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Porous foam is an ideal material for enhancing radiative heat transfer in numer-
ous thermal equipment. The solid skeletons of porous foams can absorb/release
radiative energy and transfer convective energy with the surrounding fluid in the
pores. In this paper, the conduction-convection-radiation coupling heat transfer
in a porous cavity is investigated. A local thermal non-equilibrium model is used
to represent the energy transport during the solid and fluid phases. The heat flux
caused by thermal radiation is obtained by solving the radiation transfer equation.
The thermal and fluid fields are studied to discern various parameters, includ-
ing the Planck numbers, the modified Rayleigh numbers, and the interphase heat
transfer coefficients, H. Our study indicates the following: the effect of radiation
can be neglected when Pl > 20), the modified Rayleigh numbers have little influence
on the solid temperature when the radiative heat transfer is dominant and the con-
vective heat transfer between the two-phases is weak, and the local thermal-equi-
librium can be formed when H exhibits high values.

Key words: coupled heat transfer, porous cavity, local thermal non-equilibrium,
numerical analysis, radiative transfer equation

Introduction

Metal and ceramic foams play an important role in various industrial applications be-
cause they have attractive thermal mechanical properties, including high porosity, high surface
area and volume ratios, and the ability to mix and pass fluids [1, 2]. A system composed of a
solid skeleton and pores occupied by fluid is the main structural feature, which can be regarded
as a semitransparent medium [3]. When they are used in a high temperature environment, the
solid skeletons of porous foams can absorb/release radiative energy and transfer convective
energy with surrounding fluid in the pores. In other words, conduction-convection-radiation
integrated heat transfer will occur. Therefore, in many fields, porous foam is an ideal material
for enhancing combined heat transfer of convection and radiation, such as porous media com-
bustion [4], fire barriers [5], solar energy technology [6], and heat porous exchangers [7, 8]. In
the design of these systems, it is important to understand the complex coupled heat transfer pro-
cess. To this end, much work has been done in the past few decades. In the study of heat transfer
inside porous media, there are two main models that are widely used, namely, the local thermal
equilibrium (LTE) model and the local thermal imbalance (LTNE) model. Many works have
focused on the effect of radiation on heat transfer in porous media using the Rosseland diffusion
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assumption and the LTE model. Astanina et al. [9] studied the natural-convection combined
with thermal radiation inside a square porous cavity filled with a fluid of temperature-dependent
viscosity. Sheikholeslami and Shehzad [10] studied the effect of thermal radiation on the heat
transfer of a nanofluid in a porous enclosure. Their results demonstrated that the Nusselt number
is directly related to the radiation parameter. The convection was enhanced with the increase in
the radiation parameter. Shateria and Salahshour [11] studied the temperature distribution and
thermal performance of convective-radiative porous fins. They showed that the fin efficiency
was improved with the increase in the conductive-radiative parameter. Chen et al. [12] studied
the non-linear heat transfer in a porous plate with convective and radiative boundary conditions.
Their results indicated that the dimensionless temperature increased with increasing Rosseland
parameters. Ghalambaz et al. [13] studied the effect of radiation on natural-convection heat
transfer in a square porous cavity saturated with a nanofluid. Their results indicated that the
presence of radiation reduces the temperature gradient but increases the thermal diffusion in the
porous media. The overall effect of the presence of radiation was to increase the heat transfer.
Jamal-Abad et al. [14] studied convective-radiatve heat transfer in a porous air heater heated
by solar. They found that the heater’s efficiency is improved with the increase of the radiation
parameter. Lopez et al. [15] numerically investigated the MHD flow through a vertical po-
rous micro-channel. The conjugate convective-radiative heat transfer on the boundary was used
to solved and analyzed the heat transfer affected by non-linear thermal radiation. The results
proved that the generation of global entropy increases with the increasing of radiation param-
eter. Barnoon et al. [16] investigated the natural-convection of a non-Newtonian nanofluid in
a cylindrical porous cavity with and without thermal radiation effect. They found that consid-
ering the effects of thermal radiation, the heat transfer is expected to be lower than that which
does not exist. Arafa et al. [17] examined an unsteady convection-radiation interaction flow of
power-law non-Newtonian nanofluids within inclined porous enclosures. Ajibade et al. [18]
investigated the effect of dynamic viscosity and non-linear thermal radiation on free convective
flow through a vertical porous channel. The results showed that the use of linear radiation un-
dermined the flow characteristics. Olajuwon [19] numerically investigated the convection heat
transfer in a hydromagnetic Carreau fluid past a vertical porous plate in presence of thermal
radiation. Izadi [20] studied the MHD thermogravitational convection and thermal radiation of
a micropolar nanoliquid in a porous chamber. They found that a rise of the thermal radiation pa-
rameter illustrates a growth of both average Nusselt number and nanofluid circulation intensity.

In the aforementioned studies, the Rosseland approximation was used to simplify
the solution of radiative transfer, and it is well known that the Rosseland approximation is
reasonable only in the case of optical thick media. To obtain more accurate heat flux radiated by
the solid skeleton and to study the heat transfer in more complex radiation participating media,
we need to solve the radiative transfer equation (RTE). For these purposes, Talukdar ez al. [21]
numerically studied the coupled radiative-convective heat transfer in a porous medium bounded
by two parallel grey plates with constant temperature. The influences of the conduction and
radiation interactive parameters, extinction coefficients, scattering albedo, and wall emissivity
on the Nusselt numbers and thermal field were investigated. Abdesslem et al. [22] numerically
investigated a transient coupled convection-radiation heat transfer in porous beds saturated with
an isotropic and homogeneous fluid. The influences of radiation characteristics, for instance
the scattering coefficients, scattering albedo and absorption coefficients, on flow and thermal
transfer behaviours in porous medium were studied. Elgazery [23] numerically investigated
The influences of radiative characteristics on an unsteady natural convective heat transfer in the
porous medium saturated with non-Newtonian fluid.
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In porous medium, the temperature differences between the solid skeleton and fluid
can be ignored in the event of sufficient heat transfer between the two-phases, and then the single
energy equation model based on the LTE assumption is valid. Otherwise, the LTNE model must
be used. Especially in the applications under high temperature, thermal radiation absorbed/
emitted by the solid skeletons may cause an abundant heat transfer between the two-phases
in the porous medium. Research on the LTNE model with radiation from an RTE solution in
porous media is still limited. There are few studies in this area. Chen et al. [24] analyzed the
transient radiation and convection coupled heat transfer in porous tube exchangers with high
temperature. The effects of the average particle diameters, porosities, inlet fluid velocities, and
solid skeletons thermal conductivities on the temperature difference were analysed. Mahmoudi
[25] studied the influences of thermal radiation from the solid phase on thermal fields in porous
pipes under a forced convective heat transfer process. The effect of radiation on the thermal field
was analysed by the Darcy number, inertia parameter, porosity and thermal conductivity ratio.
The discrete ordinate method was used to get the heat flux of radiation. They found that neglecting
radiation of the solid skeleton will lead to significant errors in predicting the solid skeleton and
fluid temperatures. Chen et al. [24] numerically investigated the transient thermal performance of
coupled radiative and convective heat transfer in a circular tube exchanger filled with porous material.
The Monte-Carlo method is used to solve the radiative heat transfer. Mesgarpour [26] investigated
the effect on the temperature of a new model of the porous fin as rows of connected sphere. To
increase accuracy in the calculations, the thermal radiation was examined by solving the RTE.

It is apparent from this literature investigation and our collective knowledge that
the conduction-convection heat transfer, together with the influences of thermal radiation
on local thermal non-equilibrium problems in porous media, is not fully understood. In this
paper, the conduction-convection-radiation combined heat transfer in a square porous cavity
is numerically studied using the Chebyshev collocation spectral method (CCSM). The effect
of the Rayleigh numbers, Planck numbers, inter-phases heat transfer coefficients and thermal
conductivity ratios on the flow and thermal field, Nusselt numbers have been investigated.

Governing equations and

geometrical configuration yv b Adiabatic Porous medium
To formulate the problem, we consider a m—«/,;t ez enzse JQ_Q&O}'T._ Vi

saturated porous cavity with a Newtonian fluid as ﬁ”@‘ﬂ%&‘%&%@ :

shown in fig. 1. The fluid-flow is assumed to be §~§%ﬂi¢xi»g%ﬁ%ﬂ£ﬁ’é

a Boussinesq one and represented by the Darcy e }“},;5; ‘”f: o -”3“‘;_{}:}13%;?;%

flow model. The right vertical wall of the cavity T ié@?‘&“ﬁ;g}%{%g ﬁ@sé%“ T, L

is isothermally hot, while the left wall is isother- ot R

mally cold, and the horizontal walls of the cavity “J}ﬁgxcﬁéf{ﬂ ?%T;V;'%f@;

are adiabatic. The four walls are grey diffuse sur- %%’}g;{mé%‘@bﬁf M}’%

faces with constant emissivities and reflectivities. 0 532 y/}.‘f ‘,?_‘.fiq‘l —

The solid phase of the porous media is assumed //& %//// }/// /)///////2 __ o

to be gray, emitting, absorbing and isotropic Adiabatic

scattering media. The fluid is considered to be ,

non-radiative in comparison solid radiation [27].
The two-phases exist everywhere in local thermal
non-equilibrium. Based on the dimensional form
of the governing equations from [28, 29], using the variable transformation as eq. (1), the
governing dimensionless equations can be obtained:

Figure 1. Schematic diagram for the
physical and co-ordinate system
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where Ra is the modified Rayleigh numbers, Pl — the Planck numbers, A — the interphase heat
transfer coefficients, y — the ratios of thermal conductivity, ¢ — the ratios of thermal diffusivity
and ¥ — the stream function, which are given:

_ 2 l /
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The boundary conditions together with the initial conditions in the dimensionless
forms:

for t=0:¥Y¥=6,=0,=J
for >0:%(0,7)=¥(LY)=¥(X, ) ¥ (X1)=0

6, (1Y) =6, (1Y) =05, 6,(0.¥)=6,(0.Y)=0.5
_ 7
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The boundary condition for eq. (5):
l-¢ _ T _

J(ry,Q)=¢6,0y + nw j J(rw,Q)|nW-.(2|dQ, n, Q<0 (8)

nyQ<0
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Numerical solution and validation
Numerical solution

The time derivatives of the PDE are discretized by a semi-implicit scheme with fi-
nite difference approximation. The time step is Az = 10°%, which satisfies the Courant-Fried-
richs-Lewy condition. The CCSM is used for the spatial discretization of PDE. The Chebyshev
Gauss Lobatto collocation point is selected. All the governing equations are solved on one same
grid system. The detailed numerical method of the governing equations and the solve method of
the matrix can be found in our previous work [28]. The convergence error is set to be 10, The
MATLAB has been used to develop the implementation codes. After obtaining the temperature
field and radiative intensity, the convective heat fluxes of the fluid phase, the conductive and
radiative heat fluxes of the solid phase in dimensionless forms on the walls can be obtained:

NucoV — qCOVL __ def
A (Th _Tc) X=0. dx X=0,1
COD de
Nu€oP — g L __99 9)
j“s (7;1 - Tc) X=0.1 dx X=0,1
R
Nyt =4 4| - gw(®4—lf1~d§2)
4PIS oTy |, 4PI6 n oo
The corresponding total average Nusselt numbers on the hot wall is defined:
1 1 1 1
Nuj = [Nujdy = [Nuf® + [Nuf® + [Nuf = Nuy® +Nuf® + Nuy (10)
0 0 0 0

Code validation

In order to find out the grid independency, three grid systems are considered and they
are 24x24, 44x44, and 64x64. As seen in tab. 1, the uniform grid of 44x44 points has been se-
lected for the following analysis for any increase beyond a set of 44x44 results in a change of
average Nusselt number less than 0.167%. Table 2 compare the accuracy of the average Nusselt
number for different values of the Rayleigh number with some numerical solutions reported by
different authors without radiation under LTE assumption. It is seen from these tables that the
agreement between the present and the previous results is excellent. Furthermore, the validation
of radiation transfer in a 2-D cavity occupied by grey scattering media was verified in prelimi-
nary work of our team [30]. This validation will not be repeated here.

Table 1. Average Nusselt numbers at Table 2. Comparison of average
different grid numbers for Nusselt number with
Ra=1000,H=10,y=1, some previous numerical results
P1=0.02, 7, = 1.0, ® = 0.5, and &, = 0.6 Ra
; Authors
Prameters Grid numbers 10 100 1000
64x64 44x44 24x24 [31] 3. 118 13. 637

[32] 1.065 | 2.801
[29] 1.079 | 3.160 | 14.060

Nuf | 15.6989 | 15.6967 | 15.6870 Present | 22 | 3 116 | 13,692
results

Nufov | 12.2368 | 12.2565 | 12.6684
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Results and discussions

Different modified Rayleigh and Planck numbers, and interphase heat transfer
coefficients H on the fluid-flow and heat transfer in the porous cavity are numerically
investigated, according to the reference [26, 29, 31]. The discussions hereafter are valid with
7, = 1.0, o = 0.5, and ew = 0.6. Numerical results are presented by means of streamlines and
isotherms.

Effect of modified rayleigh number

Figure 2 shows the effect of different Rayleigh number on the streamlines and iso-
therms in the cavity while # = 10, y = 1.0, and PI = 0.02. The streamlines rise along the hot
wall and descends along the cold wall, which presents a circulating cell pattern. Due to dif-
ferent radiative absorption ratios, the structure of the cell in the cavity is asymmetrical, and
the fluid-flow is stronger near the cold wall. With the increase in Rayleigh number, the flow
in the cavity is significantly enhanced, and the streamlines are accelerated by gathering to the
cold wall. The fluid isotherms are greatly influenced by Rayleigh number. When Ra = 10, the
fluid isotherms are nearly parallel to the vertical walls, which means that the convection effect
is small, and the heat transfer is dominated mainly by conduction and radiation. As Rayleigh
number increases, the fluid isotherms begin to twist, the upper parts of the isotherms gather
towards the cold wall quickly, and the lower parts of the isotherms gather towards the hot wall
more slowly, so the heat transfer rate near the upper cold wall is strengthened. The effect of
Rayleigh number on the solid isotherms is not obvious because the radiation between the sol-
id phases is high when P1 = 0.02. Meanwhile, the interphase heat transfer coefficient is small
(H = 10), so the changes in fluid temperature have a relatively small effect on the solid tem-
perature. At this moment, the radiation heat transfer determines the distribution of the solid
isotherms.

Effect of Planck number

The Planck number represents the ratio of the conduction heat transfer to the radiation
heat transfer. As Planck number increases, the proportion of radiation decreases. The influence
of Planck number on the flow and heat transfer are demonstrated in fig. 3. The other parameters
are set as Ra = 1000, H =10, and y = 0. As shown in this figure, the increase in Planck number
gradually changes the cell shape from asymmetrical to symmetrical. The streamlines and the
isotherms are very similar between Pl = 20 and without-radiation, meaning when the value of
Planck number is bigger than 20, the effect of radiation can be neglected. Meanwhile, when
PI=0.02, the solid isotherms greater than zero occupy three-quarters of the space of the cavity,
and they are almost parallel to the vertical walls. The heat transfer near the cold wall is stronger
because the temperature gradient near the cold wall is larger. When Planck number increases,
the effect of radiation weakens, and then the convection makes the solid isotherms begin to
distort. The fluid isotherms do not change significantly with the Planck number, because the
the fluid radiation is neglect and the interphase heat transfer coefficient between two-phases is
small (H = 10). When Planck number increases, the fluid isotherms slightly gather to the lower
part of the hot wall and the upper part of the cold wall, thus increasing temperature gradient at
corresponding position and strengthening the flow.

Effect of the Interphase heat transfer coefficients

Figure 4 shows the effect of the interphase heat transfer coefficients on the flow
and thermal field in the cavity. The interphase heat transfer coefficients are set to be H = 0.1,
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Figure 2. The ¥ (left), 6; (middle) and 6; (right) for different Rayleigh number with
H=10,y=1.0, and P1=0.02; (a) Ra =10, (b) Ra =100, and (c) Ra=1000

H=1, H=10, and H = 1000. Other parameters are kept as Ra= 1000, y = 1.0, and P1 =0.02. It
can be seen that when A = 0.1, the fluid circulation cell is almost centrosymmetric in the cavity.
At this moment, the convective heat transfer between the two-phases is weak, and the radiative
heat transfer has little effect on the fluid phase since it is assumed to be a radiative transparent
medium. As H increases, the strength of the fluid-flow is enhanced and accompanied by larg-
er streamline magnitudes. In addition, the cell shifts apparently to the cold wall, thus results
in a compression of the streamlines close to this wall. At a lower H, the solid isotherms are
almost parallel to the vertical walls; thus, the heat transfer is mostly dominated by radiation
and conduction. When H is increased from 0.1-10, the change in the solid isotherms is not ob-
vious. When H increases to 100, the solid isotherms start to twist; as a result, the temperature
gradients near the upper cold wall and lower hot wall obviously increase. Due to radiation, the
solid isotherms with values over zero occupy most of the space in the cavity. As H increases,
the central fluid isotherms move towards both sidewalls, and the average temperature of the
fluid in the cavity increases. When H is increased to 1000, the temperature of most fluids in
the cavity is higher than zero. Because a higher value of H enhances the heat transfer between
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numbers of the hot wall Nu®°P, Nu} have not obvious change, meaning the flow in the cavity is
strengthened with the increasing of Rayleigh number, while, the thermal field of the solid phase
is not sensitive to Rayleigh number, it is still dominated by conduction and radiation. As Planck
number increases, only Nu°Y has a slight increase, both Nu/°P and Nu} decrease. Furthermore,
when Planck number larger than 20, Nuf} is merely 0.0177, which means convection is the
dominant mode of heat transfer. As H increases, Nu°" decreases sharply, while Nu°P and Nu§
have no significant increments. The reason is that the heat transfer between the two-phases is
enhanced with the increasing of H, the difference of the entire thermal field of fluid is evidently
reduced due to interaction of the radiation and the convection. Thereby, it can be concluded that
increasing H could suppress the overall heat transfer.
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Figure 5. Average Nusselt numbers of
the hot wall with different dimensionless
parameters; (a) different Ra,

(b) different Pl, and (c) different H;
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Conclusions

A numerical study has been performed on the combined conductive-convective-radi-
ative heat transfer in a porous cavity. Particular effort has been focused on the influence of the
radiation. The radiative heat flux distribution in the porous media is computed from the solving
of the RTE. The dimensionless stream function, solid/fluid temperature and Nusselt numbers
are presented graphically for different values of the crucial parameters. The major findings of
the paper are summarized.

e A unicellular fluid cell is found in the porous cavity. Owing to radiation, the cell appears to
be asymmetrical. When the Planck number increases to 20, the W and the 6 are very similar
to those when radiation is not considered. This indicates that the effect of radiation can be
neglected when P1> 20.

e Rayleigh number has a significant influence on ¥ and 6; but little effect on 6, when the radi-
ation is dominant (P1 = 0.02) and the interphase heat transfer is weak (H = 10).

e VWith increasing H, the isotherms of the two-phases (solid and fluid) tend to be similar,
which means the recovery of the local thermal-equilibrium can be obtained when H exhibits
a very high value, as expected.

® The overall heat transfer of the hot wall increases with the increasing of Rayleigh number,
but decreases with the increasing of A and Planck number. The changes of dimensionless
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parameters of Rayleigh and Planck numbers have relative great influence on the overall heat

transfer.
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Nomenclature
¢, — specific heat at constant pressure, 0 — overheat ratio
[Tkg K] € — emissivity

G — dimensionless incident radiation o — dimensionless radiation temperature

g — gravitational acceleration, [ms™] % — dimensionless temperature in the energy

H  —inter-phase heat transfer coefficient equation

h — volumetric heat transfer coefficient K, — absorption coefficient, [m™]

between solid and fluid, [Wm>K™] K,  —scattering coefficient, [m™]

1 — radiative intensity, [Wm2Sr '] A — conduction coefficient, [Wm'K™]

J — dimensionless radiative intensity % — kinematic viscosity, [m?s™]

K —permeability of the porous medium, [m?] p — density, [kgm™]

L — cavity length, [m] 4 — Stefan-Boltzmann constant,

Nu  — Nusselt number [5.67 - 10 Wm K]

n — unit outward normal vector of boundary ¢ — the ratios of thermal diffusivity

Pl — conduction-radiation interaction parameter 7 — optical thickness

q — heat flux, [Wm?] @ — porosity

Ra —modified Rayleigh number ¥ —stream function

r — position vector Q, Q —solid angle, [Sr]

S — dimensionless distance travelled by ray 10} — scattering albedo

s — distance travelled by ray, [m] .

T  —temperature, [K] Subscripts

t — dimensional time 0 — reference quantities

U  —dimensional velocity in x-direction b — black body

u — velocity in x-direction, [ms™] c — cold wall

Vv — dimensional velocity in y-direction f — fluid phase

v — velocity in y-direction, [ms™] h — hot wall

X, Y —dimensional Cartesian co-ordinates s — solid phase

x,y — Cartesian co-ordinates, [m] W —wall

Greek symbols Superscripts

oy — coefficient of thermal expansion, [K™] COD - conduction term

p — extinction coefficient, [m™] R — convection term

y — thermal conductivity ratio COV - radiation term
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