundary conditions are presented as:

at t ¼ 0 : u ¼ v ¼ θf ¼ θs ¼ 0
at t > 0 : u ¼ 1 forsteadyflowð Þ;

u tð Þ ¼ 1þ A sin 2πSttð Þ forpulsatile flowð Þ;
v ¼ θf ¼ θs ¼ 0 at x ¼ 0;0bybHð Þ
∂u
∂x ¼ ∂θf

∂x ¼ ∂θs
∂x ¼ v ¼ 0 at x ¼ L;0bybHð Þ

u ¼ v ¼ 0 ¼ θf ¼ θs ¼ 0 at 0bxbL; y ¼ 0andHð Þ
u ¼ v ¼ 0; θf ¼ θs atcylinderboundary;

ð11Þ

where A is the pulsating flow amplitude of the axial inlet velocity, and
St ¼ f�Dcy=u�o is the dimensionless pulsating frequency parameter
(Strouhal number). It is assumed that the fluid and solid phases
share the same temperature as that of the isothermal cylinders sur-
face, i.e. thermal equilibrium assumption is imposed on the heated
boundary conditions, Alazmi and Vafai [2] and Wong and Saeid [26].

3. Numerical method of solution

A spectral-element method, which is essentially a high-order finite-
element method, was used to numerically solve the non-dimensional
system of governing Eqs. (1)–(4). For brevity, this method is described
in detail in Karniadakis et al. [7] and Thompson et al. [21], andwas used
in our work Al-Sumaily et al. [1]. In order to validate the implementa-
tion, results from our code were compared to previously published nu-
merical results for the problem of a cooling air jet impinging on an
isothermal heated surface immersed in a confined porous channel
under the LTNE condition performed by Wong and Saeid [26]. Fig. 2
shows this comparison for the LTNE parameter, defined as:

LTNE ¼
ΣN θs−θf
��� ���
N

; ð12Þ

Fig. 2. Comparison between two numerical models: the present model and the model
used byWong and Saeid [26], for the variation of the LTNE parameter against the dimen-
sionless interfacial convective heat transfer coefficient Hv, at Péclet number Pe=100 and
porosity-scaled fluid-to-solid thermal conductivity ratio γ=1.0.
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where N is the total number of nodes in the domain. This is a simple
measure of themeandifference between thefluid and solid over the do-
main. Excellent agreement between the two numerical results can be
seen in this figure.

4. Results and discussion

The validity of the LTE assumption and the corresponding one-
equation energy model was tested in this parametric study under
various flow conditions and porous medium thermal and structural
properties. This was achieved by introducing a number of dimension-
less groups such as Reynolds number 1.0≤ReD≤250, Prandtl number
Pr=0.7, 7.0 and 100, solid-to-fluid thermal conductivity ratio
0.01≤kr≤1000, Biot number 0.01≤Bi≤100, cylinder-to-particle di-
ameter ratio 100≤Dcy/dp≤10 and porosity 0.5≤ε≤0.95 for steady
non-pulsating flow, and dimensionless oscillating flow amplitude
0.2≤A≤3.0 and Strouhal number 0.1≤St≤2.0 for pulsatile flow. The
value of the solid-to-fluid thermal diffusivity ratio αr is fixed on
unity throughout the entire study. The degree of non-equilibrium is
calculated by using the LTNE parameter defined in Eq. (12) and used
by Wong and Saeid [26]. In essence, to validate the LTE assumption,
the local temperature difference between the fluid and solid phases
should be negligibly small. Thus, the LTE condition is declared to be
satisfied when the LTNE parameter becomes less than 0.05.

4.1. Steady flow

Fig. 3 shows the results of the effect of Reynolds number ReD on the
LTNE parameter at different values of thermal conductivity ratio kr,
and on isotherms of the local temperature difference between the
fluid and solid phases inside the porous channel and around the heat-
ed cylinder. These results are obtained at Pr=7.0 for water as a work-
ing fluid, Bi=1.0, Dcy/dp=20 and ε=0.5. It is clear from this figure
that the decrease in ReD causes the LTNE to decrease, and approaching
towards thermal equilibrium between the two phases. The elevation
of ReD values corresponds to high speed flows and subsequently
higher thermal convection heat transfer rates. Also, the effect of in-
creasing ReD value seems insignificant at the low kr value of less than
unity. The energy transport by the solid phase is quite high at this
stage which suppresses the sensitivity to ReD variation. As the magni-
tude of kr value is increased; however, the significance of ReD variation
becomes noticeable. This is likely attributed to the increase in the solid
effective thermal conductivity over its fluid counterpart for kr>1. The
isotherms which are obtained at kr=100 show that the domain of the
local LTNE condition appears to extend over the cylinder from the up-
stream towards the downstream direction with the increase in ReD

value. Apparently, higher speed flows do not allow sufficient energy
communication between the phases to retain LTE status in the vicinity
of the cylinder and in the downstream region of the porous channel.

Next, the implications of varying the ReD on the LTNE condition for
kr=1.0 and Bi=1.0 using different fluids, i.e. air with Prandtl number
Pr=0.7, water with Pr=7.0 and engines oil with Pr=100, is ap-
praised in Fig. 4. It is clear from the fluid energy equation that a higher
Pr has an unfavorable effect on the LTE condition. As Pr increases, the
fluid temperature θf will feel the hot boundary condition less than
the solid porous domain feels it, so there is no way that θf=θs. Physi-
cally, a higher Prandtl number refers to the condition at which a fluid
with low thermal diffusivity is being carried through the porous chan-
nel at a higher flow rate. This condition makes the fluid less capable of
receiving heat from the heated surface of the cylinder and exchanging
this heat to the solid phase in an efficient manner. Although with a
lower ReD, the fluid has more time to exchange energy with the solid
domain and attain its temperature closer to the solid temperature
which leads to satisfy LTE, this has no considerable influence on fluids
with high Pr, as can be seen in Fig. 4 at ReD=1.0 and Pr=100.

The results of the LTNE against the thermal properties, i.e. solid/
fluid thermal conductivity ratio kr and interfacial heat transfer coeffi-
cient represented by Biot number Bi, respectively, of the porousmedi-
um are presented in Figs. 5 and 6, respectively, at Pr=7.0, Dcy/dp=20,
ε=0.5, and for different values of ReD=10, 40, 100 and 250. From
these figures, in addition to the increase of ReD value, one may con-
clude that the LTNE condition can also be triggered by lower values
of both kr and Bi, and the temperature difference between both phases
is relatively large. This is attributed to the degrading impact in which
they both imply a low energy transport capability by the fluid as com-
pared to its solid counterpart. As a result, the fluid exhibits poor ability
to bring the solid phase to its operating temperature. Fig. 5 depicts the
unfavorable effect of low values of kr, at constant Bi=1.0, on the LTE
condition. It is clear that a lower kr as opposed to a higher kr, puts
much constraint on the validity of the LTE. This is because the fluid
conduction dominates the heat transfer process in the porousmedium
and the solid temperature is much more influenced by the degree of
the internal heat exchange between the fluid and solid phases rather
than influenced by its own conductivity. However, the increase in kr
reduces the value of the LTNE leading towards thermal equilibrium be-
tween the solid and fluid phases at high kr. Higher kr implies that we
have more solid having high thermal conductivity compared with
less fluid having low thermal conductivity. This enables the solid to
bring the fluid phase to its temperature easier. As can be seen, satisfy-
ing the LTE condition by increasing kr depends strongly on the value of
ReD. For example at ReD=10, this condition can be satisfied for kr≥60
while at ReD=100 it is justified for kr≥1000, and the reason is

Fig. 3. Effect of Reynolds number on: (left) the local temperature difference between the fluid and solid phases around a heated cylinder embedded in a porous medium, from top to
bottom ReD=1,10,40,100 and 250, at kr=100, with red (blue) colors have magnitudes of 0.3(0.0), and (right) the LTNE parameter versus ReD for different values of kr, and at Bi=1.0.
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mentioned above. High kr values are common in most engineering ap-
plications for heat transfer enhancement given that the solid thermal
conductivity is typically several folds larger than its fluid counterpart.

Furthermore, a lower Bi value implies that the thermal resistance
associated with the interstitial convective heat exchange between
the two phases is larger than the effective conductive resistance in
the solid domain. On the contrary, the increase of Bi value, which im-
plies an increased specific area for heat exchange, improves the ener-
gy communication between the two considered phases. This causes θf
to approach θs at a faster pace and satisfy the thermal equilibrium
condition in the porous system. It is interesting to note that the influ-
ence of the parameter Bi on the equilibrium condition which is found
to be secured at moderate values of 1.0≤Bi≤5.0, and on the LTNE sta-
tus which is observed to be very strong at smaller values of Bi≤0.1, as
illustrated in Fig. 6 at kr=10 for the range of ReD=10–250, is much
more significant than that of ReD and kr shown in previous Figs. 3
and 5, respectively.

Figs. 7 and 8 show the effect of the structural properties, i.e. parti-
cle diameter represented by cylinder/particle diameter ratio Dcy/dp
and porosity ε, respectively, of the porous medium on the local tem-
perature difference between the porous phases and the validity of
the LTE assumption, at kr=100 and Bi=1.0, and for different ReD=
10, 40, 100 and 250. Once again, as the thermal properties act, the in-
crease in particle diameter or porosity tends to decrease the discor-
dancy between the phase thermal fields, and consequently, leads to
a reduction in the value of LTNE. For a given high kr and moderate Bi,

increasing the particle diameter of the porous medium causes an in-
crease in the inter-phase surface area and decreases the particles con-
tact area. This results in an increase in the interfacial heat transfer
between the fluid and solid phases and reduces the conductive heat
transfer within the solid particles. Consequently, this enables the
fluid temperatures closer to the hardly changing solid temperatures.
Although there is a considerable reduction in the value of LTNE by de-
creasing the ratio of Dcy/dp from 100 to 10, the LTE condition is not se-
curedwithin this range. In addition, the positive impact of the porosity
ε displayed in Fig. 8 is due to the removal of solidmaterial from the po-
rous channel. As ε increases, the channel and in particular the area
close to the cylinder contains less solid material, and as a result, the
amount of heat transferred from the hot surface of the cylinder to
the fluid phase becomes much higher than that moved throughout
the solid material. This brings the fluid temperature to be closer to
the solid temperature and to attain the local thermal equilibrium be-
tween them at ε≥0.7 for the whole selected range of ReD. It is worth
to notice from these figures that the influence of ε on the phase tem-
perature differential and the validity of LTE assumption is more pro-
nounced than that of particle diameter.

Also, Darcy number Da is a dimensionless parameter representing
the permeability K of the porousmedium. For a packed bed of spheres,
K is a strong function of dp and ε, see Eq. (6). It is clear that K increases
as dp or ε increases, which leads to an increase in Da. Therefore, it can
be well established that increasing Da has a negative impact on LTNE
parameter, and might drive to the LTE validity condition. Moreover,

Fig. 4. The influence of using different fluids (Prandtl number) on: (left) the local LTNE condition, from top to bottom Pr=0.7,7.0 and 100, at ReD=10, with red (blue) colors have
magnitudes of 0.3(0.0), and (Right) the LTNE parameter versus ReD for three types of fluids, at kr=1.0 and Bi=1.0.

Fig. 5. (Left) Contours of the local temperature difference between the two phases around a heated cylinder embedded in a porous medium at different solid/fluid thermal conductivity
ratio, from top to bottom kr=0.01,1.0,10,100 and 1000 at ReD=10. (Right) Variation of the LTNE parameter with kr, for ReD=10,40,100 and 250, and at Bi=1.0.

34 G.F. Al-Sumaily et al. / International Communications in Heat and Mass Transfer 43 (2013) 30–38



Author's personal copy

one can be also concluded through varying ε is the influence of the in-
ertial effect in the Forchheimer term in Eq. (2). As can be seen, the in-
crease in this effect which is caused by increasing ε translates into a
relatively slower motion due to the increase in the macroscopic and
microscopic frictional offered impedances. This will subsequently pro-
vide ample heat transfer communication between the two phases,
which increases the LTE region at the expense of the LTNE one.

Figs. 9 and 10 present the effects of conductivity ratio kr, Prandtl
number Pr, particle diameter Dcy/dp and porosity ε on the variation
of the LTNE parameter at three different, low, moderate and high,
values of Biot number Bi=0.01, 1.0 and 100, respectively, and for
two values of ReD=40 and 250. In these figures, the effects of Pr,
Dcy/dp and ε, are calculated at kr=1.0. The figures demonstrate that
the variable Bi is themain controller for satisfying the thermal equilib-
rium between both fluid and solid phases in the porous system. It is
clearly seen that its influence ismuchmore significant than other vari-
ables, i.e. kr, Pr, Dcy/dp, ε and ReD. Where at low Bi=0.01, the system is
entirely in non-equilibrium condition regardless of the impact of these
variables. However, at high Bi=100, the LTE is perfectly secured with-
in the porous domain alsowithout considerable effect from other vari-
ables. Only at moderate value of Bi=1.0, that the influence of these
variables emerged. Therefore, one can deduce that the variable Bi
which represents the interfacial heat transfer coefficient is the direct
responsible and the key phenomenon on satisfying the LTE in porous
media. In fact, the interstitial heat transfer coefficient hsf is not an inde-
pendent parameter, hence it is a function of fluid and flow conditions

such as Pr and Reynolds number in the pore scale Rep, as well as the
structural and material properties of the solid phase such as dp and
kr. Therefore, it can be generally announced that the LTE assumption
can become valid at the fluid, flow and medium circumstances that
satisfy higher values of hsf.

In addition, it is interesting to note that when the low Bi value is
considered, the hardness of bringing the solid temperatures closer to
the fluid temperatures by increasing kr appears. Also, it can be seen
that decreasing Bi to a low value 0.01 changes the trend of the porosity
effect on the LTNE variation. It is obvious that removing solid material
from the porous channel at low Bi increases instead of decreases as
previously found the LTNE, but to a certain high value of ε=0.85, so af-
terward the LTNE decreases.

4.2. Pulsatile flow

The above-stated steady and stable flow field can be destabilized by
including pulsating, whichmay lead to a better flowmixing and further
enhanced thermal interphase transport and consequently decrease the
temperature difference between the two phases and then satisfy the
LTE condition in the porous channel. The influence of external forced
pulsating on the validity of the LTE assumption is now investigated.
Fig. 11 portraits the variation of the LTNE parameter versus the dimen-
sionless pulsating flow amplitude A=0.2−3.0 and the dimensionless
pulsating frequency represented by Strouhal number St=0.1−2.0 at
fixed values of thermal and structural properties of the porous medium

Fig. 6. (Left) Isotherms of the local LTNE for different Bi, from top to bottom Bi=0.01,0.1,1.0,10 and 100, at ReD=100. (Right) Variation of the LTNEparameterwith Bi for ReD=10,40,100
and 250, and at kr=10.

Fig. 7. Influence of particle diameter on: (left) the local temperature difference between both fluid and solid phases around a heated cylinder embedded in a porous medium, from
top to bottom Dcy/dp=100,60,40,20 and 10, at ReD=100, and (right) the LTNE parameter, for different ReD, and at kr=100 and Bi=1.0.
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used, i.e. kr=1.0, Bi=1.0, Dcy/dp=20 and ε=0.5, for different values of
ReD=130−250, at Pr=7.0. It can be seen that the degree of non-
equilibrium is slightly decreased by increasing A at constant St=1.0,
but for a particular value A=2.8, where afterward there is no change
in the LTNE. Based on the inlet pulsating velocity in Eq. (11), the larger
the pulsating A, the higher the flow deceleration becomes during the
flow pulsating reversal (phase angle=π to 2π). This leads to a better
communication between the phases and decreases the deviation
between θf and θs. In contrast, at constant A=1.0 the variation of the
LTNE against St has an opposite trend. It is gradually increased with in-
creasing St from 0.2 to 0.6. After this optimal St for the non-
equilibrium condition, the LTNE parameter has an asymptotic behavior,
where it remains unaffected by changing St. This is due to that increas-
ing St causes heat penetrating distance into the fluid phase and the

oscillation of this depth during a cycle to decrease. This decreases the
oscillating interaction and prevents convecting more thermal energy
between the phases. In general, for the selected range of ReD=130−
250, the oscillatory flows appear to have slight effect on the phase tem-
perature difference, e.g. much less significant effect than that in the
steady case. Also, the changing A and St throughout their wide chosen
ranges does not satisfy the LTE status in the porous channel.

5. Conclusion

The problem of forced convective steady and pulsatile flows over an
isothermally heated circular cylinder immersed in a horizontal porous
channel is investigated numerically using a spectral element method.
A Darcy–Brinkman–Forchheimer model is adopted to describe the

Fig. 8. Influence of porosity on: (left) the local temperature difference between both fluid and solid phases around a heated cylinder embedded in a porous medium, from top to
bottom ε=0.5,0.6,0.7,0.8 and 0.95, at ReD=100, and (right) the LTNE parameter, for different ReD, and at kr=100 and Bi=1.0.

Fig. 9. Variation of the LTNE parameter versus kr, Pr, Dcy/dp and ε, at three different, low, moderate and high, values of Biot number Bi=0.01,1.0 and 100, respectively, and at ReD=40.
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fluid flow behavior. The thermal behavior is described using a local
thermal non-equilibrium LTNE, two-phase, model. Numerical solutions
obtained over broad ranges of flow, thermal and structural conditions
are used to clarify circumstances under which the effect of the local
thermal non-equilibrium LTNE is important and the LTE assumption is,
therefore, not valid. The assessment is based on introducing an evalua-
tion parameter LTNE used in the literature. The favorable circumstances
for the LTE assumption to hold are identified. For the steady flow, it is
found that higher flow and fluid conditions, i.e. Reynolds and Prandtl
numbers, respectively, have the effect of limiting the validity ranges of
the LTE assumption. However, the circumstances of higher thermal
and structural properties of the porous medium used such as solid-
to-fluid thermal conductivity ratio, Biot number, cylinder-to-particle di-
ameter ratio and porosity are all found to have a positive impact to sat-
isfy the LTE condition. The most significant effective influence in
extending the LTE validity seems to be from Biot number, however,
the particle diameter appears to have the much less effect than other

parameters. It is concluded that the Biot number which represents
mainly the interstitial heat transfer coefficient is the main governor on
satisfying the LTE condition in porous media. Thus, this condition is
found to be justified at high Biot number, and it is impossible to be se-
cured at low Biot number, for the entire ranges of the pertinent param-
eters. In reality, this coefficient is a function of these fluid, flow and
medium parameters. Therefore, it can be generally said that satisfying
the LTE condition depends strongly on the circumstances of the above
parameters that bring higher values for the interstitial coefficient.
Moreover, it is also well established that higher Darcy number
representing the permeability of the porous medium and the effects of
macroscopic and microscopic frictional resistances has the effect of
extending the LTE, too. For the pulsatile flow, it is observed that the de-
gree of non-equilibrium decreases with increasing the pulsating flow
amplitude or decreasing the pulsating frequency parameter (Strouhal
number). However, the effect of oscillatory flow on the validity of the
LTE is much less significant than that of steady flow. Indeed, the LTE is

Fig. 10. Variation of the LTNE parameter versus kr, Pr, Dcy/dp and ε, at three different, low, moderate and high, values of Biot number Bi=0.01,1.0 and 100, respectively, and at ReD=250.

Fig. 11. Effect the dimensionless pulsating flow (left) amplitude A, and (right) frequency represented by Strouhal number St, on the variation of the LTNE parameter, at constant
values of thermal and structural properties of the porous medium used, and for different RD=130–250.
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shown to be totally not secured for the whole ranges of amplitude and
Strouhal number, at a particular selected range of Reynolds number.
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