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Numerical Study of Combined Natural Convection-surface
Radiation in a Square Cavity

S. Hamimid! 2 and M. Guellal’

Abstract: Combined laminar natural convection and surface radiation in a dif-
ferentially heated square cavity has been investigated by a finite volume method
through the concepts of staggered grid and SIMPLER approach. A power scheme
has been also used in approximating advection—diffusion terms, determining the
view factors by means of analytical expressions. The effect of emissivity on tem-
perature and velocity profiles within the enclosure has been analyzed. In addition,
results for local and average convective and radiative Nusselt numbers are presented
and discussed for various conditions.
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Nomenclature
A; radiative surface number i
Ajj elements of matrix A

F,_;  view-factor between the surfaces A; and A ;
gravitational acceleration, .52
size of the enclosure, m
dimensionless radiosity of surface A;
thermal conductivity, W.m~! K1
total number of radiative surfaces

r  radiation number, o Ty (kAT /H)

u Nusselt number
fluid pressure , Pa
dimensionless pressure

Pr Prandtl number, v/o

qr net radiative flux, W.m—2
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O, dimensionless net radiative-flux

Ra External Rayleigh number, gBATH?/(va)
t time, S

T dimensional temperature, K

T reference temperature, (Ty + 7c) /2,K
u,v velocity components, .5~

U,V  dimensionless velocity-components
X,y cartesian coordinates , m

X,Y  dimensionless coordinates

Greek symbols

a thermal diffusivity, m?.s~!

B thermal expansion coefficient, K~

AT temperature difference, AT =Ty — T, k
\Y kinematic viscosity, m?.s~!

P fluid density, Kg.m >

c Stefan—Boltzmann constant, W.m ! . K~*
0 dimensionless temperature, (T —Tp) /AT.
O] dimensionless radiative-temperature

0;j  Kronecker symbol

T dimensionless time

Subscripts

avg average value

mid midplan
0 reference state
C cold

c convective

H hot

r radiative

t total

1 Introduction

Natural convection in rectangular cavities has received considerable attention in
the literature due to its numerous applications of engineering interest [Mahmoudi
(2013); Hamimid (2012); Rouijaa (2011)].
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Combined natural convection and radiation exchange between surfaces involving a
radiatively non-participating medium inside enclosures may appear in many practi-
cal situations of engineering interest, such as pane windows, solar collectors, build-
ing insulation, nuclear engineering, ovens and rooms. Although the surface radia-
tion is inherent in natural convection, the interaction between the two phenomena
has received a little attention.

The first numerical study of the coupled heat transfer problem involving both con-
vection and radiation in a rectangular cavity seems to be that of Larson and Viskanta
(1976). They found that radiation heats up very quickly both the cavity surface and
gas body leading, hence, to a considerable modification of the flow pattern and the
corresponding convection process.

A numerical study of combined laminar natural convection and surface radiation
heat transfer in a modified cavity receiver of solar parabolic dish collector were
presented by Reddy and Sendhil (2008). They observed that the convection and
radiation heat losses are respectively 52% and 71.34% of the total heat loss at 0°
inclination. These losses decrease to 40.72% and 59.28% at 90° inclination for the
modified cavity receiver with an area ratio of 8 and 400°C.

Many studies on laminar and turbulent natural convection heat transfer including ra-
diation were carried out [ Balaji and Venkateshan (1994); Ramesh and Venkateshan
(1999); Velusamy and Sundararajan (2001); Anil, K. Velusamy (2007); Alvarado
and Xaman (2008); Xaman and Arce(2008); Dihmani (2012); Moufekkir (2012)
]. Xamadn et al. (2008) presented two-dimensional numerical study of combined
heat transfer (laminar and turbulent natural convection, surface thermal radiation
and conduction) in a square cavity with a glass wall. Their results showed that the
flow pattern is not symmetric due to the combined effect of non-isothermal glass
wall and radiative exchange inside the cavity.

In their investigation, Lauriat and Desrayaud (2006) numerically studied the heat
transfer by natural convection and surface radiation in a two-dimensional vented
enclosure in contact with a cold external environment and a hot internal one. They
found that the radiative contributions to the heat transfer along the facing surfaces
were the dominant heat transfer mode for all of the considered cases.

Recently, Amraqui et al. (2011) analyzed computation of the radiation—natural
convection interactions in an inclined “T” form cavity. They concluded that the
heat transfer decreases with increasing j (inclination angle). Moreover, they noted
that the Rayleigh number increase number and the presence of radiation produce a
considerable increase of the heat transfer.

Hinojosa et al. (2005) presented a numerical study of the heat transfer by natural
convection and surface thermal radiation in a tilted 2D open cavity. They found
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that the convective Nusselt number changes substantially with the inclination angle
of the cavity, while the radiative Nusselt number is insensitive to the orientation
change of the cavity.

Ramesh and Merzkirch (2001) made an experimental study of the combined natural
convection and thermal radiation heat transfer, in a cavity with top aperture; they
found out that the surface thermal radiation heat transfer in cavities with walls of
high emissivities has a significant change in the flow and temperature patterns and
therefore influences the natural convection heat transfer coefficients.

Nouanegue et al. (2008), investigated conjugate heat transfer by natural convec-
tion, conduction and radiation in open cavities in which a uniform heat flux is
applied to the inside surface of the solid wall facing the opening. They noticed
that the surface radiation affects considerably the flow and temperature fields. The
influence of the surface radiation is marked by the decrease of the heat fluxes due
to natural convection and conduction while the heat flux by radiation increases
with increasing surface emissivity. On the other hand, the convective and radiative
Nusselt numbers are increasing with the surface emissivity for a given wall conduc-
tance. Both the combined Nusselt number and the volume flow rate are increase
with the surface emissivity, particularly at high Rayleigh numbers. The convective
and radiative Nusselt numbers are a decreasing function of the wall conductance
and an increasing function of the aspect ratio. They noticed similar trends for the
volume flow rate through the cavity.

The complete conjugate heat conduction, convection and radiation problem for a
heated block in a differentially heated square enclosure is solved by Liu and Phan-
Tien (1999). In comparison to the problem considered by House et al. (1990),
the block generates heat. The conduction and the emission of the block have a
substantial effect on the heat transfer situation.

In the present work, the two-dimensional unsteady simulation of the effects of radi-
ation on natural convection flow in a square cavity whose four walls have the same
emissivity is investigated. The surface emissivity €, the Rayleigh number Ra and
the radiation number Nr are parametrically varied.

2 Mathematical formulation
2.1 Governing equations

Details of the geometry are shown in Fig.1. The flow is assumed to be incompress-
ible, laminar and two dimensional in a square cavity, the two horizontal end walls
are perfectly insulated, while the two vertical walls are maintained at two different
temperatures Ty and T¢, respectively (Ty > T¢). It will be further assumed that the
temperature differences in the flow domain under consideration are small enough
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to justify the employment of the Boussinesq approximation.
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Figure 1: The flow configuration and coordinate system.

The fluid is the air and its properties are assumed constant at the average temper-
ature Ty, except for the density whose variation with the temperature is allowed in
the buoyancy term. The inner surfaces, in contact with the fluid, are assumed to be
gray and diffuse, and could emit and reflect of radiation with identical emissivities.

The governing equations for this problem are based on the balance laws of mass,
momentum and energy. Taking into account the assumptions mentioned above,
the governing equations for the problem in two dimensions unsteady states can be
written in dimensionless form as:
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The governing equations are non-dimensionalized using the following definitions
of the dimensionless variables:

t y uH vH pH? T-Tp
T= b'e 2 U=—, V=—, P="—", 0=
H? oc’ H’ H’ o o pa? AT

2.2  Radiative analysis

The radiative surfaces of the solid forming the enclosure are divided into a set of
zones (surfaces) A;,i=1,. . .N. N is the number of total radiative surfaces forming
the cavity, which are equal to the total control volume solid—air interfaces. In fact,
the control volume faces are also arranged so that a control volume face coincides
with an interface solid—fluid.

The number of zones retained is determined by the mesh used to solve the differen-
tial equations. The grid is constructed such that the boundaries of physical domain
coincided with the velocity grid lines.

Determination of the net radiative flux density requires the knowledge of the surface
temperature of each node. The equation of the thermal balance of each surface
provides us with these temperatures. Thus, one assumes that the solid surfaces are
in thermal equilibrium under the combined action of the convective and radiative
contributions, which gives:

—kal +4,=0 5
0z

z denotes the normal direction to the interface under consideration, and ¢, is the net
radiative flux density along this interface.

Eq. 5 is expressed in non-dimensional form as:

20

20 Ny, =0 6
aY y_o. Q |Y—O,l ( )

Where Nr = 6Ty H /kAT, is the dimensionless parameter of conduction-radiation
and Q, =¢q,/ GTO4, is the dimensionless net radiative heat flux on the corresponding
insulated wall.

Therefore, the dimensionless net radiative flux density along a diffuse-gray and
opaque surface “A;” is expressed as:

N
Qr,i:Ji_ZJjFifj @)
=
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J; is the dimensionless radiosity of surface A; , obtained by resolving the following
system:
N

Y (68— (1—&)F_))]; = &0} ®)

j=1
Where the dimensionless radiative-temperature @; is given by:

I, 6
@ =t=y 9
T 6 + ©)

The heat transfer problem is completed by initial and boundary conditions:
U=vV=0, 6=26 for =0
U=V=0, 6=05=05 for 0<Y<1 a X=0
U=V=0, 0=0=-05 for 0<Y<1 a X=1
d0
U=V=0

, W—NrQr:O for 0<X<1 a Y=0
26
U=V=0, W—NrQr:0 for 0<X<1 a Y=1

2.3 Heat transfer

The non-dimensional heat transfer rate in terms of convective and radiative Nusselt
numbers, Nu. and Nu,, from the left vertical heated surface are given by:

20
Nu, = 5% . (10)
Nu, = NrQr’y:() (11)

The average convective Nusselt number is calculated integrating the temperature
gradient over the heated wall as follows:

1 4 06
o=~ [ —Z2ax 12

The average radiative Nusselt number is obtained integrating the dimensionless net
radiative flux over the heated wall, by the following mathematical relationship:

1 A
Nu, = N,— dX 13
=Ny [0 (13)

The total average Nusselt number is calculated by summing the average convective
Nusselt number and the average radiative Nusselt number:

A
1 d20
Nuavg = AO/ <_8X, oy +NrQr(0;Y))dY (14)
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3 Numerical procedure

The numerical solution of the governing differential equations for the velocity, pres-
sure and temperature fields is obtained by using a finite volume technique. A power
scheme is also used in approximating advection—diffusion terms. The SIMPLER
algorithm (Semi-Implicit Method for Pressure Linked Equations Revised) whose
details can be found in Patankar (1980), with a staggered grid is employed to solve
the coupling between pressure and velocity. The governing equations are casted in
transient form and a fully implicit transient differencing scheme is employed as an
iterative procedure to reach steady state. The discretised equations are solved using
the line by line Thomas algorithm with two directional sweeps.

The radiosities of the elemental wall surfaces are expressed as a function of ele-
mental wall surface temperature, emissivity and the shape factors. The radiosity
(J;) and temperature (T;) are connected by a matrix of the type:

[4i1{4;} = {oT}'} (15)

The inverse of the matrix [A; ;] is determined (only once) by the Gauss elimination
method. The coefficients of [A] are constant and depend only on the emissivity and
the shape factors have no dependence on the temperatures.

In 2D, the view factors formulations are analytic, [Howell, (1982) ]:

—1 2.2 - /2.2 .

F_,= — 16
o 2(x2 —x1) A Vi Y 1 (1o
1 X=X X=X
Fix=—5——<|\&—x?+H —\/(x;—x)*+H? (17)

' 2(X2 - xl) [ X=x1 X=X]

A preliminary study is carried out to determine the optimum uniform grid (i.e. the
best compromise between accuracy and computational costs). For the calculations
reported in this study a 120 x 120 grid points is chosen to optimise the relation
between the required accuracy and the computing time. However, increasing the
number of grid points did not change the results appreciably. In order to obtain good
convergence solutions, the convergence criterion for the residuals (in SIMPLER
algorithm) was set at 107>,

The outer iterative loop (unsteady SIMPLER algorithm) is repeated until the steady
state is achieved which occurs when the following convergences are simultaneously

satisfied: (p{’j’d —

< &y, where @ represents the variables U, V or 6.
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4 Verification

In order to assess the accuracy of the numerical code, we present in Tab 1 the results
representing convective, radiative and total Nusselt numbers at the active walls. An
excellent agreement is found between the present computations and those obtained
by Wang et al. (2006).

5 Results and discussion

In this investigation, both pure natural convection and natural convection coupled
with surface radiation cases are presented. Each case required the specification of
four dimensionless parameters (0 < & < 1,Ra = (10*,103,10°) corresponding fo
H = (0.021,0.045,0.097)m and Nr = (38.6,83.13,179.1) respectively; the other
parameters such as Prandtl number, average temperature, temperature differences,
and cavity aspect ratio are respectively held fixed to Pr = 0.70, Tp = 300 K and
AT=10K.

As soon as the walls emit, the surface radiation changes the temperature distribution
along the adiabatic walls: the fluid is heated along the lower wall and cools along
the upper wall. The convective Nusselt number along the hot wall decreases with
increasing emissivity (Fig. 2). This decrease is more pronounced in the bottom
portion of the cavity, unlike radiative and total Nusselt numbers, along the same
wall, which increase with the emissivity increase (Fig.3, Fig.4).

28
24

E —m—c=0 Y
20 - —e—g=0,1

0,0 0,2 0.4 0,6 0,8 1,0

Figure 2: Distributions of the local Nusselt number on the heat wall for different €
and with H=0.097 m, Ra = 10°.
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Figure 3: Distributions of the radiative Nusselt number on the heat wall for different
€ and with H=0.097 m, Ra = 10°.
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Figure 4: Distributions of the total Nusselt number on the heat wall for different €
and with H=0.097 m, Ra = 10°.
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Fig.6a and Fig.6b illustrate the influence of surface radiation on the fluid structure
at Ra = 10°. The effects are visible along the horizontal walls and at the center
of the cavity. Compared to the case without radiation (& = 0), air circulation is
increased under radiation and isotherms structures near the walls are affected by
thermal radiation. It appears from the isotherms that the radiation heat transfer
produces a good homogenization of temperature especially in the cold part of the
enclosure.The temperature gradients near the horizontal walls give an indication of
the importance of the radiative flux. One can thus see that isotherms are inclined
near adiabatic walls whereas they are perpendicular in the pure natural convection
case, stratification is reduced in the center of the cavity, and thermal and dynamic
horizontal boundary layers are strengthened (Fig.7). However, thermal and dy-
namic vertical boundary layers are not influenced by radiation (Fig.8).

Figure 5: Streamlines (a) and isotherms (b) obtained for Ra=10°, H=0.097m,
Tp=300K , AT=10K, and various values of €.

Fig. 9 shows the temperature distributions at the horizontal walls. We can see
that the radiation exchange between the radiative surfaces increases the bottom
wall temperature of the cavity, whereas the top wall temperature decreases. This
reduction is the origin of the homogenization of the temperature inside the cavity.

Fig.10 shows the evolution of the average convective, radiative and total Nusselt
numbers for different values of the emissivity € and for different Rayleigh number
Ra. One can notice that the average convective Nusselt number Nu. decreases
with increasing the emissivitye. This seems obvious since the dimensionless net
radiative flux Q, along the hot wall and consequently Nu, are proportional to €.
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(a)

(b)

Figure 6: Temperature (a) and horizontal velocity (b) profiles at x= 0.5 for Ra =
10% and H=0.097 m.
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Figure 7: Temperature (a) and vertical velocity (b) profiles at y = 0.5 for Ra= 10°

and H=0.097 m.
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Figure 9: Variations of the average convection (a), radiation (b) and total (c) Nusselt
number as a function of emissivity &, for AT = 10k, H=0.021, 0.045, 0.097 m and
various Rayleigh number.
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6 Conclusion

In the present paper, calculations have been made for the combined natural con-
vection and radiation in a differentially-heated cavity. Within the investigated pa-
rameter ranges, the numerical study shows that the thermal radiation affects the
isotherms near solid adiabatic surfaces, since the inclination of the isotherms indi-
cates the importance of the thermal radiation heat transfer. It is also noted that the
thermal radiation increases the flow velocity inside the cavity. We concluded that
the surface radiation modifies the flow and temperature fields. The modification
starts at low surface emissivity and increases gradually with it. On the other hand,
the convective and radiative Nusselt numbers respectively decrease and increase
with the surface emissivity.
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