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A B S T R A C T

In this work, transient mixed convection heat transfer and fluid flow in a horizontal porous layer bounded by
two impermeable plates with a localised heating from below is numerically studied. The study is conducted
using the Brinkman–Forchheimer-extended Darcy model and the one-equation energy model based on the
assumption of local thermal equilibrium. The effects of porosity (𝜀 = 0.7−0.95) and permeability represented
by Darcy number (Da = 0.1−100) are investigated for the following ranges of Richardson (Ri = 1−100) and
Reynolds (Re = 0.1−50) numbers. The results show that the existence of the porous material increases Nusselt
number, but does not change its trend with Reynolds number for all Richardson numbers. Interestingly, it is
shown that unstable, oscillatory flow and temperature fields are generated in both empty and porous channels
at higher Richardson number and/or higher Reynolds number. Also, both the heat transfer and the pressure
drop are found to decrease as the porosity increases; however, the effect of Darcy number depends strongly
on the range of Reynolds number.
1. Introduction

In recent times, optimisation of energy expending in many thermal
systems is classified among the most important significant problems
in industrial sector. The use of porous media in such systems has
appeared as a good technology for promoting the heat transfer with
high performance. In such media, the effectual communication dis-
tricts between the solid matrix and the flowing fluid increases largely,
producing a considerable augmentation in rates of heat transfer. In
fact, this enhancement in heat transfer is ascribed to a combination
of influences; including increased mixing, direct conduction through
the solid matrix, and thinning the thermal and hydrodynamic boundary
layers about the heat source. Importantly, the efficiency of heat transfer
enhancement relies substantially on the fluid flow conditions and the
structural and thermo-physical properties of the porous medium used.
Indeed, nevertheless, the augmented heat transfer acquired due to the
use of porous media is at the expense of a greatly raised disadvanta-
geous pressure drop. Energy transport by mixed convection in porous
channels can be found in different modern practical applications such
as, but are not restricted to, heat sinks of micro-electronics, solar plants,
electronic cooling devices, and compact heat exchangers, and has been
a frequently investigated topic. The problem of mixed convection in
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a vertical porous channel has been thoroughly investigated in the
literature by many researchers. Hadim and Chen [1] investigated the
effects of Darcy number and asymmetric heating boundary condi-
tion for both uniform wall temperature and uniform wall heat flux.
They found that the improvement in heat transfer within the mixed
convection region is more vigorous in the uniform wall temperature
condition. Chen et al. [2] examined both the buoyancy-opposed and the
buoyancy-assisted forced flows in a vertical porous channel. The study
indicated that Darcy number possesses a significant impact on Nusselt
number. Rami et al. [3] studied the flow of Newtonian fluid inside a
porous medium confined by a vertical plate at constant temperature
and concentration. They reported a significant positive impact from
the mixed convection parameter on the rates of mass and heat transfer
because the momentum transport, which has the negative influence on
the boundary layer thickness. Degan and Vasseur [4] tested upward
assisted flow using both the simple Darcy model and the generalised
Brinkman-extended-Darcy model. The study concluded that the results
obtained from the later model are resembled to those given by the pure
Darcy model for low porosity media. Pop et al. [5] studied the interac-
tion between the fully developed flow and the heat transport inside
a standing narrow duct packed with a porous material. They found
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Fig. 1. Description of physical problem.
limited values of duct width and mixed convection parameter that have
important effects on making recirculating flows through the duct. Uma-
vathi et al. [6] examined mixed convection in a channel with symmetric
and asymmetric walls for three various thermal wall conditions, i.e,.
isothermal–isoflux, isoflux–isothermal, and isothermal–isothermal, us-
ing the full Brinkman–Forchheimer-extended Darcy model. It was found
that the Forchheimer drag term has a major impact on the flow espe-
cially for unequally wall temperature, hence it reduces the flow field
and generates flow reversal near the walls. Buonomo et al. [7] analysed
transient mixed convection in an upward channel inserted with air-
saturated aluminium foam partially heated from below, employing
the Brinkman–Forchheimer-extended Darcy model and assuming the
local thermal non-equilibrium condition in the porous channel. The
results showed that all considered cases reach the steady state condition
without oscillations. Avramenko et al. [8] studied mixed convection in
vertical circular and flat micro-channels packed with a porous material,
and subjected to slip boundary conditions. The results revealed that
for weak heating condition, the reduction in Darcy number leads to
an augmentation in heat transfer and an increase in the hydraulic
resistance. However, for high heating condition, the trend of results
turns into the opposite.

Later, Izadi et al. [9] tested mixed convective nanofluid flow in a 3𝐷
rectangular channel comprising carbon nanotubes. The results showed
that the influence of the opposed buoyant forces is to decrease the flow
velocity close to the channel walls, causing a considerable reduction in
convection heat transfer. Kotresha and Gnanasekaran [10] and Kotre-
sha et al. [11] studied mixed convective assisted flow throughout
vertical channels filled with brass wire mesh and aluminium foam,
respectively, of different porosities, using the Darcy–Forchheimer and
the two-equations thermal models. In the former study, they found that
the rate of heat transfer is enhanced by increasing the channel mesh
filling. Hence, it was observed that Nusselt number increases from 60%
to 88%, comparing to the case of entirely filling channel, by increasing
the mesh filling from 40% to 70%, respectively, with 50% pressure
drop less. In their later study, they predicted that the heat transfer rate
enhances as the PPI of the aluminium foam increases. Thus, it was seen
that the channel filled with 45 PPI foam transfers heat 1.77 times higher
than that filled with 10 PPI foam. Leela et al. [12] examined buoyancy-
assisted mixed convective flow in a vertical micro-porous-channel with
viscous dissipation and interior heat generation under constant wall
temperature and constant heat flux. The Darcy–Brinkman and the local
thermal non-equilibrium models were employed to test the impact of
main parameters like Rayleigh number, Brinkman number, Rayleigh
number, thermal conductivity ratio, Darcy number, interfacial heat
transfer coefficient, and solid internal heat generation. It was found
that the increase in the interior heat generation, Rayleigh number, or
Brinkman number increases Nusselt number; however, the interfacial
coefficient decreases it, while Nusselt number was shown to be not
affected by Darcy number. Manish et al. [13] and Shankar et al. [14] re-
ported stability analyses of mixed convective flows in vertical channels
differentially heated and filled with oil-saturated and water-saturated
porous materials.

Moreover, the case of mixed convection in a horizontal channel
filled with a porous medium has been frequently investigated in the lit-
erature. Lai et al. [15] investigated the impact of heat source size on the
2

flow structure, thermal field, and heat transfer rates inside a horizontal
porous channel heated partially from below. The results showed that
for small Rayleigh numbers, the characteristics of the temperature and
flow fields are basically the same for any size of heat source. However,
for high Rayleigh numbers, recirculating cells are generated, and a
flow transition from a multi-cellular to a bi-cellular region is observed
depending on the value of Péclet number. Prasad et al. [16] extended
the work of Lai et al. [15] by investigating the steady interaction mech-
anism between the buoyant effects and the forced flow when the width
of the heat source is equivalent to the height of the horizontal porous
layer. The results revealed that the externally stimulated flow field is
considerably disturbed by an increase in Rayleigh number, producing
bi-cellular recirculating flows in the proximity of the heat source.
Another important aspect of buoyant influences is displayed at high
Rayleigh number and low Péclet number, where multiple secondary
cells might appear by the reason of reducing the intensity of forced
flow. Chou and Chung [17] studied non-Darcian mixed convection
in three horizontal square packed-sphere beds; water–stainless steel
spheres bed, air–glass spheres bed, and water–glass spheres bed, for
both uniform axial heat flux and uniform circumferential wall tem-
perature. The results disclosed a significant influence from buoyancy
forces on the structure of secondary flows and the rates of heat transfer
at low Péclet number and low thermal conductivity ratio; however,
the buoyancy effect is suppressed when any one of these parameters
increases. Yokoyama et al. [18] examined steady mixed convection in
a water-saturated horizontal packed bed of spherical glasses, employing
Darcy and non-Darcian formulations. The cross-sectional area of the
bed has an abrupt expansion step, with a heat source positioned on
the base surface downstream and directly neighbouring to the step.
The results predicted that heat transfer is unaffected by the existence
of the expansion step, in comparison with the case of a bed without
step, and inclusion of non-Darcy effects. Chang et al. [19] studied non-
Darcian mixed convection in a square channel packed with stainless
steel spheres under uniform axial heat flux. It was shown that secondary
flows stimulated by buoyancy effects become more powerful and heat
transfer is greater by decreasing Péclet number and increasing Rayleigh
number. Cimpean et al. [20] reported an analytical analysis for steady
mixed convection inside an inclined porous channel under a constant
heat flux on each surface. They tested the effect of inclination angle
changing from when the channel is in a vertical upwards direction to
the horizontal situation. The study found that increasing Péclet number
decreases the inclination effect and generates more symmetrical solu-
tion. Wong and Saeid [21] investigated the effects of inertial coefficient
and porosity on mixed convection in a horizontal porous channel
heated isothermally from below by a heat source that is cooled by an
air jet impingement. They found that in the Darcy regime, the inertial
coefficient and the porosity have insignificant impacts on Nusselt num-
ber. However, in the non-Darcy regime, these effects become merely
important when the forced convection mode dominates, wherein the
increment in anyone of them reduces Nusselt number. Dixon and
Kulacki [22] measured experimentally the heat transfer coefficient
of mixed convection in a packed bed of glass beads, heated from
below by a finite-length heat source. They formulated a correlation for
Nusselt number in terms of Péclet number, Rayleigh–Darcy number,
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Fig. 2. (a) The computational domain used in the study. (b) Typical control volume surrounding a main grid node P, and demonstrating the staggered locations.
Fig. 3. Results of Nu𝑚 for the grid resolution study.

and the bed thickness, in an attempt to validate their prior numerical
predictions published in Dixon and Kulacki [23]. Following, Ozgen
and Yasin [24] examined the effect of heat source position on steady
mixed convection in a horizontal porous channel heated from below,
by sliding it to the up-stream and down-stream of the channel equally.
The results displayed complex secondary flows induced as the buoyancy
effect increases, producing an increase in Nusselt number. As a result,
they claimed that the two dimensional laminar flow changes into a
three-dimensional flow. Barletta and Rees [25] and Barletta et al. [26]
analysed the linear buoyancy-induced instability of mixed convective
flows in horizontal porous channels employing the Darcy–Forchheimer
formulation. Buonomo et al. [27] carried out experimental and numer-
ical investigations on mixed convective air-flow in a horizontal channel
subjected to a constant heat flux from below, and stuffed with an
aluminium foam. The results indicated that employing aluminium foam
augments the rate of heat transfer promoting a high level of surface
heat dissipation. There have been very few attempts in the literature
to study transient behaviour of mixed convective flow in horizontal
porous channels. Thus, Lai and Kulacki [28] investigated such phe-
nomenon with heating the lower wall isothermally, and pointed out
that when the length of the heat source is larger than three times the
height of the porous layer, using a steady-state numerical analysis and
applying the convergence criteria become inappropriate for analysing
such case for leading to a converged solution. They observed a high
level of oscillation in the flow and temperature fields, particularly for
high Rayleigh and Péclet numbers. Therefore, instead, they recom-
mended to consider a transient analysis for the purpose of analysing
this phenomenon any further. Saeid and Pop [29], studied similar case
as Lai and Kulacki [28] but for isoflux heating source for three sizes
3

of heater and at different Péclet numbers. The results showed that
only for moderate values of Péclet number, when the mixed convection
mode is dominated, oscillatory convective flows were observed, and
a periodic variation of Nusselt number was obtained. They indicated
that this oscillation is owing to the balance of the external flow effects
and the buoyancy-induced effects inside the channel. However, both
of these studies used the simple Darcy model to simulate the flow
field without inclusion the non-Darcy effects. Indeed, in the non-Darcy
regime, when the forced or mixed convection mode dominates, these
effects become very significant. Therefore, in the present study, we
employed the full Brinkman–Forchheimer-extended Darcy model to
consider further investigation for the case studied previously by Lai
and Kulacki [28] and Saeid and Pop [29]. Thus, numerical analysis of
transient mixed convective fluid flow and heat transfer in a horizontal
porous layer confined by two impermeable walls, and subject to a wide-
size localised heating from the bottom wall, is conducted to develop
a better understanding of the time-dependent interaction between the
buoyancy-induced effects, which is developing timely, and the forced
flow effects. In addition, according to the prior research, putting a large
volume of porous material in any thermal convective application is
the prime reason of raising the pressure drop. Therefore, the second
innovation of the present work is to inspect the influences of porous
media properties, in particular the porosity and the permeability, and
find out more efficient technique to optimise the heat enhancement and
the pressure drop.

2. Description of Physical problem and formulation

The geometry under consideration, shown in Fig. 1, is a two-
dimensional horizontal porous layer confined by two impermeable
stationary plates, isothermally heated from below by a finite heat
source at constant temperature 𝑇ℎ. The porous layer, which is con-
sidered to have a height of 𝐻 and a length of 𝐿 = 21𝐻 , is made of
an aluminium fibrous foam with a thermal conductivity of 𝑘𝑠 = 237
W/m K, and is assumed to be fully saturated by air with a thermal
conductivity of 𝑘𝑓 = 0.02587 W/m K; hence, the solid-to-fluid thermal
conductivity ratio becomes 𝑘𝑟 = (𝑘𝑠∕𝑘𝑓 ) = 0.916×104. The influence
of the structural properties of the porous medium employed such as
the porosity 𝜀 and the permeability 𝐾 will be tested in the current
investigation. The size of the heat source is considered to be three times
the layer height 𝑆 = 3𝐻 , and the rest of the lower plate is insulated,
whereas the upper plate is kept at an unchanging cooled temperature
𝑇𝑤 = 𝑇𝑜. For mixed convection, a uniform flow of steady velocity 𝑢𝑜
and constant temperature 𝑇𝑜 is provoked to enter the layer from the
away left leading edge as a result of a hydrostatic pressure difference.

The fluid flow field is calculated based on the Brinkman-
Forchheimer-extended Darcy model, which involves the effects of the
viscous drag and the inertia forces. Whereas, the temperature field is
estimated based on the one-equation energy model (𝐿𝑜𝑐𝑎𝑙 𝑇 ℎ𝑒𝑟𝑚𝑎𝑙
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Fig. 4. Comparison between the results of Wong and Saeid [30] (Top) and those estimated by the current code (Bottom), for streamlines of an air jet impingement cooling of a
heat source embedded in a porous channel at Péclet number Pe = 40.
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑚𝑜𝑑𝑒𝑙 − 𝐿𝑇𝐸), which considers the thermal equilibrium
condition between the fluid and the solid phases. Therefore, accord-
ingly, the 2𝐷 dimensional governing equations for a transient, laminar,
newtonian, incompressible, mixed convective flow, which invokes the
Boussinesq approximation, can be expressed, as follows (Kaviany [31]
and Nield and Bejan [32]):
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here, 𝑢 and 𝑣 are the horizontal and vertical fluid velocities, respec-
tively; 𝑝𝑓 and 𝑇 are the fluid pressure and temperature, respectively;
and 𝑡′ is the time variable. Also, 𝑐𝑝, 𝜇𝑓 , 𝑘𝑓.eff , and 𝜌𝑓 refer to the
fluid properties, e.g., specific heat, dynamic viscosity, effective thermal
conductivity, and density, respectively. Whereas, 𝐶𝐹 , 𝐾, and 𝜀 are the
inertia coefficient, the permeability, and the porosity of the porous
medium, respectively. The subscripts 𝑓 and 𝑠 denote to the fluid and
solid phases, respectively. For analysing the problem in a general scale,
the following non-dimensional scaling parameters are employed:

𝑈 = 𝑢 , 𝑉 = 𝑣 , 𝑋 = 𝑥 , 𝑌 =
𝑦
, 𝑃𝑓 =

𝑝𝑓
2
, 𝑡 = 𝑡′ ,
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. (5)

Using these parameters in Eq. (5) into the aforementioned dimensional
Eqs. (1)–(4), the following non-dimensional equations are developed,
which was also justified in our prior work (Wissam et al. [33]):
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where, 𝑈 , 𝑉 are the non-dimensional velocity components along the
directions 𝑋 and 𝑌 , respectively; whereas 𝜃, 𝑃𝑓 and 𝑡 are the non-
dimensional temperature, pressure, and time, respectively. 𝑘𝑟 and 𝛼𝑟 are
the solid/fluid thermal conductivity ratio and the solid/fluid thermal
diffusivity ratio, respectively. By neglecting the dispersion conductivity,
the effective fluid thermal conductivity represents only the stagnant
conductivity, which is the product of the thermal conductivities of both
solid and fluid phases and their phase fractions, suggested by Zehner
and Schluender [34] as follows:
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Fig. 5. Streamlines and isotherms patterns in both (a) empty and (b) porous channels, at Ri = 50, for different Re.
where,

𝜆 = 1
𝑘𝑟

, 𝐵 = 1.25

(

(1 − 𝜀)
𝜀

)
10
9

.

The inertia coefficient 𝐶𝐹 in the momentum Eqs. (7) and (8) above
is according to the practical correlation reported by Ergun [35], which
is expressed in terms of the porosity 𝜀 of the porous medium as follows:

𝐶𝐹 = 1.75
√

150𝜀3
. (11)

The pertinent variables that govern the present problem are
Richardson number (Ri), Reynolds number (Re), Grashoff number (Gr),
5

and Darcy number (Da), which can be defined as:

Ri = Gr
Re2

, Re =
𝑢𝑜𝜌𝑓𝐻
𝜇𝑓
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𝜇2
𝑓

, Da = 𝐾
𝐻2

, (12)

here, 𝜇𝑓 and 𝜌𝑓 are the fluid dynamic viscosity and density, respec-
tively.

The Brinkman–Forchheimer-extended Darcy momentum Eqs. (7)
and (8) are converted into the standard Navier–Stokes equation by
assuming the porosity 𝜀 = 1, as well as the permeability 𝐾 = ∞ in
Darcy number, and the 𝐿𝑇𝐸 equation model (9) into the standard
energy equation by assuming 𝐶 = 1 and 𝑘𝑓.eff = 𝑘𝑓 , to calculate
the velocity and temperature fields, respectively, in the empty channel
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Fig. 6. Streamlines and isotherms patterns in both (a) empty and (b) porous channels, at Ri = 100, for different Re.
without the porous medium. Dirichlet boundary conditions, for the
velocity and temperature, are enforced on the solid boundaries and at
the inlet, whereas Neumann boundary conditions are enforced at the
outlet. Thus corresponding initial and boundary conditions imported
to the governing equations are:

𝑈 = 𝑉 = 𝜃 = 0, everywhere in the domain at 𝑡 = 0.

Inlet, 𝑈𝑜 = 1, 𝑉𝑜 = 0, 𝜃𝑜 = 0,

outlet, 𝜕𝑈∕𝜕𝑋 = 𝜕𝑉 ∕𝜕𝑋 = 𝜕𝜃∕𝜕𝑋 = 0,

hot element, 𝑈 = 𝑉 = 0, 𝜃ℎ = 1,

bottom wall excepting heat source, 𝑈 = 𝑉 = 0, 𝜕𝜃∕𝜕𝑌 = 0,

top wall, 𝑈 = 𝑉 = 0, 𝜃 = 𝜃 = 0. (13)
6

𝑤 𝑜
The local and average Nusselt numbers Nu𝑙 and Nu𝑚, respectively,
are calculated by the following formulae:

Nu𝑙 =
ℎ𝑥.𝑌
𝑘𝑓

=
−𝑘𝑓.eff
𝑘𝑓

.
(𝜕𝑇 ∕𝜕𝑛).𝑌
(𝑇ℎ − 𝑇𝑜)

=
−𝑘𝑓.eff
𝑘𝑓

. 𝜕𝜃
𝜕𝑛

|

|

|

|

|ℎ
, (14)

Nu𝑚 = 1
𝑆

∑

∫

𝑆

0
Nu𝑙 .𝑑𝑛 (15)

where ℎ𝑥 is the localised convection heat transfer coefficient in 𝑋-
direction, 𝑛 is the perpendicular direction to the horizontal hot seg-
ment.
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Fig. 7. Variation of Nu𝑚 with Re at different Ri, in both empty and porous channels.
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Table 1
Meshes employed to test the mesh indepen-
dency.
Mesh (𝛥𝑥 × 𝛥𝑦)

𝑀1 (164 × 21)
𝑀2 (164 × 31)
𝑀3 (164 × 41)
𝑀4 (164 × 51)
𝑀5 (164 × 61)
𝑀6 (164 × 71)

3. Numerical approach

The dimensionless governing differential Eqs. (6)–(9), describing the
evolution of the momentum and energy transport of the transient mixed
convective flow in the channel, were discretised employing the finite
volume method developed by Patankar [36]. This method was incor-
porated and used in our in-house FORTRAN code. In the beginning,
the computational zone is wholly divided into spaced lines in both
horizontal and vertical directions producing the primary computational
mesh. The spacing of the primary mesh used here is non-uniform in
the regions that experience large gradients especially close to solid
boundaries and the heat source in the middle, as shown in Fig. 2a.
The intersections between the horizontal and vertical lines are called
grid nodes. Each gird node is surrounded by a control volume, which
has boundaries located in the middle between the neighbouring nodes
namely; north N, south S, east E, and west W nodes. The locations
of these boundaries generate another secondary mesh called staggered
mesh. Fig. 2b displays a typical control volume with dimensions (𝛥𝑥 ×
𝛥𝑦) surrounding a grid node P communicating with four neighbouring
nodes N, S, E, W, also the staggered locations. The scalar variables,
i.e., temperature and pressure, are calculated at the primary grid nodes,
while the velocity components are calculated at the staggered grid
locations. Then, the aforementioned Eqs. (6)–(9) are integrated over
the computational grid employing the Hybrid differencing scheme de-
scribed in Ferziger and Peric [37] for developing non-linear algebraic
equations. After that, the SIMPLEC algorithm of Patankar [36] is em-
ployed to couple the momentum with the continuity approximations,
and the alternating direction implicit (ADI) technique is used to solve
them iteratively within the whole computational grid, calculating the
velocities and the temperatures. The time step was carefully selected

−5
7

(𝛥𝑡=10 ) such that the numerical stability is ensured and the solution s
accuracy is guaranteed. In the current investigation, the convergence
of the numerical solution is approached when the changes in the cal-
culated velocity and temperature, as well as the mean Nusselt numbers
Nu𝑚 are less than (10−6) over two consecutive time steps. A grid
resolution study was performed to secure that the results obtained are
not a function of the computational mesh. Six mesh sizes 𝑀1, 𝑀2, 𝑀3,

4, 𝑀5, and 𝑀6, shown in Table 1, were employed in the study. This
tudy was made for the porous channel at Ri = 50 and Re = 50, and the
esults are shown in Fig. 3. The mesh 𝑀4 with 164 × 51 was chosen
or the current study as it allows a reasonable compromise between the
ccuracy of results and the computational time cost with a maximum
eviation < 0.05%.

The current numerical code was verified with the numerical results
f Wong and Saeid [30] for streamlines of an air jet impingement
ooling of a heat source embedded in a porous channel at Péclet
umber Pe=40. Fig. 4 presents the results of both algorithms. It can be
een that the figure depicts a good agreement between the two results.
he current solver was also validated in our prior work (Hayder et al.
38]) for mixed convection in a square vented enclosure.

. Results and discussion

In the current work, the fundamental investigation of the interaction
etween the buoyancy effects and the forced flow, in the porous and
mpty channels, will be first focused on. Also, the instability of the con-
ective flow in both channels, will be checked. Then, the optimisation
f the heat transfer augmentation with the pressure drop when filling
he empty channel by a porous layer will be made.

Figs. 5 and 6 display the streamlines and isotherms in both empty
nd porous channels, at Richardson numbers Ri = 50 and 100, re-
pectively, and for different Reynolds numbers Re = 1, 5, 10, 25,
0. Importantly to note that fixing Richardson number and increasing
eynolds number means both the forced flow effect and the heating
ffect increase together. For instance, at Ri = 50, when increasing
eynolds number from 1.0 to 10 means that Grashoff number increases

rom 50 to 5000 as
(

𝑅𝑖 = 𝐺𝑟∕𝑅𝑒2
)

, which means that both the
orced flow and heating effects increase ten times together. Therefore,
s can be seen in Figs. 5 and 6, for both Ri = 50 and 100, and
t small Re = 1.0, although the flow intensity is low and the flow
eems to be creeping, the entire field is still dominated by the forced
onvection due to the little range of heating, i.e. Gr = 50 and 100,
espectively. However, by increasing Reynolds number, the relative
trength of the buoyancy effects raises in addition to the growing in
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Fig. 8. Pressure distribution along both empty and porous channels at different Re, and at Ri = 1,50,100.
the intensity of the externally-induced flow. Consequently, it is shown
that the temperature and velocity fields are first perturbed close to
the edges of the heat element, and a pair of recirculating vortices are
developed in these regions. The left cell is lifted upward attached with
the top wall, whereas the right cell is forced downward attached to the
bottom wall. With a further increase in Reynolds number, the forced
flow relatively strengthens, resulting in that the symmetric nature of
8

the streamlines and isotherms no longer exists, and the strength of
the recirculating flows also becomes stronger. This is due to that the
natural convection effect is taking over the dominance, indicating to the
commencement of the mixed convection. It is also shown that the mode
of mixed convection commences at earlier Reynolds numbers in the
empty channel. This is because that the existence of the solid obstacles
in the porous channel delay the onset of mixed convection.
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Fig. 9. Time evolution of Nu𝑚 for increasing values of Re, at (a) Ri = 1, (b) Ri = 5, (c) Ri = 10, in (Left) empty channel, and (Right) porous channel.
For example, for Re ≥ 25, the intensity of the non-uniform re-
circulating convective cells generated downstream the empty channel
behind the heat source is much powerful that those in the porous
channel. Once again, it is suspected that the flow for this range of
Reynolds number could be unstable. In the temperature field, the effect
9

of the alteration in the flow structure is obvious on the thermal plume,
which is observed to sweep away by the flowed flow.

Fig. 7 presents the variation the mean Nusselt number Nu𝑚 with
Reynolds number for different Richardson numbers, in the two empty
and porous channels. The figure shows that Nu of the porous duct is
𝑚
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Fig. 10. Time evolution of Nu𝑚 for increasing values of Re, at (a) Ri = 50, (b) Ri = 100, in (Left) empty channel, and (Right) porous channel.
always higher than that of the empty duct, with a difference of ≥ 70%
at most due to the non-Darcy effects considered here. It demonstrates
that in both channels, the trend of Nu𝑚 remains almost constant up
to Re = 5 and for all Richardson numbers; however, beyond which
it increases monotonically with Reynolds number and/or Richardson
number. Therefore, it can be concluded that for Re ≤ 5, Nu𝑚 is entirely
independent of both the forced flow and the buoyancy effects, and be-
yond which, i.e. Re > 5, Nu𝑚 becomes a strong function of Richardson
and Reynolds numbers. The reason behind this is for Re ≤ 5, the flow
is very slow and does not change the thermal boundary layer formed
above the heat source. Also, the thickness of this thermal boundary
layer is not enlarged by increasing Richardson number due to the small
space above the heat element as the channel height is small.

The pressure distributions along the length of the empty and porous
channels are illustrated in Fig. 8 at different Richardson and Reynolds
numbers. The results show that the pressure in both channels is de-
creased as Reynolds number increases, and the local pressure drops
10
along the channel. It is also shown that the use of porous layer inside
the channel may lead to a several orders of magnitude increase in the
pressure due to the frictional resistance offered by the solid matrix of
the porous medium. In addition, it can be seen that in both channels, al-
though the local pressure distribution changes nearly linearly along the
channel for most cases, the figure reveals that the pressure distribution
shows spatial oscillating behaviours at higher Richardson and Reynolds
numbers, which is an indication to an unstable behaviour. Importantly,
it is also seen that the pressure gradient is inversely proportional to
Reynolds number and proportional to Richardson number.

The trends of the mean Nusselt number Nu𝑚 with time are reported
in Fig. 9 for Ri = 1–10, and in Fig. 10 for Ri = 50 and 100, for
different Reynolds numbers, in both empty and porous channels. The
temporal variations in Fig. 9 reveal that for Ri ≤ 10, the solutions are
stable for the entire Reynolds number. While, for a larger Ri ≤ 50
in Fig. 10, they exhibit an oscillatory variation as Reynolds number
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Fig. 10. (continued).
increases. For instance, at Ri = 50, the oscillation begins when Re ≥ 25,
whereas at Ri = 100, the oscillation starts when Re ≥ 10. Indeed, this
oscillatory behaviour is owing to the complicated interaction between
the buoyancy effects and the forced flow in the mixed convection
region. It is interesting to note that the amplitude and the period of
oscillations seem to be a strong function of Richardson and Reynolds
numbers. Thus, at constant Richardson number, they become consider-
ably smaller as Reynolds number increases, and it is expected that the
solution stabilises again. At this point, it is clear that the forced flow
entirely predominates the buoyancy effects. However, at a constant
Reynolds number, the amplitude and the period of oscillations increase
as Richardson number raises, and the solution could become a random
(non-fully periodic) one as at Re = 50 and Ri = 100, when the buoyancy
effects suppress the forced flow.

To clarify the intricacy of the interaction between the buoyancy
effects and the forced flow inside the oscillating flows, the temporal
behaviour of the flow field are displayed in Figs. 11 and 12 for the
11
two cases of when Re = 50 and Ri = 50, and when Re = 50 and Ri
= 100, respectively, in the porous and empty channels. The figures
demonstrate the change in the flow behaviour at 5 or 6 indicated
times over fully completed oscillating periods. First, it can be seen that
unstable multicellular convective flows are generated over the heat
segment and behind it. Then, the flow perturbation once created is
forced downstream by the external pressure-induced flow. Also, one
can see that the number of cells in the empty channel are larger,
and their sizes are smaller than those in the porous channel. This
means that the disturbances in the empty channel is much bigger than
that in the porous one. In fact, it is apparent in the figures that the
flow oscillations are essentially caused by the periodic process of cell
devastation and reformation with the time during the channels. In
addition, it is illustrated in Fig. 12 that as Richardson number increases
to 100 with keeping Re = 50, the buoyancy effects become stronger,
and the flow instability becomes higher. Indeed, the mechanism be-
hind this oscillatory performance is due to the unsteadiness of the
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Fig. 11. Zoomed patterns of streamlines and isotherms for a periodic flow in (a) empty and (b) porous channels, at Ri = 50 and Re = 50, at indicated times over full one periodic
pulse.
thermal boundary layer. Thus, the buoyancy effects incline to am-
plify the thermal boundary layer, whereas the forced flow attempts to
suppress it.
12
It was shown in Figs. 7 and 8 that the increase in heat transfer
acquired from inserting a porous medium inside the empty channel
could be at the expense of an unfavourable increase in the pressure drop
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Fig. 12. Zoomed patterns of streamlines for a periodic flow in (a) empty and (b) porous channels, at Ri = 100 and Re = 50, at indicated times over full one periodic pulse.
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Fig. 13. Percentage of heat transfer enhancement versus Re, from the heat source due to filling the empty channel by metal fibrous material with k𝑟 = 1000, Da = 1.0 and 𝜀 =
.9, with Pr = 0.71 for air as a working fluid.
Fig. 14. Re-scaling the results of the pressure drop with Re presented in Fig. 8 for both empty and porous channels using Eq. (17).
3

i

in the porous channel. Figs. 13 and 14 present a straightforward com-
parison between the enhancement percentage in heat transfer (%HTE)
and the pressure drop (𝛥𝑃𝑓 ) generated due to filling the empty channel
by a metal fibrous material with k𝑟 = 1000, Da = 1.0 and 𝜀 = 0.9, for the
entire range of Reynolds number, and at different Richardson numbers.
The value of %HTE in Fig. 13 is calculated as follows:

%HTE =
Nu𝑚.𝑝𝑜𝑟𝑜𝑢𝑠 − Nu𝑚.𝑒𝑚𝑝𝑡𝑦

Nu𝑚.𝑝𝑜𝑟𝑜𝑢𝑠
× 100%, (16)

nd the dimensional pressure drop in Fig. 14 is rescaled using the
ollowing equation:

| 2 ( )

|

14

P𝑓 = |

|

𝜌𝑓 𝑢𝑜𝐿 𝑃𝑓.𝑜𝑢𝑡 − 𝑃𝑓.𝑜 |

|

. (17)
It can be seen that %HTE approaches the maximum value around
5% at small Reynolds numbers Re ≤ 1.0, and decreases as Reynolds

number increases to reach a steady value around 20% for Reynolds
numbers Re ≥ 20. This is for all heating conditions except at Ri = 100,
n which %HTE drops significantly from the peak to a minimum value

11% at Re = 10, and then increases to the steady value 20%. The reason
behind the reduction in %HTE as Reynolds number increases is that
the difference in Nu𝑚 in both porous and empty channels is bigger for
lower Reynolds numbers when Nu𝑚 remains unchanged, see Fig. 7, and
this difference getting slightly smaller as Reynolds number increases
when the channel enters the mode of mixed convection. However, this
overall achievement in %HTE is plausible and can be the need in several
thermal applications.
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Fig. 15. Variations of (a) Nu𝑚 and (b) re-scaled pressure drop 𝛥𝑃𝑓 , with Re at different porosity 𝜀 of fibrous channel, at k𝑟 = 1000, Da = 1.0, and compared with empty channel,
at Ri = 50.
Against this advantage in %HTE, a significant increase in 𝛥𝑃𝑓 ,
e.g., several hundred fold compared with the empty channel, is pro-
duced. This is due to the high level of frictional resistance offered by
the solid substances of the porous medium used. In fact, this increase
in 𝛥𝑃𝑓 when filling the channel with a porous material requires a
huge mechanical power for pumping, especially for higher Reynolds
numbers, which can be undesirable in the design of heat exchangers.
Therefore, in this study, these two parameters, %HTE and

𝛥𝑃𝑓 , will be further probed at different conditions, e.g., different
structural properties of the porous medium, to detect the optimal
circumstances for increasing %𝐻𝑇𝐸 and reducing 𝛥𝑃𝑓 .

Fig. 15 displays the variations of Nu𝑚 and the pressure drop 𝛥𝑃𝑓
against Reynolds number at variant values of porosity of the porous
medium used, 𝜀 = 0.7–0.95, at constant Ri = 50 and Da = 1.0. The
results that are reported in this figure are compared with those for the
15
empty channel, e.g. 𝜀 = 1.0. Obviously, it is shown that Nu𝑚 decreases
as the porosity increases, revealing that more heat transfer can be
obtained by utilising porous media with lower porosity. Indeed, in
porous media, larger porosity means the content of the solid matrix in
less. Consequently, the interfacial contact area between the stationary
solid phase and the flowing fluid phase is less. This effect decreases the
energy exchange between the two phases, and leads to a lower heat
transfer from the heat source, e.g. lower Nu𝑚. Moreover, the figure
reveals that 𝛥𝑃𝑓 also decreases with an increase in the porosity. This is
expected as less solid content results in a stronger reduction in the flow
resistance and pressure drop. For instance, it reduces from ∼ 0.03911 ×
10−5 (pas.) to ∼ 0.02948 × 10−5 (pas.) (∼1.32 times) as the porosity
increases from 0.7 to 0.95 at Re = 0.1, and from ∼ 24.6891×10−5 (pas.)
to ∼ 17.6812 × 10−5 (pas.) (∼1.4 times) at Re = 50. Percentages of heat
transfer enhancement %HTE and pressure drop reduction %𝛥𝑃 as the
𝑓
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Fig. 16. Percentage of (a) heat transfer enhancement and (b) pressure drop, throughout the fibrous channel, against Re for different porosity 𝜀, at k𝑟 = 1000, Da = 1.0, and
compared with empty channel, at Ri = 50.
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porosity changes over the range of 𝜀 = 0.7–0.95 are displayed in Fig. 16.
The value of %𝛥𝑃𝑓 is calculated as follows:

%𝛥P𝑓 =
𝛥P𝑓.𝑝𝑜𝑟𝑜𝑢𝑠 − 𝛥P𝑓.𝑒𝑚𝑝𝑡𝑦

𝛥P𝑓.𝑝𝑜𝑟𝑜𝑢𝑠
. (18)

Importantly, it is found that for Re = 0.1–1.0, %HTE decreases from
78% to ∼18% (with ∼50% ↓ reduction) as the porosity increases from
= 0.7 to 0.95, while %𝛥𝑃𝑓 decreases from ∼62% to ∼45% (with ∼17%
reduction). Also, at Re = 50, %HTE decreases from ∼58% to ∼16%

(with ∼48% ↓ reduction) as the porosity increases from 𝜀 = 0.7 to 0.95,
while %𝛥𝑃𝑓 decreases from ∼62% to ∼42% (with ∼20% ↓ reduction).
This means that the moderate value of porosity, e.g. 𝜀 = 0.7–0.8, is
beneficial for obtaining higher %HTE and relatively lower %𝛥𝑃𝑓 .

The effect of changing the permeability of the porous medium
epresented by Darcy number on Nu and the pressure drop 𝛥𝑃 is
16

𝑚 𝑓 d
hown in Fig. 17, for different Reynolds number and at constant k𝑟 =
000, 𝜀 = 0.9, and Ri = 50. It is worth mentioning that low Darcy
umber means that the conduction heat transfer is predominated, and
he porous medium provides a significant resistance to the buoyancy
ffects; however, as Darcy number increases, the fluid flow becomes
ess restrictive, consequently the heat transfer turns to be convection-
ominated, and the solution approaches the clear fluid. Importantly,
he figure shows that the heat transfer in the existence of the porous
edium is overall much better than that in the empty channel, with
uch less hydraulic resistance. In addition, in the porous channel,

t is shown that for Re≤1.0, e.g. natural convection is dominated,
hanging the Darcy number form small to high values generates in-
ignificant alterations in the overall Nusselt number, but increasing
arcy number can only reduce the hydraulic resistance and the pressure
rop considerably. However, for higher Reynolds numbers, i.e. Re>1.0,
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Fig. 17. (a) Variation of Nu𝑚 and (b) Percentage of heat transfer enhancement, with Re at different Da of fibrous channel, at k𝑟 = 1000, 𝜀 = 0.9, and compared with empty
channel, at Ri = 50.
the increase in Darcy number causes a little raise in heat transfer
and a significant reduction in the pressure drop. Fig. 18 displays the
percentages of heat transfer enhancement %HTE and pressure drop
reduction %𝛥𝑃𝑓 as Darcy number is varied. It can be seen that Darcy
number does not change %HTE for Re≤1.0; however, for Re> 1.0%HTE
increases slightly as Darcy number increases. For example, it increases
from ∼ 18.5% to ∼20%, from ∼14% to ∼ 20.5%, and from ∼17% to
∼ 22.5%, as Darcy number increases from 0.1 to 100, at Re = 10, 25 and
50, respectively. Whereas, %𝛥𝑃𝑓 reduces significantly as Darcy number
increases. For example, it decreases from ∼72% to ∼46%, from ∼58% to
∼17%, from ∼65% to ∼12% and from ∼77% to ∼15%, as Darcy number
increases from 0.1 to 100, at Re = 0.1, 1.0, 10 and 50, respectively.
17
5. Conclusions

Numerical results are reported for unsteady combined forced and
natural convection over a horizontal porous layer confined by two
impermeable plates with a localised heating from below when the heat
source length equals to three times the layer height 𝑆 = 3𝐻 . The results
show that the flow and thermal fields exhibit oscillatory behaviours
at higher Richardson number and/or higher Reynolds number, and
the amplitude and period of oscillations are strongly dependent on
these numbers. Thus, when the mixed convection commences, unsta-
ble multiple non-uniform recirculating convective cells are developed
downstream the channel, and the flow instability in the empty duct
is bigger than that in the porous duct. The existence of the porous
material enhances the heat transfer considerably at most; however, the
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Fig. 18. Percentage of (a) heat transfer enhancement and (b) pressure drop, throughout the fibrous channel, against Re for different Da, at k𝑟 = 1000, 𝜀 = 0.9, and compared
with empty channel, at Ri = 50.
pressure drop is also increased significantly. Both the heat transfer and

the pressure drop are decreased as the porosity increases. However,

the reduction in heat transfer enhancement is quite greater than that

in the pressure drop, which means that moderate values of porosity

are desirable for both of good enhancement in heat transfer and better

reduction in pressure drop. The effect of Darcy number is much less

than the porosity effect. Thus, for low Reynolds number, Darcy number

has almost negligible impact on the heat transfer enhancement and

the reduction in pressure drop. However, for higher Reynolds num-

ber, the increase in Darcy number increases slightly the heat transfer
18

augmentation and lessens dramatically the reduction in pressure drop.
Nomenclature

𝐶𝐹 inertia coefficient
𝐷𝑎 Darcy number, Da = 𝐾∕𝐻2

𝑔 gravitational acceleration, (m/s2)
Gr Grashof number, 𝐺𝑟 = 𝑔.𝛽.𝜌2.𝐻3.(𝑇ℎ − 𝑇𝑜)∕𝜇2

ℎ𝑥 local convective heat transfer coefficient, (W/m2 K)
𝐻 channel height, (m)
𝑘 thermal conductivity, (W/m K)
𝑘𝑟 thermal conductivity ratio, (𝑘𝑠∕𝑘𝑓 )
𝐾 permeability, (s/m)
𝐿 channel length, (m)
Nu𝑙 local Nusselt number



Thermal Science and Engineering Progress 26 (2021) 101013S.A. Mohammed et al.

v

Nu𝑚 mean Nusselt number
𝑝𝑓 dimensional pressure, (N/m2)
𝑃𝑓 non-dimensional pressure, 𝑃𝑓 = 𝑝𝑓∕𝜌.𝑢2𝑜
Re Reynolds number, Re = 𝑢𝑜.𝜌𝑓 .𝐻∕𝜇
Ri Richardson number, Ri = Gr/Re2

𝑆 length of heat source, (m)
𝑇 dimensional temperature, (C𝑜)
𝑡′ dimensional time, (sec)
𝑡 non-dimensional time, 𝑡 = 𝑡′∕𝑢𝑜𝐻
𝑢, 𝑣 dimensional flow velocities, (m/s)
𝑈 , 𝑉 non-dimensional group of velocities
𝑥, 𝑦 dimensional Coordinates, (m)
𝑋, 𝑌 non-dimensional coordinates, 𝑋 = 𝑥∕𝐻 , 𝑌 = 𝑦∕𝐻
Greek symbols
𝛼𝑟 thermal diffusivity ratio, (𝛼𝑠∕𝛼𝑓 )
𝛽 coefficient of volumetric expansion
𝜃 non-dimensional temperature, 𝜃 = (𝑇 − 𝑇𝑜)∕(𝑇ℎ − 𝑇𝑜)
𝜌𝑓 density, (kg/m3)
𝜀 porosity
𝜇 fluid dynamic viscosity, (N s/m2)
Subscripts
eff effective
𝑓 fluid
ℎ hot
𝑙 local
𝑚 mean
𝑛 perpendicular
𝑜 inlet
𝑜𝑢𝑡 outlet
𝑟 ratio
𝑠 solid
𝑤 wall
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