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In this study, the effects of pore to throat size ratio on thermal dispersion of periodic porous media
consisting of inline array of rectangular rods are investigated, numerically. The continuity, momentum
and energy equations are solved for representative elementary volumes (REVs) of the porous media to
obtain microscopic velocities in the voids between the rods and temperature distribution for entire of the
REVs. Volume averaging method is employed to compute the macroscopic velocity and temperature
values. There are velocity and temperature deviations between the macroscopic and microscopic values.
These deviations are computed numerically and thermal dispersion coefficients of the porous media are
determined. The aim of this study is to analyze the effects of pore to throat size ratio on the longitudinal
and transverse thermal dispersion in the porous media. The study is performed for pore to throat size
ratios between 1.63 and 7.46, porosities from 0.7 to 0.9, and pore level Reynolds numbers between 1 and
100. It is found that in addition to the porosity and Reynolds number, the parameter of pore to throat size
ratio plays an important role on thermal dispersion in a porous medium. It is found that there is an
optimum value of pore to throat size ratio for maximum longitudinal thermal dispersion coefficient;
however, the transverse thermal dispersion increases with the increasing of values of pore to throat size
ratio.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

A fluid can flow through the open pores that exist in a solid
phase or between the solid particles. Flow in a porous medium is
complex due to the discontinuity in flow field. The pore-level
analysis of fluid flow and heat transfer for entire porous medium
to determine velocity, pressure and temperature distributions is a
difficult approach. To simplify the analysis, the macroscopic
approach based on volume averaging technique was developed [1].
In the macroscopic approach, a porous medium consisting of
different phases is considered as an imaginary continuum domain
and the macroscopic governing equations are employed to deter-
mine the macroscopic velocity, pressure and temperature distri-
butions for the entire porous medium. The macroscopic governing
equations can be obtained by applying the volume averaging
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technique on the corresponding microscopic governing equation.
As a consequence of application, some extra terms (involving co-
efficients such as permeability, interfacial convective heat transfer
coefficient and thermal dispersion coefficient) appear in the
macroscopicmomentum and energy equations. Thermal dispersion
term in the macroscopic energy equation indicates the non-
uniformities of the pore level velocity and temperature and as
well the effect of hydrodynamic mixing. The effect of thermal
dispersion on convection heat transfer in a porous medium be-
comes stronger as Reynolds number increases. Thermal dispersion
also depends on other parameters such as Prandtl number,
porosity, solid-to-fluid thermal conductivity ratio. Additionally, the
shape of particles strongly influences thermal dispersion [2].

Thermal dispersion coefficient can be calculated experimentally
or theoretically. The reported experimental studies on determina-
tion of thermal dispersion for packed beds filled with different
particles were extensively reviewed and classified in Ref. [3].
Recent developments in computational technology lead re-
searchers to determine thermal dispersion coefficient by using
numerical methods. For instance, Sahraoui and Kaviany [4]
considered two-dimensional periodic arrangement of cylinders
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and determined the longitudinal and transverse total thermal dif-
fusivities, including both molecular diffusion and dispersion co-
efficients, by considering slip and no-slip temperature boundary
conditions. It was shown that the ratio of total thermal diffusivity to
thermal conductivity of the fluid changes with the square of Peclet
number for inline arrangement while for the staggered arrange-
ment the ratio increases linearly with Peclet number. It was also
observed that for low Peclet numbers, the total thermal diffusivity
is almost equal to the stagnant thermal conductivity of the porous
medium and the thermal dispersion is negligible. Kuwahara et al.
[5] studied periodical square rods in inline arrangement to deter-
mine transverse thermal dispersion and tortuosity. Two correla-
tions for the determination of thermal dispersion, for high and low
Peclet numbers, in terms of porosity, Peclet number and fluid
thermal conductivity were suggested. Kuwahara and Nakayama [6]
considered the same porous structure to find the longitudinal
thermal dispersion and they found that the transverse thermal
dispersion is substantially lower than longitudinal one. Correla-
tions for the longitudinal thermal dispersion with porosity and
Peclet number were proposed for the considered porous structure.
Saada et al. [7] studied heat and fluid flow in porous mediawith the
square rods and plus-shaped rods in inline and staggered ar-
rangements. It was found that for the identical shape of rods, the
longitudinal thermal dispersion is higher for the inline arrange-
ment while the transverse one is higher for the staggered
arrangement. Pedras and de Lemos [8] studied a periodic infinite
porous medium consisting of elliptic rods. It was claimed that the
type of thermal boundary condition has negligible effect on the
longitudinal thermal dispersion value and only a slight effect on the
transverse thermal dispersion could be observed. Xu et al. [9]
studied periodic array of parallel plates and determined thermal
dispersion analytically. It was shown that thermal dispersion can be
influenced by the type of thermal conditions imposed on the me-
dium since the imposed heat source condition affects the temper-
ature non-uniformity in the channel. Alshare et al. [10] investigated
the change of thermal dispersion in an array of square rods with
inline arrangement by changing the representative elementary
volume (REV) aspect ratio. Both transverse and longitudinal ther-
mal dispersion conductivities were studied. It was found that the
thermal dispersion depends on both Peclet number and flow angle,
and the thermal dispersion coefficient in the flow direction is much
larger than the thermal dispersion in the transverse direction to the
flow. Jeong and Choi [11] investigated the longitudinal thermal
dispersion in 2-D arrays of uniformly distributed circular and
square cylinders, spheres and cubes by using lattice Boltzmann
method. It was indicated that the inline arrangement causes higher
longitudinal dispersion compared to the staggered arrangement
and the dispersion depends on the arrangement rather than the
shape of particles.
Fig. 1. Two periodic porous media in which the effect of pore to throat
As seen from the above literature review, many studies on the
determination of longitudinal and transverse thermal dispersion
coefficients were reported. The effects of various parameters such
as porosity, Reynolds and Prandtl numbers and fluid-to-solid
thermal conductivity ratio on the thermal dispersion coefficient
were investigated. However, to the best of our knowledge, no study
on the effect of pore to throat size ratio on thermal dispersion has
been reported. A porous medium can be described by different
geometrical indicators such as porosity, nominal pore size and pore
size distribution. Pore to throat size ratio is an important geomet-
rical indicator of a porous medium and widely used to specify the
structure of a porous medium. This indicator shows the degree of
heterogeneity of the pores. As can be seen from Fig. 1, there are
many types of porous media in which the effect of pore to throat
size ratio should be taken into account. The contraction and
expansion of fluid in a cell of metal foam (Fig. 1(a)) or cross cut pin
fin array (Fig.1(b)) for enhancing heat transfer are two examples for
which the effect of pore to throat size ratio on heat and fluid flow
should be taken into account. The effects of pore to throat size ratio
on the pressure drop through the porous media and permeability
are investigated prior to the present study [13]. The aim of the
present study is to investigate the effect of pore to throat size ratio
on the longitudinal and transverse thermal dispersion coefficients
of porous media consisting of array of rectangular rods in inline
arrangement, numerically. The velocity and temperature fields are
obtained for the REV of the porous media and then the longitudinal
and transverse thermal dispersion coefficients are calculated. The
study shows that the thermal dispersion coefficients of two porous
media with identical porosity, equivalent particle and hydraulic
pore diameters but different pore to throat size ratios can be
considerably different and the pore to throat size ratio plays an
important role on the dispersion of heat in porous media. Hence,
the involving of pore to throat size ratio as a structural indicator
will provide more general correlations for macroscopic transport
properties, which can be valid for various porous media.

2. The considered porous media and computational domain

The schematic of the considered porousmedia is shown in Fig. 2.
The porousmedia is an infinitemedia consisting of rectangular rods
in inline arrangement. Considering the periodicity of the porous
structure, representative elementary volumes with the dimensions
of H � H is chosen to investigate the pore to throat size ratio effect
on the thermal dispersion coefficients of the porous media. The
dimensions of REVs are constant for all studied cases in the present
study. The rectangular particles have dimensions of Dx and Dy along
x and y directions. The pore to throat size ratio is defined as b ¼ H/
(H � Dy). The pore to throat size ratio and porosity are changed
from 1.63 to 7.46 and from 0.7 to 0.9, respectively. For instance,
size ratio is significant, (a) Metal foam [12], (b) Cross Cut Pin Fins.



Fig. 2. The schematic view of the considered porous media.
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Table 1 displays the geometrical parameters of the REVs with
porosity of 0.7 for different values of b. As can be seen from the
table, REVs with pore to throat size ratios of 1.63 and 4.44 have the
same equivalent particle and pore hydraulic diameters when
3 ¼ 0.7. The fluid flowing through the porous media is air with
constant properties (density of 1.205 kg/m3 and viscosity of
18.21$10�6 kg/ms). The flow is laminar and macroscopically uni-
directional. The pore level Reynolds number (i.e. Re ¼ uH/n) is
changed between 1 and 100. The results are obtained for steady
flow with hydrodynamically and thermally periodical and fully-
developed conditions in REV. The present study is performed for
the ratio of thermal conductivities of 2.
3. The microscopic and macroscopic governing equations

The flow in the voids between the particles is assumed incom-
pressible and steady. The fluid is a Newtonian fluid with constant
thermophysical properties. The steady form of the continuity and
momentum equations (Eqs. (1)e(3)) are solved to determine the
velocity and pressure fields for the fluid flow in the voids between
the rods. After obtaining the velocity field in the porous media, the
energy equations for solid and fluid phases (Eqs. (4) and (5)) are
solved to obtain the temperature distributions in the REVs.

vu
vx

þ vv

vy
¼ 0 (1)

rf

�
u
vu
vx

þ v
vu
vy

�
¼ �dp

dx
þ m

 
v2u
vx2

þ v2u
vy2

!
(2)
Table 1
A sample of geometrical parameters of the investigated REVs.

b ¼ 1.63 b ¼ 2.21 b ¼ 3.04 b ¼ 4.44 b ¼ 7.46

A* 0.5 1 1.5 2 2.5
3 0.7 0.7 0.7 0.7 0.7
Dx/H 0.776 0.547 0.446 0.388 0.346
Dy/H 0.388 0.547 0.670 0.776 0.866
dh/H 1.207 1.276 1.250 1.207 1.155
dp/H 0.776 0.820 0.804 0.776 0.742
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¼ 0 (5)

where u and v are the velocity components along x and y directions,
and p is pressure. Tf and Ts represent the fluid and solid tempera-
tures, respectively.

The continuity, momentum and energy equations given by Eqs.
(1)e(5) are microscopic equations for the pore level analysis of the
porous media. The macroscopic equations for the fluid flow and
heat transfer can be derived from the microscopic equations by
using the volume averaging method [1]. The volume average of a
dependent quantity over a REV can be defined by Eqs. (6) and (7).
Eq. (6) shows the total volume average of a quantity fwhile Eq. (7)
is used to find the intrinsic volume averaged value of f for any of
phases in a porous medium.

〈f〉 ¼ 1
V

Z
V

f dV (6)

〈f〉x ¼ 1
Vx

Z
Vx

f dV (7)

where V is the total volume of the REV and Vx is the volume of the
considered phase in the REV. The variable f can be velocity or
temperature in the present study. The deviation of the microscopic
dependent quantity from the intrinsic macroscopic value is defined
by Eq. (8):

f0 ¼ f� 〈f〉f (8)

Taking volume integral of the energy equations (Eqs. (4) and (5))
and employing Eqs. (6)e(8) and finally rearranging the terms with
proper integration rules yield the macroscopic energy equations of
the fluid and solid phases [3]:
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The first terms on the right hand side of Eq. (9) and left hand
side of Eq. (10) are the thermal diffusion terms which represent the
diffusion heat transfer in the fluid and solid phases. Similarly, the
second terms relate to the thermal tortuosity [2,14]. The thermal
tortuosity term regards the change of the thermal diffusion path
due to the different thermal conductivities of solid and fluid [3]. The
third terms show the heat transfer between the solid phase and the
fluid flowing in the voids and these terms in Eqs. (9) and (10)
should be equal to each other. The last term in the macroscopic
energy equation of the fluid phase (Eq. (9)) is named as thermal
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dispersion. It is caused by the hydrodynamic mixing effects and the
non-uniformities of the pore level velocity and temperature fields
[3]. If the thermal equilibrium between two phases is valid, the
macroscopic energy equations can be combined into a single
macroscopic energy equation for the porous medium by setting
〈T〉 ¼ 〈T〉f ¼ 〈T〉s

�
rcp
�
f 〈 u
!〉$〈T〉 ¼ keV2〈T〉� V

 
1
V

Z
Asf

�
ks � kf ÞTdA

!

� �rcp�fV$�T0 u!0�
(11)

where ke is the equivalent (stagnant) thermal conductivity and can
be found by using Eq. (12).

ke ¼ ksð1� 3Þ þ kf 3 (12)

Both the thermal tortuosity and thermal dispersion terms can be
written in terms of diffusion heat transport. rf cpf h u!

0
T 0i term is

analogous with turbulent heat flux in turbulent convection heat
transfer, which accounts for the contributions from the mechanical
dispersion. Hence, the thermal dispersion term can be modelled by
a gradient-type diffusion hypothesis and written as below [14]:

�rf cpfV$
�
T 0 u!0� ¼ kdisV

2〈T〉 (13)

Thermal dispersion is a tensor quantity and has different com-
ponents depending on the dimension of heat transfer problem. For
a two dimensional heat transfer problem in porous media, the
dispersion heat flux components can be shown as below by using
thermal dispersion tensor:

"
q

00
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q
00
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#
¼
	
kdis;XX kdis;XY
kdis;YX kdis;YY


	�vT=vx
�vT=vy



(14)

where q
00
dis;x and q

00
dis;y are heat fluxes due to thermal dispersion in

the longitudinal and transverse directions. kdis,XX, kdis,XY, kdis,YX and
kdis,YY are the components of the thermal dispersion tensor in
different directions. For the present problem, the porous media
structure is periodical in x and y directions; hence, the values of
kdis,XY and kdis,YX are zero. However the components of kdis,XX and
kdis,YY exist and their values are different from each other. Eq. (11)
can be rewritten as below by using the thermal dispersion and
thermal tortuosity coefficients.

�
rcp
�
f 〈 u
!〉$〈T〉 ¼ keV2〈T〉þ ktorV2〈T〉þ kdisV

2〈T〉 (15)
Table 2
Boundary conditions imposed to the REVs for the determination of thermal dispersion c

Boundary For longitudin

At on the solidefluid interfaces Tf ¼ Ts, n
!

fs$ðk
At the fluid outlet boundary vu

vx ¼ v ¼ vT
vx ¼ 0

At the fluid inlet boundary u ¼ f(y), v ¼ 0
Tf ¼ g(y)

At the top and bottom boundaries v u!
vy ¼ vT

vy ¼ 0

At the solid boundaries of inlet and outlet rods Ts(x ¼ 0) ¼ Tr
Ts(x ¼ H) ¼ Tr

Notes:
Tref is the reference temperature value.
n!fs shows normal direction at the interface.
DT is the imposed macroscopic linear temperature difference.
f(y) is the velocity profile.
g(y) and h(y) are the temperature profiles.
Since the values of thermal conductivity of solid and fluid
phases are close to each other (ks/kf ¼ 2), the term of thermal
tortuosity can be neglected [15]. Then, the RHS of Eq. (15) can be
written as below by defining the effective thermal conductivity:

�
rcp
�
f 〈 u
!〉$〈T〉 ¼ keffV

2〈T〉 (16)

keff ¼ ke þ kdis (17)

To determine the thermal dispersion coefficients in the longi-
tudinal and transverse directions, the equality given in Eq. (13) can
be used with the assumption of linear temperature gradient in the
corresponding direction of the REV. Eqs. (18) and (19) can be
employed to find the thermal dispersion coefficients in x (longi-
tudinal) and y (transverse) directions.
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In order to determine the longitudinal and transverse thermal
dispersion coefficients by employing Eqs. (18) and (19) both the
microscopic and macroscopic velocity and temperature values
should be known. The boundary conditions for the microscopic
flow and energy equations (Eqs. (1)e(5)) for the REVs are shown in
Table 2. As seen from the table, no-slip temperature and continuous
heat flux boundary conditions are applied to the solidefluid
interface. At the fluid outlet boundary, no change of the velocity
and temperature gradients is set, which means no diffusive trans-
port exists at this boundary. At the fluid inlet boundary, a velocity
profile f(y) which fulfils the requirement of periodicity of flow is
provided for the velocity in main flow direction and the velocity
component in transverse direction is assumed zero.

For the computation of the longitudinal thermal dispersion
coefficient, no change of the velocity components and the tem-
perature in the y direction are chosen as boundary conditions for
the top and bottom boundaries. For the longitudinal thermal
dispersion, the temperature values at the solid boundaries of the
inlet and outlet of the REVs are set as Tref and Trefþ DT, respectively.
Here, Tref is a chosen reference temperature and DT is the imposed
macroscopic temperature difference value employed in Eq. (18). For
the fluid inlet boundary, a temperature profile g(y), which is ob-
tained by using an iterative procedure, is applied as temperature
boundary condition. For the transverse thermal dispersion
oefficients.

al thermal dispersion For transverse thermal dispersion

fVTf Þ ¼ n!fs$ðksVTsÞ

Tf ¼ h(y)
Tðy ¼ �H=2Þ ¼ Tref
Tðy ¼ H=2Þ ¼ Tref þ DT

ef

ef þ DT
Ts(x ¼ 0) ¼ Ts(x ¼ H) ¼ h(y)



Fig. 4. The comparison of the present results obtained for the longitudinal effective
thermal conductivity with the results of reported studies for (a) 3 ¼ 0.64 and ks/kf ¼ 2,
(b) 3 ¼ 0.64 and 0.5, ks/kf ¼ 1.
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coefficient, the desired macroscopic temperature difference should
exist in the transverse direction. That's why the uniform temper-
ature as Tref and Tref þ DT are applied to the bottom and top
boundaries, respectively, and a macroscopic temperature gradient
in the transverse direction is generated. For the solid boundaries at
the inlet and outlet of the REV and the fluid inlet boundary, a linear
temperature profile h(y) is set. The iterative procedure for finding
of g(y) and h(y) functions is explained in the next section.

4. Numerical procedure and computational details

The microscopic fluid flow and energy equations are solved for
the considered REVs, computationally. The grid independency
studies are performed with different grid sizes and the variation of
thermal dispersionwith number of grids were checked. A sample of
grid independency for porous media with b ¼ 7.46 and b ¼ 1.63
when Re ¼ 100 and 3 ¼ 0.9 is shown in Fig. 3. As can be seen, the
grid size of 500 � 250 for the half of the REV is appropriate. A
commercial code based on the finite volume method is used to
solve the governing equations (ANSYS 12). The power law scheme is
employed for the discretization of the convection terms in the
momentum and energy equations. SIMPLE method is used for
handling the pressureevelocity coupling. The residual convergence
criteria are set to 10�9 for fluid motion equations and 10�12 for
energy equation.

To provide periodic boundary conditions for the REVs and
determine f(y) and g(y) functions, iterative methods are used.
Firstly, the flow inlet and outlet boundaries are made periodical by
solving the continuity and momentum equations by using the ob-
tained outlet velocity profile as the inlet boundary condition for the
next iterative computation step. The procedure is terminated when
the velocity profiles at the inlet and outlet of the REVs become
identical. Additionally, the permeability value is found for each
iterative run and the convergence of the permeability to a constant
value is also checked. After obtaining periodical flow condition in
the REV, the energy equation is solved iteratively to provide
macroscopically linear temperature gradient along the desired
direction.

For the calculation of the longitudinal thermal dispersion, as it
was mentioned before, the temperature values at the solid
boundaries of the inlet and outlet of the REV are set as Tref and
Tref þ DT, respectively. In order to provide the same DT for the fluid
inlet and outlet boundaries, an iterative procedure is employed. A
uniform fluid temperature for the inlet boundary is selected and
the temperature profile at the outlet boundary is obtained. The
macroscopic temperature difference (DT) is subtracted from the
obtained outlet fluid temperature profile and then used as the inlet
Fig. 3. Two samples of grid independency study.
boundary condition. The procedure continues until the following
condition is satisfied:

TðH; yÞ � Tð0; yÞ ¼ DT (20)

The inlet temperature profile which satisfies Eq. (20) is shown
by g(y). The temperature profile of g(y) fulfils the macroscopic
Fig. 5. The comparison of the present results obtained for the transverse effective
thermal conductivity with the results of reported studies for 3 ¼ 0.75 and ks/kf ¼ 1.
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temperature periodicity of REV and additionally helps to create a
macroscopic linear temperature gradient along the flow
direction.

For the calculation of the transverse thermal dispersion, the
same periodic velocity distribution is used. As it was mentioned
before, the desired temperature difference should be in the
transverse direction. That is why; a constant and uniform tem-
perature are applied to the bottom and top boundaries (including
symmetry and solid boundaries) as Tref and Tref þ DT, respectively.
A linear temperature profile h(y), which changes from Tref to
Tref þ DT is provided to the inlet boundary including both solid and
fluid boundaries. The same profile is also set to the outlet solid
boundary. Hence, the macroscopically linear temperature gradient
(including fluid region) is generated along the transverse direction
of flow.
Fig. 6. The streamlines and dimensional temperature contours with long
5. Results and discussion

The validation of the present numerical study is performed by
the comparison of the obtained numerical results with the reported
results in the literature for porous media consisting of square rods
in inline arrangement. The comparisons of obtained effective
thermal conductivity ratio (keff/kf) in the longitudinal direction
with the reported results are shown in Fig. 4 for different values of
porosity and solid-to-fluid thermal conductivity ratios. Further-
more, the variation of the effective thermal conductivity ratio in the
transverse direction with Pe and its comparison with the available
studies in the literature are displayed in Fig. 5. The obtained results
of the present study are in good agreement with those values re-
ported in the literature for both longitudinal and transverse ther-
mal dispersion.
itudinal temperature gradient for porous media with porosity of 0.7.



Fig. 7. The distributions of ðu0T 0Þ* in the REVs for porous media with 3 ¼ 0.7.
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Fig. 8. The variation of the longitudinal thermal dispersion with b for different Re for
a) 3 ¼ 0.7, b) 3 ¼ 0.8, c) 3 ¼ 0.9.
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By solving the microscopic equations (Eqs. (1)e(5)) with using
the aforementioned boundary conditions, the pore-level velocity
and temperature distributions inside the REVs are obtained. In or-
der to use the same legend for the presented results, the dimen-
sionless temperature and velocity values are defined as:

T* ¼ T � Tmin

Tmax � Tmin
(21)

u* ¼ u
〈u〉

(22)

where Tmin and Tmax are the minimum and maximum temperature
values in the REVs. Additionally, a dimensionless value for u

0
T
0
is

defined in order to explain the variation of longitudinal thermal
dispersion with pore to throat size ratio.

ðu0T 0Þ* ¼ u0T 0

〈u〉DT
(23)

where DT is macroscopic temperature difference.
In Fig. 6, the streamlines and temperature contours in REVs with

porosity of 0.7, pore to throat size ratios of 1.63, 3.04 and 7.46 are
presented for Reynolds numbers of 1 and 100. As it was mentioned
before, the temperature contours show the distribution of dimen-
sionless temperature (i.e., T*) in the REVs. Fig. 6(a) shows the
streamlines and dimensionless temperature distributions for the
pore to throat size ratio of 1.63, porosity of 0.7 and Re¼ 1. As can be
seen from the streamline patterns, the main flow along the REV
goes straight like a channel flow since the particles (i.e. rods) are
almost flat in flow direction. A small flow penetration to the gaps
between the rods can be observed. There are secondary flows in the
upper and lower gaps between particles. Temperature almost lin-
early drops from the left to the right side of the REV. Fig. 6(b)
presents the streamlines and dimensionless temperature contours
for the same REVwhen Re¼ 100. The streamlines in the REV do not
change very much, however a strong convection effect in the flow
direction can be observed from the isotherms. The streamlines and
dimensionless temperature distribution in the porous medium
with the same porosity but pore to throat size ratio of 3.04 when
Re¼ 1 are shown in Fig. 6(c). Themain flow penetrates to the upper
and lower gaps and compresses the secondary flows in the gaps.
The dimensionless temperature distributions in Fig. 6(a) and (c) are
similar; however, the linearity of the temperature distributions in
the flow direction can be observed more clearly in Fig. 6(c). By
increasing Re from 1 to 100 for the REV shown in Fig. 6(c), the
streamlines and dimensionless temperature distribution consider-
ably change as can be seen from Fig. 6(d). The main flow resembles
the channel flow and the secondary flows cover the entire gaps.
Similar to Fig. 6(b), a strong convection effect can be seen in the
centre of the REV due to high value of Re. Furthermore, the collision
of the main flow onto the vertical walls of the particles at the right
side of the REV causes the entrance of cold fluid to the gaps be-
tween the particles and decreases the temperature inside the gaps.
The streamlines and dimensionless temperature contour in the REV
with b ¼ 7.46 for the flow with Re ¼ 1 are shown in Fig. 6(e). The
penetration of the main flow into the upper and lower gaps be-
comes stronger, the shapes of the secondary flows are distorted and
the centres of the secondary flows move nearer to the inlet section.
The linear temperature gradient along the longitudinal direction is
obvious from the temperature distribution. The streamlines and
temperature contours are presented in Fig. 6(f) for Re ¼ 100 of the
same REV. Because of high Re flow, the main flow has nearly
straight streamlines through the REV. Similar to the flow in
Fig. 6(d), the collision of the main flow to the solid particles at the
outlet of the REV causes the entrance of fluid particles to the upper
and lower gaps. The cooling effect in the gaps is more obvious in the
temperature contour of Fig. 6(f). For the all presented figures, the
linearity of temperature gradient is observed more clearly for low
Re because of the low velocities and convection effect. Thermal
dispersion is resulted due to fluctuations between actual temper-
ature and velocity and averaged ones in pores of porous media. As
can be seen from Fig. 6, the aforementioned fluctuations of tem-
perature is very low for Re ¼ 1 and furthermore the magnitude of
velocity fluctuations is also small because of low velocity values.
Hence a negligible thermal dispersion can be expected for the flows
with low pore level Reynolds numbers. As the value of Re increases,
the temperature non-uniformities in the REVs increase and
consequently the temperature fluctuations also increase. The
magnitudes of the velocity fluctuations increase due to the increase
of pore level velocity. That's why the increase of longitudinal
thermal dispersion with Reynolds number can be expected.

The change of thermal dispersion with pore to throat size ratio
and Reynolds number can be understood better by examining the
distribution of dimensionless u

0
T
0
values in the REVs. The change of

ðu0T 0Þ* in the REVs with pore to throat size ratios of 1.63, 3.04 and
7.46 and for Re ¼ 1 and 100 when 3 ¼ 0.7 are shown in Fig. 7. By
considering the legend of Re ¼ 1, it can be easily seen that the value
of ðu0T 0Þ* is small for b ¼ 1.63 and 3.04 since the most of area is



Fig. 9. The dimensional temperature contours in porous media with 3 ¼ 0.7 when transverse temperature gradient exists.
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Fig. 10. The variation of the transverse thermal dispersion with Re and b for a) 3 ¼ 0.7,
b) 3 ¼ 0.8, c) 3 ¼ 0.9.
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green (in the web version) representing the small values of ðu0T 0Þ*.
As it was mentioned before, the change of temperature can be seen
only in x direction and the magnitude of u � 〈u〉 is very small since
the velocities are small. That's why thermal dispersion is too low.
For b ¼ 7.46, a high distribution value of ðu0T 0Þ* , which is negative,
exits at the inlet however it compensates with positive values of
ðu0T 0Þ* at the outlet. That's why the rate of ðu0T 0Þ* even for b¼ 7.46 is
very small. If the legend of the Re¼ 100 in Fig. 7 is considered, it can
be seen that the values of fluctuations considerably increase. In
Fig. 7(b) the values of ðu0T 0Þ* in almost entire fluid region are very
small, but the values are considerably greater than the ones in
Fig. 7(a) inwhich Re ¼ 1. By increasing of pore to throat size ratio to
3.04, the green area (in the web version) in the middle region of
fluid considerably enlarges which causes the increase of ðu0T 0Þ*
value in total. In Fig. 7(f), a proper mixing of fluid (except in the
narrow centre of fluid) can be seen. Heat transfer exchange be-
tween solid and fluid phases is high. The value of ðu0T 0Þ* in the solid
decreases when it is compared with Fig. 7(d). That's why a decrease
of thermal dispersion in x direction is expected.

The change of the ratio of the longitudinal thermal dispersion
coefficient to the fluid thermal conductivity with the pore to throat
size ratio for different Reynolds numbers and for porosities of 0.7,
0.8 and 0.9 are shown in Fig. 8. As expected, the longitudinal
thermal dispersion coefficient is very small for Re � 10, hence the
thermal dispersion is negligible for the flows with Re � 10. For
higher Re, the dispersion effect along the longitudinal direction
becomes stronger due to the increase of the convective heat
transfer. It is observed that for the considered porosities in this
study, the longitudinal thermal dispersion coefficient increases
with pore to throat size ratio for the range of 1.63 � b � 3.04 and
then further increase of b reduces kdis,XX. By the increase of b from
1.63 to 3.04, the longitudinal thermal dispersion increases almost
43%, however, by further increasing of b to 7.46 the thermal
dispersion decreases 29%. The maximum value of the longitudinal
thermal dispersion is observed for the REVs with b ¼ 3.04. Hence,
there is an optimum value of pore to throat size ratio for which the
longitudinal thermal dispersion becomes maximum. The largest or
narrowest throats have the lowest values of the longitudinal ther-
mal dispersion coefficient. Fig. 8 also shows that, the value of the
longitudinal thermal dispersion increases with the increase of
porosity.

In order to determine thermal dispersion in the transverse
direction, the macroscopic temperature gradient is applied in y-
direction. The obtained dimensionless temperature contours for
the REVs with porosity of 0.7, b ¼ 1.63, 3.04 and 7.46, and for
Re ¼ 1 and 100 are presented in Fig. 9. The same flow conditions
are employed for the computation of the transverse thermal
dispersion coefficient; hence, the streamlines for these flows are
the samewith the ones that shown in Fig. 6. For the flowswith low
Reynolds number (Fig. 9(a), (c) and (e)) the macroscopically linear
temperature gradient is not much disturbed by the flow since the
convection effect in transverse direction is weak. For Re¼ 100 and
pore to throat size ratio of 1.63 (Fig. 9(b)) the temperature dis-
tribution in the REV is similar to the REVs with Re¼ 1. The areas of
the gaps between particles in the upper and lower parts are small
and there is no strong flow in the transverse direction. That's why;
in spite of high Reynolds number, a linear temperature gradient in
y direction is observed. For Re ¼ 100, as the pore to throat size
ratio increases, the main flow collides the walls of the solid par-
ticles at the right side of the REV and enters to the upper and
lower gaps. Because of the mixing of main and secondary flows,
the temperature distribution in the upper and lower gaps changes
(Fig. 9(d)) and the linear temperature in y direction is disturbed.
That's why the exception of the increase of thermal dispersion
exists.
The variation of ratio of transverse thermal dispersion coeffi-
cient to the thermal conductivity of fluid with Reynolds number is
shown in Fig. 10 for different values of pore to throat size ratio and
porosities of 0.7, 0.8 and 0.9. The transverse thermal dispersion is
computed by using Eq. (19) for the REVs in which a temperature
gradient in the transverse direction is created. If Figs. 8 and 10 are
compared, it is observed that the transverse thermal dispersion
coefficient values are much smaller than the longitudinal thermal
dispersion coefficients for the inline arrangement of rectangular
rods. As expected, the transverse thermal dispersion increases with
the increase of Reynolds number, however the rate of increase
depends on the pore to throat size ratio. For low pore to throat size
ratios (i.e., b ¼ 1.63), the change of transverse thermal dispersion
coefficient with Re is negligible. For high values of b, the transverse
thermal dispersion considerably changes with Re. For instance, for
Re ¼ 100, the increase of b from 1.63 to 3.04 causes the enhance-
ment of the thermal dispersion by approximately 34%. Further
increasing of b to 7.46 increases the thermal dispersion value by
114%.

Most of the correlations suggested for the determination of
thermal dispersion coefficient are expressed in terms of Reynolds
and Prandtl numbers, porosity and solid-to-fluid thermal conduc-
tivity ratio as discussed in Ref. [3]. The present study shows that the
thermal dispersion of two porous media having the same porosity,
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hydraulic diameter (or equivalent particle diameter) for the iden-
tical working fluid and flow conditions may be considerably
different. As can be seen from Table 1, two porous media with
different pore to throat size ratios (b¼ 1.63 and 4.44) have the same
pore hydraulic and equivalent particle diameters and the same
porosity. The thermal dispersion coefficients of these porous media
are considerably different. For Re ¼ 100 (and 3 ¼ 0.7), the longi-
tudinal and transverse values of kdis/kf of the porous medium with
b ¼ 1.63 are 97.62 and 1.22$10�3, respectively, while for the porous
medium with b ¼ 4.44, these values are 128.15 and 0.633. Hence,
the pore to throat size ratio plays an important role on the mech-
anism of thermal dispersion and it should be considered in the
suggested correlations in order to prevent difficulties of correla-
tions and achieve a relationship that is valid for various porous
media.

6. Conclusion

The effects of pore to throat size ratio on the thermal dispersion
coefficients in the longitudinal and transverse directions are
investigated for the porous media consisting of long rectangular
rods in inline arrangement, numerically. The following remarks can
be concluded for the studied porous media in which the particles
have inline arrangement:

� The longitudinal thermal dispersion coefficient is much higher
than the transverse thermal dispersion coefficient.

� Both the longitudinal and transverse thermal dispersion co-
efficients are ignorable for low values of Reynolds numbers
(Re � 10); however, for flows with Re > 10, as the convective
heat transfer becomes stronger and the thermal dispersion co-
efficient increases with Re.

� The collision of the fluid particles to thewalls of solid particles at
the outlet of the REVs and the entrance of fluid into the gaps
increases longitudinal thermal dispersion for the pore to throat
size ratios between 1.63 and 3.04. However, further penetration
of the fluid into the gaps and the increase of mixing effect
reduce the longitudinal thermal dispersion. Hence, there is an
optimum value of pore to throat size ratio for maximum longi-
tudinal thermal dispersion in the longitudinal direction.

� The transverse thermal dispersion coefficient increases with
Reynolds number, however the rate of increase depends on the
pore to throat size ratio. For low values of pore to throat size
ratio, the change of transverse thermal dispersion with Re is
negligible.

� Both the longitudinal and transverse thermal dispersion co-
efficients increase with increase of porosity for the studied
range of geometrical parameters.

� The value of thermal dispersion considerably changes with the
pore to throat size ratio of porous media, hence in addition to
porosity, solid to fluid thermal conductivity ratio, shape and
arrangement of particles, Reynolds and Prandtl numbers, the
pore to throat size ratio should be taken into account to predict
the value of thermal dispersion for a porous medium.

The study should be expanded to different particle arrange-
ments and pore configurations to provide a general idea on the
effect of the pore to throat size ratio on the thermal dispersion.
Further studies should be performed for higher thermal conduc-
tivity ratios and additionally the effect of thermal conductivity ratio
on the thermal dispersion coefficients should be investigated.
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