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Numerical simulations have been carried out to investigate the turbulent heat transfer enhancement in
the pipe filled with porous media. Two-dimensional axisymmetric numerical simulations using the k–e
turbulent model is used to calculate the fluid flow and heat transfer characteristics in a pipe filled with
porous media. The parameters studied include the Reynolds number (Re = 5000–15,000), the Darcy num-
ber (Da = 10�1–10�6), and the porous radius ratio (e = 0.0–1.0). The numerical results show that the flow
field can be adjusted and the thickness of boundary layer can be decreased by the inserted porous med-
ium so that the heat transfer can be enhanced in the pipe. The local distributions of the Nusselt number
along the flow direction increase with the increase of the Reynolds number and thickness of the porous
layer, but increase with the decreasing Darcy number. For a porous radius ratio less than about 0.6, the
effect of the Darcy number on the pressure drop is not that significant. The optimum porous radius ratio
is around 0.8 for the range of the parameters investigated, which can be used to enhance heat transfer in
heat exchangers.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The heat transfer and transport phenomena in the porous media
are important processes in many engineering applications, e.g.,
heat exchanger, pack-sphere bed, electronic cooling, chemical cat-
alytic reactors, heat pipe technology, etc. The objective of thermal
management is to ensure that the temperature of each component
in an electronic system remains within specified operating limits
[1,2], or to ensure the enhancement of forced convection heat
transfer in many engineering applications, such as nuclear cooling,
heat exchangers, and solar collectors [3,4]. This kind of technical is-
sue was often encountered by the designers of electronic equip-
ments and thermal energy systems, such as compact heat
exchangers, heat pipes, electronic cooling, and solar collectors.
The conventional air-handling cooling technology is insufficient
in such cases therefore a more effective cooling method is required.
Webb [5] reviewed and discussed different techniques used for
heat transfer enhancement for single and multiphase flows such
as vortex generator and mixers. On the other hand, porous media
have large contact surface with fluids, which enhance the heat
transfer performance. The porous medium not only changes the
condition of flow field which gives a thinner boundary layer, but
also its heat conduction coefficient which is generally higher than
the fluid under investigation. Hence, the introduction of porous
ll rights reserved.
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medium into a fluid channel efficiently improves the heat transfer
performance of fluid channels. The investigation of Lauriat and
Ghafir [6] using porous medium to enhance the rate of heat and
mass transfer in energy systems shows that the values of Nusselt
number are approximately 50% higher than the values predicted
for laminar flows in a channel without porous materials. Moreover,
it demonstrates that the convective heat transfer coefficient is
higher for systems filled with porous material than the systems
without porous material due to the higher thermal conductivity
of the porous matrix compared with the lower thermal conductiv-
ity of the fluid, especially for gaseous flows. The effect of fluid and
thermal transport in a two-dimensional channel which contains a
heated block or multiple heated blocks was studied by Young and
Vafai [7,8]. Their numerical results indicated that smaller, more
widely spaced blocks were associated with better heat transfer
performance. Narrow gaps between blocks were found to allow
upstream thermal transport. The enhancement of heat transfer
performance using porous media with large contact surface with
fluids was studied by several researchers, Refs. [9–11]. Recently,
many studies have focused on the interfacial problem of the
fluid-porous media composite system, e.g., Beavers and Joseph
[12]. The interfacial problems between the fluid-porous media
are very complex. Vafai and Thiyagaraja [13] considered the
interface between porous media and external fluid field, the inter-
face between porous media and a solid boundary. Vafai and Kim
[14] derived an exact solution which was studied by Beavers and
Joseph [12]. In addition, Vafai and Kim [15] also found that the
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Nomenclature

C specific heat
Ce effective specific heat
C1, C2 turbulent constant
Da Darcy number
Dh hydraulic diameter
e ratio of the porous medium radius to the pipe radius
F inertia coefficient
G production of turbulence energy
Gr Grashof number
I turbulence intensity
K Permeability
k thermal conductivity
ke effective conductivity of porous material
k turbulent kinetic energy
L length of the porous medium
Li distance from pipe inlet to porous matrix
Lo distance from porous matrix to pipe outlet
Nu local Nusselt number
p pressure
Pe Peclet number
Pr Prandtl number
qw heat flux of the heated wall
R dimensionless radius, r/r0

Re Reynolds number based on the radius of pipe, qfuinr0/lf

r radial coordinate
r0 outer radius of the cylinder
rp porous matrix radius
T temperature
U dimensionless velocity in the z- direction, u/uin

u, v velocity in the z- and r-direction
z axial coordinate
Z dimensionless axial coordinate, z/r0

Greek symbols
e dissipation rate of turbulent energy
l viscosity of fluid
h dimensionless temperature, h ¼ T�Tin

Tw�Tin
or h ¼ T�Tin

ðqwr0Þ=kf
q density
l‘, lt, le laminar, turbulent and effective viscosity
rk, re, rT k–e turbulence model constant for k, e and T

Subscripts
e effective
f fluid
in at the channel inlet
m bulk
p porous medium
w wall
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enhancement of thermal performance of the porous media mainly
depends on the ratio of the effective thermal conductivity of the
porous media to fluid thermal conductivity. The heat transfer of
a flat plate mounted with porous block array was presented by
Huang and Vafai [16]. They found that the porous block array sig-
nificantly reduced the heat transfer rate on the flat plate. On the
contrary, different trends were presented by Hadim [17]. Huang
and Vafai [18] considered a forced convection problem in an iso-
thermal parallel-plate channel with porous block using a vorticity
stream function formulation. They identified that significant heat
transfer augmentation can be achieved through the use of multiple
emplaced porous blocks. A numerical study of effects of a random
porosity model on heat transfer performance of porous media was
demonstrated by Fu et al. [19]. The experimental and numerical
study of Pavel and Mohamad [20] on heat transfer enhancement
for gas heat exchangers fitted with porous media leads to the con-
clusion that higher heat transfer rate can be achieved using porous
inserts at the expense of a reasonable pressure drop. The studies
cited herein provide insights into the transfer of heat by porous
metallic materials. The results of these investigations reveal that
a porous material can be used as an extremely effective heat sink.
The numerical investigation of Yucel and Guven [21] on convection
cooling enhancement of heated elements in a parallel-plate chan-
nels using porous inserts shows that heat transfer can be enhanced
by using high-thermal-conductivity porous inserts and the pres-
sure drop increases rapidly along the channel with an increase of
the Reynolds number by the insertion of heated elements and por-
ous matrix. Recently, porous materials are employed to promote
heat transfer in a channel, and this has received considerable
attention and was the focus of several investigations.

In this section, several studies on heat exchangers, heat pipes,
and collectors electronic cooling conducted during recent decades
are reviewed. Al-Nimr and Alkam [22] studied unsteady non-Dar-
cian forced convection analysis in an annular tube partially filled
with a porous material. Chikh et al. [23] investigated analytical
solution of non-Darcian forced convection in an annular duct
partially filled with a porous medium. Vafai and Kim [24] theoret-
ically investigated fluid mechanics of interface region between a
porous medium and fluid layer. Poulikakos and Kazmierczak [25]
studied forced convection in a duct partially filled with a porous
material. Their investigation indicated that the porous medium
inserting into annular tube enhance effectively rate of heat trans-
fer. Recently, Al-Nimr and Alkam’s [26,27] research on the problem
of forced convection in composite fluid and porous layers indicated
that the unsteadiness in the fluid flow is caused either by a sudden
change in the imposed pressure gradient or (and) by a sudden
change in the velocity of the channel boundaries. Beavers and
Joseph [28] first studied the fluid mechanics at the interface be-
tween a fluid layer and a porous medium over a flat plate. Their re-
sult indicated that a slip-flow boundary condition with one
experimentally determined parameter is inconsistent with the
experimentally data, and it seems to depend on material parame-
ters, other than the permeability, and in particular on structural
parameters characterizing the nature of the porous surface. Pouli-
kakos and Kazmierczak [25] analyzed forced convection in parallel
plat ducts and in circular pipes partially filled with porous materi-
als for constant wall heat flux. The same group extended the work
presented to numerical results computed for constant wall tem-
perature but for completely filled ducts [29]. Jang and Chen [30]
studied numerically using the Darcy–Brinkman–Forchheimer
model for the problem of forced convection in channels partially
filled with porous media. Their results indicated that the Nusselt
number strongly depends on the open space thickness ratio, and
a critical value of the porous layer thickness exists at which the
Nusselt reaches a minimum. In addition, it is founded that thermal
dispersion effect is only significant for small value of open space
thickness ratio. Rudraiah [31] investigated the same problem using
the Darcy–Brinkman model. Chikh et al. [32] investigated numeri-
cally using the Darcy–Brinkman–Forchheimer to model the prob-
lem of forced convection in an annular duct partially filled with a
porous medium. Chen and Vafai [33] studied free surface momen-
tum and heat transfer in porous domain using a finite difference
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scheme. The limitation of the Darcy–Brinkman–Forchheimer mod-
el in porous media and at the interface between the clear fluid and
porous region was discussed by Nield [34]. Alkam and Al-Nimr [35]
investigated numerically the transient response of circular and
annular channels partially filled with porous materials under
forced convection conditions. Results of these investigations reveal
that porous inserts in an annular duct can increase the heat trans-
fer rate of forced convection. Sung et al. [36] numerically studied
forced convection from an isolated heat source in a channel with
porous medium. The results illustrated that as the thickness of por-
ous substrate increases or the Darcy number decreases, the fluid
flow rate increases. Also, as thermal conductivity ratio increases
for a fixed Darcy number, the heat transfer rates are augmented.
Zhang et al. [37] numerically investigated the enhancement of heat
transfer using porous convection-to-radiation converter for lami-
nar flow in a circular duct. Their report indicated the insertion of
a porous core in a circular duct not only increases the convective
heat transfer, but also enhances the heat transport by radiation. Al-
kam et al. [38] studied numerically the enhancement of heat trans-
fer in parallel-plate channels by using porous inserts. They found
that heat transfer can be enhanced by using high-thermal-conduc-
tivity inserts, decreasing the Darcy number, and increasing the
microscopic inertial coefficient. Ould-Amer et al. [39] studied
forced convection cooling enhancement by the use of porous mate-
rials. The results showed that the insertion of a porous material be-
tween the blocks may enhance the heat transfer rate on the vertical
side of the blocks. Tzeng [40] experimentally and numerically
examined the forced convection heat transfer in a rectangular
channel filled with sintered bronze beads and periodically spaced
heat blocks. The result indicated that such arrangement can be
used to improve the cooling performance of heated blocks, where
the blocks are used to simulate heated electronic components, by
sintered metallic porous media. Recently, Mohamad [41] numeri-
cally investigated the heat transfer enhancement in heat exchang-
ers fitted with porous media. He found that partially filling the
conduit with porous medium has two advantages. It enhances
the rate of heat transfer, and the pressure drop is much less than
that for a conduit fully filled with a porous medium. During these
years, some investigations were performed with the local thermal
non-equilibrium theory. Angirasa [42] numerically studied forced
convective heat transfer in metallic fibrous materials. The numer-
ical results showed that the heat transfer rate increases with the
increasing Reynolds number within a range 5000 6 Re 6 25,000,
but is insignificant beyond that range. The heat transfer rate also
increases with stagnant thermal conductivity, and decreases with
the Darcy number. The fiber thickness was found to have signifi-
cant influence on thermal dispersion. Tzeng [43] experimentally
examined spatial thermal regulation of aluminum foam heat sink
using a sintered porous conductive pipe. The experimental results
indicated that the conductive pipe in an aluminum foam heat sink
was very effective in spatial thermal regulation, especially in a
mode with lateral arc gaps, which were approximately along the
stream-wise axis and beside the conductive pipe. Tzeng et al.
[44] experimental studied the forced convection in asymmetrically
heated sintered porous channels with or without periodic baffles.
Their data indicated that the wall temperatures measured at the
Fig. 1. Schematic diagram of numerical
baffle attached to the heated wall were slightly lower than those
nearby, especially at high Reynolds numbers. Jiang and Ren [45]
numerically investigated the forced convection heat transfer in
porous media using a thermal non-equilibrium model. Their re-
sults showed that the convection heat transfer in porous media
can be predicted numerically using the thermal non-equilibrium
model with the ideal constant wall heat flux boundary condition.
Alazmi and Vafai [46] numerically studied constant wall heat flux
boundary conditions in porous media under local thermal non-
equilibrium conditions. It is evident that using different boundary
conditions may lead to substantially different results.

The macroscopic modeling of turbulent flows passing through
porous media concerns many practical applications such as nuclear
reactors, heat exchangers or canopy flows. Limited data exists for
the case of the turbulent heat transfer and fluid flow characteristics
through a porous medium especially using numerical simulations.
The main objective of this work is to analyze turbulent heat transfer
enhancement that can be achievable and pressure drop due to fully
or partially filling a pipe with porous medium. First, the numerical
results of laminar flow case were compared to the available data of
Mohamad [41] in order to determine the accuracy of the model. The
numerical model was then extended to modify the turbulent flow
to get a better simulate of a matrix heat exchanger.

2. Mathematical formulation

The schematic diagram of the physical model and the boundary
conditions used in this study are shown in Fig. 1. It involves air
flowing through a pipe fully or partially filled with porous layer
at the core of the conduit for a constant wall temperature and a
constant heat flux boundary. The air enters the pipe at a uniform
temperature Tin and a uniform velocity uin. The thermophysical
properties of the fluid and the porous matrix are assumed to be
constant, and the porous medium is considered homogeneous
(the channel effect near the wall is neglected because the porous
medium is sintered bronze beads), isotropic, and non-deformable.
In modeling the energy transport, it is assumed that the local equi-
librium exists between solid and fluid phases. The thermal equilib-
rium assumption is valid as far as there is no heat released in the
fluid or solid phase. Therefore, the energy equation for the porous
medium and the fluid phases based on the local thermal equilib-
rium is used. Considering the laminar fluid flow due to the resis-
tance of porous medium, the back diffusion can be prevented for
low Re values in the energy equation by having longer distance
from inlet to porous material. Although a single volume averaged
energy equation could have yielded similar results at much lower
computational time, the k–e turbulence model associated with
the wall function was used in the numerical calculation for the tur-
bulent flow which highlights the complexity and importance of
flow field and temperature field in the vicinity of heated walls.
The quantity k/e provides a natural time scale for the k–e equations
and corresponds physically to a large-scale eddy lifetime, which
goes to zero at a wall. This means that the solution can evolve
quickly in the near-wall zone and hence should converge rapidly,
subsequently responding passively to changes in the rest of the
flow. However, the k–e equations have the potential for generating
domain with boundary conditions.
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rapid changes, a property known as stiffness, which requires con-
siderable care in order to avoid numerical instability. In this study,
the non-Darcy model is used to demonstrate the flow behavior in-
side the porous region. Mathematical formulation of the present
problem is based on two-dimensional axisymmetric, steady, turbu-
lent, and incompressible flow with constant properties and negligi-
ble buoyancy effects, Gr/Re2� 1. The governing equations to be
considered are the time-averaged continuity, momentum, and en-
ergy equations. Hence, the governing equations for the fluid region
can be written as:
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Turbulent kinetic energy equation
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Dissipation rate of turbulent kinetic energy
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Energy equation
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And for the porous medium region the governing equations can be
written as:

Continuity equation
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where K is the permeability, F is the inertial coefficient, ke is the
effective conductivity which depends on both the geometry of the
porous medium and the conductivity of the solid. Notably, the
Tzeng [40] previously published paper indicated that the relevant
empirical coefficients in the present numerical model, such as K,
F, and ke, generally do not have universal values. This is because that
these empirical coefficients mainly depend on the geometry of the
porous medium, the thermal properties of the solid material and
fluid, and the flow rate. Additionally, according to the results of
Fu and Huang [19], the local Nusselt number distribution of the ran-
dom porosity model exhibits higher similarity to those of the con-
stant porosity model than those of the variable porosity model.
Therefore, a constant porosity value was used in this numerical
simulation.

Boundary conditions are specified as follows:

(1) Inlet boundary conditions:
u ¼ uin; v ¼ 0; k ¼ kin ¼ Iu2
in; e ¼ ein

k3=2
in

kDh
; T ¼ Tin;

where I is the turbulence intensity, k is the length scale constant
and Dh is the hydraulic diameter.

(2) The adiabatic wall boundary conditions:

The no-slip boundary condition and no-penetration at the wall
boundary condition are defined for the numerical model.

u ¼ 0; v ¼ 0;
@T
@r
¼ 0:

(3) Both the constant wall temperature and constant heat flux
boundary conditions are applied on the surface of the heated
wall.

u = 0, v = 0, T = Tw for the constant wall temperature boundary
condition,

u = 0, v = 0, �k @T
@r ¼ qw for the constant heat flux boundary

condition.

(4) Interfacial boundary conditions:

At the porous/fluid interface, the following quantities evaluated
in both the porous and fluid regions are matched.

uf ¼ up; v f ¼ vp; pf ¼ pp;

@uf

@z
¼ @up

@z
;
@v f

@z
¼ @vp

@z
;

Tf = Tp, kf
@Tf

@z
¼ k�s

@Tp

@z
, where k�s is the effective conductivity of the

solid and depends on both the geometry of the porous medium
and the conductivity of the solid, which was given by Tzeng [40].

And k = e = 0
The above conditions express the non-slip condition, the conti-

nuity of velocities, pressure, stresses, temperature, and the heat
flux.
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(5) Exit boundary conditions:
ig. 2. Grid independent test of velocity profiles for e = 0.1, and Da = 10�6. (a)
e = 102, (b) Re = 104.
P ¼ Patm;
@k
@z
¼ @e
@z
¼ @T
@z
¼ 0:

The outlet boundary is located far enough downstream for condi-
tions to be fully developed.

3. Calculation and validations

In this study, the computational domain was chosen to be larger
than the physical domain to eliminate the entrance and exit effect
and to satisfy the continuity condition at the exit. The numerical
computations were carried out by solving the governing conserva-
tion equations with the boundary conditions. A non-uniform grid
system with a large concentration of nodes in regions of steep gra-
dients was employed. The numerical method used in the present
study is based on the SIMPLE algorithm of Patankar [47]. This is
an iterative solution procedure where the computation is begun
by guessing the pressure field. The momentum equation is solved
to determine the velocity components. Even though the continuity
equation does not contain any pressure, it can be transformed eas-
ily into a pressure correction equation. The conservation equations
are discretized by a control volume based finite difference method
with a power-law scheme. The set of difference equations are
solved iteratively using a line by line solution method in conjunc-
tion with a tridiagonal matrix form. The solution is considered to
be converged when the normalized residual of the algebraic equa-
tion is less than a prescribed value of 10�4.

The local Nusselt number (Nu) of a constant wall temperature
and a constant heat flux on the pipe wall were defined as:

Nu ¼
2 @h

@R

	 

jw

hw � hm
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Tw � Tin
; hm ¼

R 1
0 UhRdRR 1
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for the constant wall temperature boundary condition; ð11Þ
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¼ 1

hw � hm
; h ¼ T � Tin

ðqwr0Þ=kf

for the constant heat flux boundary condition; ð12Þ

where qw is the heat flux of the heated wall, the typical case with
sample L = 50 mm, Li = 270 mm, L0 = 810 mm, r0 = 13.5 mm,
Re = 104, e = 0.1, Da = 10�6 was used for grid test. A comparison of
laminar numerical predictions with the available data in the litera-
ture was used to assess the grid independence of the results as
shown in Fig. 2a. Different size meshes, 10 � 160, 15 � 170,
20 � 160 and 24 � 175 in r- and z-directions, respectively, were
employed in testing the numerical model. It has been validated
for laminar flow using numerical data reported in Mohamad [41],
and a good agreement has been found. In this study, the grid inde-
pendent test for the turbulent flow is also presented in Fig. 2b.
Based on the grid independent tests of the velocity profiles as
shown in Fig. 2a and b, the mesh size of 20 � 160 were used for
all computations. In addition, the predicated Nusselt number results
from grid independent simulations indicate that Nu = 23.28, 25.85,
27.15 and 27.16 for the grid 10 � 160, 15 � 170, 20 � 160 and
24 � 175. The middle mesh size of 20 � 160 was used because the
Nusselt number differences were less than 0.04%. Therefore, it sup-
ports the grid independent test by using the velocity profiles.

4. Results and discussion

The numerical algorithm and computer program were carefully
evaluated by comparing model prediction with available laminar
pipe flow fully or partially filled with porous medium. After the
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validation of the numerical calculations, steady turbulent flow in a
pipe fully or partially filled with porous medium was considered
numerically for a constant wall temperature and a constant heat
flux boundary conditions. The relevant parameters were different
values of the Reynolds number (Re = 5000–15,000), the Darcy
number (Da = 10�1–10�6) and the porous radius ratio (e = 0.0–1.0).

In order to validate the numerical code, the typical case was cal-
culated with e = 0.0–1.0, Da = 10�6, and Re = 100, the numerical re-
sults of fully developed velocity profiles for different porous radius
ratio and the local Nusselt number distribution along the flow
direction were compared with the relevant cases reported by
Mohamad [41]. Mohamad [41] studied the problem of laminar
heat transfer enhancement for a flow in a pipe fully or partially
filled with porous inserted at the core of the conduit. Figs. 3 and
4 show the comparison of numerical predictions of velocity pro-
files and the local Nusselt number distribution between present re-
sults and Mohamad’s [41] numerical results for Re = 100,
Da = 10�6. In Fig. 3a and b, the velocity profile of fluid flow through
porous medium was similar to plug flow. This was due to channel-
ing effects of the porous medium, and the constant porosity of the
porous medium. The no-slip boundary condition at the wall caused
the steep velocity gradient. For e = 1.0, the pipe is completely filled
with porous medium and the plug flow assumption is valid. The
numerical results agreed well with Mohamad’s data [41]. Fig. 3b
shows the velocity profile of the laminar flow for different porous
radius ratio and the different Zs (Z = z/r0 = 25.9, 81.48). It revealed
that the flow is intended to fully developed at Z = 25.9, and then
the flow arrived to fully developed at Z = 81.48. As for the flow in
a pipe with porous medium, the local Nusselt number variation
along the pipe for different porous radius ratio is shown in Fig. 4.



Fig. 3. (a) Comparison of numerical predictions of velocity profiles between present
results and Mohamad’s [41] numerical results at Z = 21.85, (b) the fully developed
velocity profiles for Re = 100, Da = 10�6.

Fig. 4. Comparison of numerical predictions of local Nusselt number distribution
along the flow direction between present results and Mohamad’s [41] numerical
results for Re = 100, Da = 10�6.

ig. 5. (a) Numerical predictions of velocity profiles at Z = 21.85, (b) the fully
eveloped velocity profiles for different porous radius ratio (Re = 104, Da = 10�6).
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It demonstrates that the local Nusselt number increases as the por-
ous radius ratio increases. This is due to the fact that the fluid es-
capes from the high resistance region (porous medium region) to
the outer region. Fig. 5a and b presents the numerical predictions
of velocity profiles for different porous radius ratio with Re = 104,
Da = 10�6. The findings indicated that the turbulent mixing results
in a more rapid transfer of momentum between different layers of
fluid. Thus, the velocity distribution in a turbulent flow is more
uniform than that in a laminar flow, as shown in Fig. 3. This result
supports the reports of many investigators. Additionally, the quan-
tity of air that entered the porous medium was lower than the
average flow rate, and the flow velocity in the zone of cleared chan-
F
d

nel was higher than the average velocity. This is due to the fact that
the fluid escapes from the high resistance region (porous region) to
the outer region. Moreover, it demonstrated that the fluid mainly
flows between the porous medium and pipe wall, hence the fluid
flowing through the porous medium is negligible. Since the fluid
flows between the porous matrix and pipe, the local Nusselt num-
ber should be equal to the local Nusselt number for annular flow
which will be shown in Fig. 8 subsequently. Fig. 5b shows the
velocity profile of turbulent flow for the different porous radius ra-
tio and the different Zs (Z = z/r0 = 59.25, 81.48). It revealed that the
flow is intended to fully developed at Z = 59.25, and then the flow
achieved fully developed at Z = 81.48. According to the results of
Figs. 3b and 5b, the fully development is validated in laminar or
turbulent. The numerical predictions of velocity profiles for differ-
ent Darcy number at e = 0.5, Re = 104 is presented in Fig. 6. The
numerical results reveal that the flow rate in the porous medium
increased as the Darcy number increased, and therefore the plug
flow assumption is not valid when Da P 10�3. The comparison re-
sults indicate that most of the numerical predications are consis-
tent with the results of investigation by Mohamad [41]. Fig. 7a
and b shows the numerical predictions of temperature contours
along the flow direction for Re = 104, Da = 10�6 with a constant
wall temperature and a constant heat flux boundary conditions,
respectively. It can be seen from the temperature contours of either
isothermal or iso-heat flux condition that the temperature changes
significantly in the vicinity of heated walls. The insertion of porous
medium not only increases flow velocity which enhances the effect
of forced convection but also generates turbulence which achieves
a thinner boundary layer on heated walls. Both contribute to the
enhancement of heat transfer in this region. On the contrary, the
temperature variation inside porous medium is not obvious since
the fluid velocity is low inside porous medium. This suggests again



Fig. 8. Numerical predictions of local Nusselt number distribution along the flow
direction for Re = 104, Da = 10�6. (a) Tw = 80 �C, (b) qw = 80 kW/m2.

Fig. 6. Numerical predictions of velocity profiles for different Darcy number
(e = 0.5, Re = 104).
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that it is reasonable to have a locally quasi-equilibrium model to
simulate the flow field inside the porous medium. Fig. 8a and b
shows the numerical predictions of the local Nusselt number dis-
tribution along the flow direction for Re = 104, Da = 10�6 with a
constant wall temperature and a constant heat flux boundary con-
dition, respectively. The assumption of a constant wall tempera-
ture can be justified as the heat coefficient on the outer surface
and the temperature is higher than that on the inner surface which
is common in many industrial heat exchanger applications. Fig. 8a
indicates that accordingly the boundary layer thickness decreases,
the Nusselt number increased as the porous radius increased due
to the fact that the fluid escapes from the high resistance region
to the outer region. The fluid flows mostly between the porous
layer and the pipe wall. Such a channeling effect takes place for
e 6 0.8. Further increase of the diameter of porous medium de-
creases the clear gap and fluid experiences high resistance, where
the fluid does not have a preferential region to flow, and therefore,
the local Nusselt number decreases. Moreover, fully filling the pipe
with porous medium will result in the decrease of temperature
gradients for the constant wall temperature condition. The heat
transfer characteristic of high conductivity of the porous medium
can not be obvious. Numerical results reveal that the optimal value
is about e = 0.8. Fig. 8b demonstrates that the characteristic of heat
transfer is consistent except e = 1.0 for the isoflux condition
compared with the constant wall temperature condition. Although
the quantity of air that flows into porous medium was lower but
the porous medium with high-thermal-conductivity for the
Fig. 7. Numerical predictions of temperature contours along the flow dire
sintered bronze beads (K = 2.83 � 10�10, F = 0.239, ks = 10.73) can
significantly enhance the effect of heat transfer, the calculations
agree with the results of earlier work [21]. According to Yucel
and Guven [21] who studied forced convection cooling enhance-
ment of heated elements in a parallel-plate channels using porous
inserts, their results revealed that heat transfer can be enhanced by
using high-thermal-conductivity porous inserts. On the other
hand, the turbulent flow with strong forced convectional effect in
channels without porous medium can dissipate the heat from the
heating wall. Fig. 8 illustrated the forced convection will decrease
as e < 0.5. However, the superiority of heat transfer enhancement
can be accentuated as e P 0.5.

Next, the turbulent convection heat transfer in a pipe with a
constant wall heat flux boundary condition differs from that with
a constant wall temperature boundary condition as shown in Figs.
ction for Re = 104, e = 0.5, Da = 10�6. (a) Tw = 80 �C, (b) qw = 80 kW/m2.



Fig. 9. Numerical predictions of local Nusselt number distribution along the flow
direction for different Reynolds number, e = 0.6, Da = 10�6. (a) Tw = 80 �C, (b)
qw = 80 kW/m2.

Fig. 10. Numerical predictions of local Nusselt number for different porous ratio,
Re = 104. (a) Tw = 80 �C, (b) qw = 80 kW/m2.
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9 and 10. Fig. 9a and b shows that numerical predictions of the lo-
cal Nusselt number distribution along the flow direction for differ-
ent Reynolds number, e = 0.6, Da = 10�6, and (a) Tw = 80 �C, (b)
qw = 80 kW/m2, respectively. Numerical results demonstrated that
the local Nusselt number became stronger as Re number increased
with the isoflux condition or the constant temperature condition.
Fig. 10a and b demonstrates the local Nusselt number as a function
of porous radius radio and for a range of Darcy number at Re = 104,
with (a) Tw = 80 �C, (b) qw = 80 kW/m2 boundary conditions,
respectively. Fig. 10a shows that heat transfer enhancements in-
creased with increased porous radius ratio and decreased with
Darcy number when e 6 0.8. The optimum thickness of filled por-
ous medium is about 0.8. Fig. 10b shows the local Nusselt number
became larger with increased porous radius ratio, while the effects
of the Darcy number is not very obvious at a constant heat flux
condition. This result corresponding to Fig. 8b shows that the por-
ous medium with high-thermal-conductivity can significantly en-
hance the effect of heat transfer. An important factor to be
considered in the employment of porous media for the purpose
of heat transfer enhancement is the increase of pressure drop. Heat
exchanger analyses cannot be completed without pressure drop
analysis. Fig. 11a and b presents the numerical predictions of pres-
sure gradients as a function of porous radius ratio and the Darcy
number at Re = 104, with (a) Tw = 80 �C, (b) qw = 80 kW/m2.
Fig. 11a and b indicates that for the porous radius ratio which is
roughly less than 0.6, the effect of the Darcy number on the pres-
sure drop is not that significant; and the pressure drop increased
with the increasing of porous radius ratio especially the pressure
drop increased rapidly when porous medium is fully filled in a
pipe. The above results suggest partially filling the conduit with
porous medium can enhance the rate of heat transfer and the pres-
sure drop can be much less than that for a conduit fully filled with
a porous medium. So the porous medium should be partially filled
Fig. 11. Numerical predictions of pressure gradients for a pipe flow as a
function of porous radius ratio and Darcy number, Re = 104. (a) Tw = 80 �C, (b)
qw = 80 kW/m2.
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in the practical application. This study reveals that the optimum
thickness of filled porous medium is about 0.6 6 e < 0.8 for a con-
stant wall temperature condition. Similarly, the optimum thick-
ness of filled porous medium is about 0.6 6 e < 1.0 for a constant
heat flux condition.
5. Conclusions

The present work numerically investigated the fluid flow
behavior and heat transfer enhancements in a pipe fully or par-
tially filled with porous medium inserted at the core of the conduit.
The relevant parameters were different values of the Reynolds
number (Re = 5000–15,000), the Darcy number (Da = 10�1–10�6),
and the porous radius ratio (e = 0.0–1.0). Conclusions can be sum-
marized as follows:

1. Porous media has large contact surface with fluids which
enhance the heat transfer performance. The porous medium
not only changes the condition of flow field which gives a thin-
ner boundary layer, but also its heat conduction coefficient
which is generally higher than the fluid under investigation.
Hence, introducing a porous medium into a fluid channel effi-
ciently improves the heat transfer performance of fluid chan-
nels. In this study, although only a small quantity of fluid
flows through porous medium, the higher heat conductivity of
porous material helps to dissipate the heat generated from wall
of a pipe.

2. The turbulent mixing results in a more rapid transfer of
momentum between different layers of fluid. Thus, the velocity
distribution in a turbulent flow is more uniform than that in a
laminar flow. The flow rate in the porous medium increased
as the Darcy number increased. Therefore, the plug flow
assumption is not valid for Da P 10�3.Additionally, the quantity
of air that entered the porous medium was lower than the aver-
age flow rate, and the flow velocity in the zone of cleared chan-
nel was higher than the average velocity. This is due to the fact
that the fluid escapes from the high resistance region (porous
region) to the outer region. The above findings demonstrated
that the heat transfer efficiency of the turbulent flow is better
compared with the laminar flow.

3. The numerical results reveal that heat transfer can be enhanced
by using high-thermal-conductivity porous inserts. Moreover,
the turbulent flow in the conduit without porous medium can
dissipate the heat from the heating wall due to the strong
forced convectional effect. The results illustrated that the forced
convection will be diluted for e < 0.5. However, the superiority
of heat transfer enhancement becomes apparent for e P 0.5.

4. Although the rate of heat transfer can be significantly increased
by inserting porous medium into the core of a conduit, the rapid
increase of pressure drop becomes the major limitation of such
application. Partially filling the conduit with porous medium is
better than the fully filled one when both the heat transfer rate
and pressure drop are considered. The optimum ratio of filled
porous radius ratio is about 0.8 according to our simulation
and analyses. Under such conditions, the heat transfer can be
enhanced significantly while the pressure gradients can be con-
trolled in an acceptable range.
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