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Bénard convection around a circular heated cylinder embedded in a packedbed of spheres is studiednumerically.
The Forchheimer–Brinkman–extended Darcy momentum model with the Local Thermal Non-Equilibrium energy
model is used in the mathematical formulation for the porous layer. The governing parameters considered are
the Rayleigh number (103≤ Ra≤ 5 × 107) and the thermal conductivity ratio (0.1≤ kr≤ 10,000). The structural
properties of the packed bed are kept constant as: cylinder-to-particle diameter ratio D/d = 20 and porosity
ε =0.5, while the Prandtl number is fixed at Pr= 0.71. It is found that the presence of the porous medium sup-
presses significantly the strong free convection produced in the empty enclosure, and reduces considerably the
high intensity of the pair of vortices generated behind the cylinder. Also, the results show that the porous medi-
um can play the role of insulator or enhancer of heat transfer from the heat source, depending mainly on their
thermal conductivities regardless of the Rayleigh number.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Buoyancy-induced flow over horizontal heated cylinders in porous
media is relevant to several engineering problems especially those
involve thermal insulators. The thermal insulator typically includes a fi-
brous porousmaterial, which is permeable to fluidmotion. Consequent-
ly, natural convection may develop in the insulating material and
contribute significantly to the heat transfer process, as has been demon-
strated by many authors. Eckert and Drake [5] and Thiyagarajan and
Yovanovich [21] represent early studies in this regard, but they have
concentrated on the case of immersed cylinders assuming the sur-
rounding porous medium to be solely conductive. However, for a
high-permeability porous medium, the assumption of pure conduction
heat transfer from an immersed cylinder may not be valid. In fact, the
medium which is permeable enough to fluid motion produces a tem-
perature difference between the heated cylinder and the fluid penetrat-
ing within the medium, giving rise to a natural convection flow.
Therefore, the entire heat transfer from buried cylinders consists of
both convection aswell as conduction, and in themany cases the contri-
bution of free convection is as large or larger than that of conduction.

The first similarity solutions for free convection adjacent to axisym-
metric and two-dimensional bodies of arbitrary shaped cylinders and
autical and Industrial Research
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spheres, in a constant porositymedium of infinite extent were obtained
by Merkin [16] based on the Darcy's law in the boundary layer. Using
the same approach, Cheng [3] proposed a theoretical correlation for
the average Nusselt number, to the specific case of a horizontal circular
cylinder heated at constant temperature. Fand et al. [7] performed the
first experimental investigation on free convection heat transfer from
a cylinder buried in a randomly packed bed of glass spheres saturated
by either water or silicone oil. They concluded that the whole range of
Rayleigh number (Ra) can be divided into two low and high regions.
In each region, the behaviour of the Nusselt number is totally different.
The results showed that the high-Ra region, which is usually located
near the heated surface, corresponds to the Forchheimer flow, whereas,
the low-Ra region, somewhat further from the surface, corresponds to
the Darcy flow.

Ingham and Pop [12] investigated numerically the problem under
the assumption of the flow being governed by Darcy's law for the full
range of Rayleigh number. They found it difficult to obtain accurate nu-
merical solutions at small values of Ra, while the asymptotic solutions
are only valid for − log(Ra) ≫ 1. For Ra ≈ 1.0, the numerical results
were found to be in a reasonable agreementwith the experimentalfind-
ings of Fand et al. [7]. However, at larger Ra, therewas a need for numer-
ical solutions to the boundary-layer equations, but with an increasing
difference between them and the experimental data as Ra increases.
However, this difference should not be surprising because at large Ra
the experimental results correspond to the Forchheimer model, thus
the application of Darcy's law loses validity. Later, numerical and exper-
imental investigations of free convection around a cylinder heated with
constant heat fluxwere performed byHimasekhar and Bau [10]. The re-
sults of the measured average Nusselt number were found to be higher
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Nomenclature

asf specific interfacial area, (m−1).
Bi Biot number, Bi = D2hsfasf/ks.
CF inertial coefficient, C F ¼ 1:75=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
150ε3

p
.

d particle diameter, (m).
D cylinder diameter, (m).
Da Darcy number, Da= K/D2.
hsf interfacial heat transfer coefficient, (W/m2 ⋅ K).
H packed bed height, (m).
kf fluid thermal conductivity, (W/m ⋅ K).
ks solid thermal conductivity, (W/m ⋅ K).
kst stagnant thermal conductivity, (W/m ⋅ K).
kr solid/fluid thermal conductivity ratio, kr = ks/kf.
K permeability of the porous medium,

K = ε3d2/150(1− ε)2(m2).
L packed bed length, (m).
Nu Nusselt number.
pf fluid pressure, (N/m2).
Pf dimensionless fluid pressure, Pf = pfD

2/ρfα f
2.

Pr Prandtl number, Pr = νf/αf.
Ra Rayleigh number, Ra = gβD3(Th − Tc)/αfνf.
Rep particle Reynolds number, Rep = ρf |u|d/μf.
S circumference of the cylinder, (m).
T temperature, (K).
u horizontal velocity component, (m/s).
U dimensionless horizontal velocity component, u= uD/αf.
v vertical velocity component, (m/s).
V dimensionless vertical velocity component, V = vD/αf.
x, y horizontal and vertical coordinates, (m).
X, Y dimensionless horizontal and vertical coordinates,

X = x/D, Y = y/D.

Greek symbols
ε porosity.
θ dimensionless temperature, θ = (T − Tc)/(Th − Tc).
μf fluid dynamic viscosity, (kg/m ⋅ s).
ρf fluid density, (kg/m3).
νf fluid kinematic viscosity, (m2/s).
φ angular coordinate, (o).

Subscripts
eff effective.
f fluid.
s solid.
t total.
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than those obtained from the numerical solutions at large Rayleigh
number. The numerical solutions were obtained using the Darcy's ap-
proximation with the assumption of negligible thermal dispersion.
They attributed the difference between their theoretical and experi-
mental results at high Ra to the flow transition from a steady two-
dimensional flow to a transient three-dimensional one as observed in
their experiments.

Oosthuizen and Naylor [17] examined free convection heat transfer
from a cylinder placed in a square enclosure partly filled with a layer of
air-saturated porous medium and partly filled with a layer of only air,
with a horizontal impermeable barrier between the two layers. The cyl-
inder was buried in the porous layer, and the barrier was assumed to
offer a negligible resistance to heat transfer. The main objective of the
study was to determine how the rates of heat transfer from the cylinder
are influenced by the size of the air-gap at the top of the enclosure for the
different Rayleigh numbers, solid-to-fluid thermal conductivity ratios,
Darcy numbers and enclosure sizes. In all cases considered, a certain crit-
ical size of the fluid layer thicknesswas found to give aminimumNusselt
number. Saada et al. [19] analysed the flow and heat transfer character-
istics of natural convection about a cylinder coated by an air-saturated fi-
brous layer by using a mathematical model incorporating non-Darcian
effects. They did an optimisation study in order to find the best combina-
tion of parameters: coating layer thickness, effective/stagnant thermal
conductivity ratio and Darcy number Da, that produce good thermal in-
sulation or heat transfer augmentation. The results demonstrated that
the efficient insulation, which corresponds to heat losses less than
10%, can be obtained for layer thicknesses higher than 0.8 cylinder diam-
eters, for low Da ≤ 10−7 and conductivity ratio equal to 2. Whereas, for
heat transfer enhancement purposes, the study found that a highly per-
meable and highly conducting porous layer is suitable. Unsteady free
convective flow over a cylinder buried in a semi-infinite porousmedium
bounded above by a liquid layer was studied by Kumari and Nath [15]. It
was assumed that the flow is described by Darcy's law due to the small
range of Rayleigh numbers (Ra b 200) used. The unsteadiness condition
in the problem arose from the cylinder, which is suddenly isothermally
heated or cooled and then maintained at that temperature. The average
Nusselt number was shown to be significantly influenced by Ra and the
ratio of burial depth to cylinder diameter. The Nusselt number increases
as Ra increases at a constant value of burial depth ratio; however, it can
be increased or decreased as the burial depth ratio increases depending
on Ra.

To the authors' knowledge, the literature reveals that the problem of
free convection about a cylinder embedded in an enclosed packed bed
of spherical particles has been previously investigated only by Fand
et al. [7] experimentally, as mentioned above, and studied numerically
only by Hsiao et al. [11]. In this study, both uniform wall temperature
and uniform heat flux thermal boundary conditions were considered
at the cylinder surface. In addition, both non-Darcian effects and ther-
mal dispersion effects were taken into account. The results illustrated
that these effects have an appreciable influence on the heat transfer en-
hancement from the cylinder's surface. Also, it was deduced that with
these effects considered simultaneously, the predicted Nusselt number
was in better agreement with the experimental results of Fand et al.
[7] and Himasekhar and Bau [10]. However, thermal equilibrium was
assumed in the packed bed. The thermally non-equilibrium energy
model was used, with the Darcy's approximation, by Saeid [20] to nu-
merically study natural convection in the boundary layer around an iso-
thermal horizontal cylinder immersed in a fibrous porous medium. The
effect of the interfacial heat transfer coefficient parameter and the
porosity-scaled thermal conductivity ratio parameter on the local and
average Nusselt numbers was investigated. The results showed that an
increase in either of these two parameters results in an increase in the
total average Nusselt number throughout the fluid and solid phases.
However, it was found that the dependency of the total Nusselt number
on the related parameters is different. This depended substantially on
the conductivity ratio parameter and only slightly on the interfacial
heat transfer parameter.

The aim of this work is to examine numerically the Bénard convec-
tion from a circular horizontal cylinder embedded in a packed bed of
spheres using a non-Darcy model with Local Thermal Non-Equilibrium
(LTNE). Our study extends the previously published articles. Reviewing
the literature, all the published articles have used the thermal equilibri-
um assumption. Therefore, this extension to LTNE can be considered as a
new contribution of this article. The effect of the existence of the porous
medium for different materials and at different Rayleigh numbers, on
the flow development, temperature distribution, and the heat transfer
rate, will be presented in some detail.

2. Problem description

Fig. 1 describes the physical problemunder consideration alongwith
the chosen coordinate system. As shown, a horizontal circular cylinder



Fig. 1. Physical model and coordinate system.
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of diameter D and surface temperature Th is buried in a two-
dimensional enclosed packed bed of spheres of overall height H = 4D
and length L=4D. The bed is bounded on all four sides by impermeable
boundaries. The lower horizontal wall is adiabatic, while other walls are
held at a constant temperature Tc. It is assumed that at time t N 0, the
cylinder surface is suddenly heated to Th, and subsequently maintained
at that temperature. This sudden change in the temperature introduces
potential unsteadiness in the system, i.e., Th N Tc, causing a buoyancy
driven laminar flow.

3. Basic equations

We assume that the convective, incompressible, viscous fluid flow is
described by the Brinkman–Forchheimer–extended Darcy (generalized
model) model and that the Boussinesq approximation is valid. It is
also assumed that the gravity acts in a downward vertical direction
and that thefluid properties are constant except for the density. In addi-
tion, the following assumptions are also applied: the porous medium is
homogenous and isotropic; no heat generation occurs inside the porous
medium; the inter-particle radiation heat transfer is ignored; and the
medium is saturated with fluid. Importantly, the medium and fluid
can be in Local Thermal non-Equilibrium everywhere. Under these as-
sumptions, the continuity, momentum and energy equations can be
written in a dimensionless form as follows:

∂U
∂X þ ∂V

∂Y ¼ 0; ð1Þ

1
ε2

U
∂U
∂X þ V

∂U
∂Y

� �
¼ − Pr

Da
U− C Fffiffiffiffiffiffi

Da
p jU!jU þ Pr

ε
∇2U
� �

−
∂P f

∂X ; ð2Þ

1
ε2

U
∂V
∂X þ V

∂V
∂Y

� �
¼ − Pr

Da
V− C Fffiffiffiffiffiffi

Da
p jU!jV þ Pr

ε
∇2V
� �

−
∂P f

∂Y þ RaPrθ f ;

ð3Þ

ε U
∂θ f

∂X þ V
∂θ f

∂Y

 !
¼ ∇ � kf :eff ; x;yð Þ

kf
∇θ f

 !
þ Bi kr θs−θ f

� �
; ð4Þ

1−εð Þ ∇2θs
� �

−Bi θs−θ f

� �
¼ 0; ð5Þ
where the following non-dimensional variables are used:

X; Y ¼ x; y
D

; U ¼ uD
α f

; V ¼ vD
α f

; θ ¼ T−Tcð Þ
Th−Tcð Þ ; P f ¼

pf D
2

ρ fα
2
f

: ð6Þ

Here, U and V are the dimensionless velocity components along the
X- and Y-axes, θ is the dimensionless temperature field, Pf is the dimen-
sionless fluid pressure field and ε is the porosity. Subscripts f and s de-
note the fluid and solid phases, respectively. The dimensionless
groups, i.e., Rayleigh, Darcy, Prandtl, Biot numbers and solid/fluid
thermal conductivity ratio, appearing in Eqs. (1)–(5), constitute the
key parameters of the problem as follows:

Ra ¼ gβD3 Th−Tcð Þ
α fν f

; Da ¼ K
D2 ; Pr ¼ ν f

α f
; Bi ¼ D2hsf asf

ks
; kr ¼

ks
k f

;

ð7Þ

where K and CF are the permeability and the inertia coefficients,
respectively, of the porous medium. They are based on Ergun's empiri-
cal expression [6], which may be used for packed beds that may be
closely modelled as spherical beads of diameter d. The coefficients are
given by:

K ¼ ε3d2

150 1−εð Þ2
; C F ¼ 1:75ffiffiffiffiffiffiffiffiffiffiffiffiffi

150ε3
p ; ð8Þ

where, asf and hsf are the specific surface area of the particles and the
fluid-to-particle heat transfer coefficient, respectively, in the packed
bed. They can be modelled using the correlations proposed by Dullien
[4] for asf, and by Wakao et al. [23] for hsf as follows:

asf ¼
6 1−εð Þ

d
; ð9Þ

hsf ¼
kf

d
2þ Pr1=3Re0:6p

� �
; ð10Þ

where, Rep is the particle Reynolds number

Rep ¼ ρ f uj jd
μ f

: ð11Þ

In the present study, the dispersion phenomenon, in both longitudi-
nal and lateral directions, is treated as an additional diffusive term
added to the fluid stagnant component. The stagnant component is
expressed in terms of the phase porosities and their thermal conductiv-
ities. The empirical correlation developed by Wakao and Kaguei [22] is
employed in this study to model the fluid effective conductivities:

kf :eff ; xð Þ
kf

¼ εkf þ 0:5 Pr Rep; ð12Þ

kf :eff ; yð Þ
kf

¼ εkf þ 0:1 Pr Rep; ð13Þ

ks:eff
ks

¼ 1−εð Þ: ð14Þ

The fluid motion is displayed using the stream function Ψ obtained
from the velocity components U and V. The relationships between
the stream function and the velocity components are U = ∂Ψ/∂Y and



Table 1
Grid resolution study of the computational domain, at two values of Rayleigh number,
Ra = 104 and 107. This is done by varying the interpolation polynomial order p within
the range 2–7, while keeping the macro-element layout the same.

p(N × N) Ra = 104 Ra = 107

Nuf Nus Nuf Nus

2 (3 × 3) 1.2597 0.63011 3.5617 0.75082
3 (4 × 4) 1.2554 0.62794 3.5594 0.74977
4 (5 × 5) 1.2515 0.62601 3.5551 0.74831
5 (6 × 6) 1.2490 0.62475 3.5514 0.74724
6 (7 × 7) 1.2473 0.62388 3.5480 0.74640
7 (8 × 8) 1.2460 0.62365 3.5466 0.74624
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V = − ∂Ψ/∂X. We assume U = V = 0 on all boundaries. The boundary
conditions for the non-dimensional temperatures are:

θ f ¼ θs ¼ 0
θ f ¼ θs ¼ 0

at X ¼ 0 and L;0 b Y bHð Þ;
at Y ¼ H;0 b X b Lð Þ;

∂θ f

∂Y ¼ ∂θs
∂Y ¼ 0 at Y ¼ 0;0 b X b Lð Þ;

θ f ¼ θs ¼ 1 at the cylinder boundary 0 bφo
b 360

� �
:

ð15Þ

The physical quantity of interest in this problem is the heat transfer
rate. The heat transfer rate distribution is obtained by applying Fourier's
law at the heated cylinder wall, i.e.,

qf ¼ −
kf :eff

k f

∂T f

∂n ; qs ¼ −
ks:eff
ks

∂Ts

∂n : ð16Þ

Eq. (16) can become in terms of the dimensionless variables,

Nuf ¼
qf D

Th−Tcð Þ ¼
1
S

Z S

0

kf :eff

k f

∂θ f

∂n ds;

Nus ¼
qsD

Th−Tcð Þ ¼
1
S

Z S

0

ks:eff
ks

∂θs
∂n ds;

ð17Þ

where n and s denote to the normal and tangential directions at the
cylinder surface, respectively, S is the circumference of the cylinder,
and Nuf and Nus are the fluid and solid Nusselt numbers, respectively.
Consequently, the totalNusselt numberNut is defined as the summation
of Nuf and Nus:

Nut ¼ Nuf þ Nus: ð18Þ

4. Numerical method

The system of Eqs. (1)–(5) along with the boundary conditions, i.e.,
Eq. (15), have been solved numerically using the nodal-based spectral-
element method. This method is a high-order Galerkin finite-element
approach, and iswell-documented by, for example, Fletcher [8], Fletcher
[9] and Karniadakis and Sherwin [13]. In this method, the computation-
al domain is usually subdivided coarsely into a series of discrete macro-
elements, as shown in Fig. 2. Nodes internal to each macro-element are
distributed according to the Gauss–Legendre–Lobatto quadrature
points; the accuracy of the simulation can be improved by incrementing
the polynomial order p, whereN= p+1 is the number of interior node
points in each direction within each macro-element. Therefore,
Fig. 2. Computational macro-element mesh used. Note that each element is further
subdivided internally.
numerical runs have been conducted to ensure that the numerical re-
sults obtained are independent of the spatial grid resolution. The results
shown in Table 1 indicate that Nuf and Nus are converged by p=6with
a relative error of less than 0.4%. Thereby, all the results shown in this
paper have been run with polynomial order p = 6.

In order to test the accuracy of the computational code, that has been
also used and thoroughly verified in our works Al-Sumaily et al. [1] and
Al-Sumaily et al. [2], previously published for the case of forced convec-
tion heat transfer from a circular cylinder embedded in a porous medi-
um, we have compared the code's predictions with the results of Pop
et al. [18], Yih [24] and Kumari and Jayanthi [14], for the case of natural
convection around a cylinder placed in a porous medium in classical
thermal equilibrium. The thermally equilibrium model is recovered in
the present formulation by setting Bi=0 and assuming that the energy
equation of the fluid phase represents the energy balance of both fluid
and solid phases. The results, which are presented in Table 2, are
found to be in good agreement.
5. Results and discussion

Steady-state free convection heat transfer in the system under con-
sideration is dependent on several independent parameters. In the pres-
ent study, the effects of two pertinent independent parameters have
been investigated: Rayleigh number Ra ∈ [103,5 × 107] and solid-to-
fluid thermal conductivity ratio kr ∈ [0.01, 10000] which covers a
wide range of metallic and non-metallic porous materials. Air is chosen
as the working fluid with kf = 0.025 W/m ⋅ K and Pr = 0.71. The
physical properties of the porous medium used have been selected to
be constant in this study as follows: cylinder-to-particle diameter ratio
Table 2
Comparison of the heat transfer parameter (Nu=

ffiffiffiffiffiffi
Ra

p
) at the cylinderwallwith values from

references for the thermal equilibrium model.

φ (rad) Present results Pop et al. [18] Yih [24] Kumari and
Jayanthi [14]

0.0 0.62766 0.6272 0.6276 0.6274
0.2 0.62454 0.6295 0.6245 0.6245
0.4 0.61518 0.6202 0.6151 0.6151
0.6 0.59964 0.6048 0.5996 0.5996
0.8 0.57817 0.5834 0.5781 0.5781
1.0 0.55083 0.5562 0.5508 0.5509
1.2 0.51807 0.5236 0.5180 0.5181
1.4 0.48009 0.4859 0.4800 0.4801
1.6 0.43728 0.4433 0.4371 0.4374
1.8 0.38999 0.3964 0.3899 0.3903
2.0 0.33882 0.3456 0.3387 0.3393
2.2 0.28445 0.2913 0.2843 0.2849
2.4 0.22722 0.2339 0.2271 0.2276
2.6 0.16778 0.1741 0.1677 0.1681
2.8 0.10660 0.1119 0.1066 0.1068
3.0 0.04461 0.0477 0.0446 0.0445
π 0.00011 0.0005 0.0001 0.0001



Fig. 3. Flow (streamlines) and thermal fields in the empty cavity (top), and the packed bed (bottom), for a range of Ra, and with kr = 1.0 for the porous bed.
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Fig. 4. Variation of heat transfer rates from a heated cylinder with Ra, for the cylinder
mounted in an enclosure with and without the presence of porous media.
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D/d = 20, porosity ε = 0.5, and as a consequence, the Darcy number is
Da= 8.333 × 10−6.

Figs. 3 and 4 show the effect of Ra on the flow, and the thermal fields
and the heat transfer rates released from the cylinder, in terms of
streamlines, isotherms and Nusselt numbers, respectively, in an enclo-
sure with and without the presence of the porous medium. This com-
parison between both empty (non-filled) and porous medium filled
enclosures has been performed for a limited range of Rayleigh number
(Ra = 103 − 106). The reason for choosing this range is that it was
found to be not possible to obtain numerical convergence in the
empty cavity for Ra N 106 due to the high instability in the flow, caused
by high-intensity recirculations above the cylinder. In the porous enclo-
sure, the results of these two figures have been obtained at kr=1.0. For
various selected values of Ra between 103 and 106, the flow patterns in
Fig. 3 are characterised by two symmetrical rolls with anti-clockwise
(+) and clockwise (−) rotation inside the enclosures. These cells inter-
sect along the vertical centreline of the enclosure. The hot fluid rises
from the cylinder surface to the central top region as a result of buoyan-
cy, but is blocked at the cold top wall. It then descends along the cold
side walls and turns horizontally to the central bottom region after hit-
ting the bottom adiabatic wall. Thus, a pair of counter-rotating rolls is
formed in the flow domain in both cavities. However, it is obvious that
the intensity of the flow inside the empty cavity is much stronger than
that in the packed bed for all Ra. This can be explained by the different
thermal responses in the enclosures as Ra increases. For example, in
the empty enclosure, it can be seen in Fig. 3a that at higher Ra, the
intensity of convection increases significantly, where the core of the
circulating rolls moves up considerably, i.e., at Ra = 106, it is strongly
compressed and deformed by the top wall, which is associated with
stronger buoyant forces that intensify the circulating cells. This makes

image of Fig.�4
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the isotherm patterns change significantly, indicating that convection is
the dominating heat transfer mechanism in the enclosure. On the other
hand, in the packed bed, as can be expected, the heat transfer from the
Fig. 6. Fluid thermal response and stream lines in the porous cavity at higher Rayleigh
numbers 106 ≤ Ra ≤ 4 × 107, and at kr = 1.0.
hot cylinder is essentially dissipated via a conduction-dominatedmech-
anism due to the presence of the solid spheres filling the cavity, as indi-
cated by the isotherm pattern shown in Fig. 3b. Therefore, in the flow
images of Fig. 3b, the locations of the cores of the rolls are almost
identical.

Fig. 4 shows that the heat transfer rate increases significantly with
increasing Ra in the empty enclosure due to the high convection that
causes intensified thermal boundary layers around the cylinder, as dem-
onstrated in Fig. 3a. This increases the temperature gradient on the cyl-
inder surface, and then increases the average Nusselt number Nuf as
described through Eq. (17). However, in the porous enclosure, it is
shown that the total heat transfer rate Nut, throughout both fluid and
solid phases, remains approximately constant over theRayleigh number
range of the study. Within this range, the convection from the heat
source is low, and most of the thermal energy transfers throughout
the two phases of the porous medium by conduction, as previously
mentioned. Also, there is an inter-phase heat convection from the
solid to the fluid phase, which increases the fluid thermal boundary
layer in the vicinity of the hot cylinder. These are the main influences
on the fluid temperature around the cylinder, as seen in Fig. 3b. More-
over, for krr = 1.0, it is interesting to note that introducing the porous
medium into the empty cavity significantly reduces the heat transfer
rates for Ra N 103. As can be seen, this reduction inNu increases as Ra in-
creases, and its maximum value is obtained at higher Ra = 106 (up to
five times compared with the empty enclosure). It indicates that this
kind of porous media can be used as an insulator for heat transfer in
engineering thermal applications. The effect of using different porous
Fig. 7. Fluid temperature distribution and stream lines in the porous cavity for the entire
range of kr = 0.1 − 10000, and at Ra = 105.

image of Fig.�7
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materials on Nu, and at higher Rayleigh numbers has been also investi-
gated, and the results are shown in the next figures.

The variations of fluid Nusselt number Nuf with solid-to-fluid ther-
mal conductivity ratio kr (representative of different porous materials)
are shown in Fig. 5. The curves correspond to different Rayleigh num-
bers in the range Ra = 104 − 5 × 107. In this figure, it is observed that
there is generally an increase in Nuf for an increase in kr for all values
of Ra. The figure also shows that, for fixed krr, a greater increase in
heat transfer rates can be obtained for the higher range of Ra, but with
a local maximum occurring for values kr = 10 − 25. However, at least
for this range of Rayleigh number, the effect of Ra on Nuf disappears
for kr ≥ 250, and for smaller values of Ra (103 − 106) there is a little ef-
fect for the entire range of kr. An interesting observation from Fig. 5 is
that at Ra = 106, Nuf increases from 2 to 18 as kr increases from 1 to
10,000. This increased value of Nuf is seen to be considerably higher
than that for the case without a porous medium, as depicted in Fig. 4.
This means that the porous particles with higher thermal conductivity
serve as effective enhancers for free convection heat transfer.

For krr = 1.0, the influence of using higher Rayleigh numbers
106 ≤ Ra≤ 4×107 on thefluid thermal andflow fields in the porous en-
closure, is shown in Fig. 6. It can be seen that a laminar thermal plume
moves away from the cylinder towards the top ceiling for Ra N 106.
The strength of the plume increases as Ra increases, and for Ra N 107 it
spreads relatively thinly along the cavity ceiling. This affects the location
of the flow recirculations, with their centres moving towards the top of
the cavity as the Rayleigh number increases. The shapes of these vortical
Fig. 8. Fluid temperature distribution and stream lines in the porous ca
flow patterns also change from vertically to horizontally aligned due to
the increasing dominance of buoyancy on the induced flows.

Under the assumption of Local Thermal Equilibrium, it is well
recognised in the literature that heat transfer can be increased by
using porous media with higher thermal conductivity. However, it is
also documented that these kinds of high conductivity materials in a
Local Thermal non-Equilibrium porous system produce a highly uniform
thermal field in the fluid phase around the heat source, see e.g. Al-
Sumaily et al. [1]. This is because of the large contribution to heat trans-
fer from the solid to the fluid phase through convection, as hsf is taken
into account in this system. The result of this can be seen in Fig. 7. In
this figure,which is produced for Ra=105, it is seen that as kr increases,
a uniform fluid thermal boundary layer (FTBL) is generated around the
hot cylinder. Indeed, at high values of kr, the thickness of this FTBL in-
creases rather than decreases. This means that a decrease in Nuf should
be registered as kr increases, due to the decrease in the fluid tempera-
ture gradient, (∂θf/∂n) in Eq. (17), as its FTBL increases in thickness.
These ideas are clarified for high Rayleigh number cases, as shown in
Fig. 8 at Ra = 2 × 107. For low kr, the convective contribution from the
solid phase ceases (becomes insulated), and the increased convection
in the fluid phase, from stronger buoyancy forces generated at high
Ra, dominates. However, as kr is increased to high values, the heat trans-
fer from the solid to thefluid phase begins to increase (good conductor),
causing a warm fluid domain that reduces the convection effect.

Fig. 9 better clarifies the effect of kr on thefluid temperature gradient
(∂θf/∂n) for the hot cylinder surface at different Ra. As can be seen, and
vity for the entire range of kr = 0.1–10,000, and at Ra = 2 × 107.

image of Fig.�8


dθ
f /

dn

0

2

4

6

8

10

12

14

Ra = 5×107

Ra = 4×107

Ra = 3×107

Ra = 2×107

Ra = 107

Ra = 5×106

Ra = 106

Ra = 105

Ra = 104

10-1 100 101 102 103 104

kr

Fig. 9.Variation offluid temperature gradient around the cylinder surfacewith kr at differ-
ent Ra.

25G.F. Al-Sumaily, M.C. Thompson / International Communications in Heat and Mass Transfer 54 (2014) 18–26
asmentioned above, this effect becomes significant at high Ra and is di-
minished at low Ra, i.e., (≤105). Then, the question can be raised:What
is the main reason for the substantial increase in Nuf with kr if it is not
coming from the decreasing ∂θf/∂n? The answer comes from consider-
ing the contribution of the fluid effective thermal conductivity kf. eff on
the calculation ofNuf in Eq. (17), which appears to have a stronger influ-
ence than that directly through ∂θf/∂n.

Fig. 10 shows the variations of solid Nusselt number Nus with kr, for
different values of Ra. It reveals that low values of Nus are produced
when kr is large. This is as expected since it means that there is a high
transient heat conduction within the solid phase when kr is increased,
which increases the thickness of the solid thermal boundary layer
(STBL) at the steady-state condition, and then decreases Nus. This also
could explain the better transient convective heat transfer between
the two phases (from the solid to the fluid for large kr), which also in-
creases the thickness of the FTBL, and then decreases ∂θf/∂n as shown
in Fig. 9. However, small values of kr correspond to poor transfer of
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Fig. 10.Variation of solidNusselt numberNus from the cylinder against kr in theporous en-
closure, at different Ra.
inter-phase heat from the solid phase, which enables its thermal field
to be effectively independent of the fluid thermal field.
6. Conclusion

The present numerical study investigates the effect of packing an
empty enclosure with spherical particles on buoyancy-induced flow,
and temperature fields and heat transfer, from a heated cylinder
mounted inside it, for varying Rayleigh number and thermal conductiv-
ity ratio. Importantly, local thermal equilibrium between the solid and
fluid phases is not assumed. The following major conclusions are
drawn as: The existence of the porous medium suppresses the strong
convection and the associated high intensity vortices behind the cylin-
der, due to the high frictional and inertial resistances offered by thema-
trix of the porous particles. In the empty enclosure, within the chosen
range of Ra, i.e., (103 − 106), it is shown that the effect of Ra on the
thicknesses of the fluid thermal and hydrodynamic boundary layers is
very significant, and any increase in Ra produces a considerable increase
inNuf, due to the reduction in these thicknesses. However, in the porous
enclosure with krr = 1, the effect is found to be almost negligible for
Ra ≤ 106; but for Ra N 106, its influence on these two layers, and conse-
quently on heat transfer, becomes considerable. In addition, it is found
that at any Ra, the effect of increasing kr is to increase the thicknesses
of the FTBL and STBL, and thus decrease their temperature gradients at
the hot surface, which means a decrease in both Nuf and Nus. However,
the results show that using high conductivity porous materials, i.e.,
kr N 100, causes a better enhancement of heat transfer in the fluid
phase Nuf, (enhancer for heat transfer), and vice versa (insulator for
heat transfer) for low kr. Indeed, the increase or decrease in Nuf as kr
increases or decreases, respectively, is not controlled by the FTBL, but
is due to the fluid effective thermal conductivity entering the equation
defining Nuf.
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