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Abstract - This paper presents a detailed numerical study, in transient regime, of the
interaction between two dimensional heat transfers by convection and radiation in
participating media. The top and bottom horizontal sides of the cavity are considered
isothermal and maintained at different constant temperatures. The left and right vertical sides
are assumed to be adiabatic. The governing equations are solved using the lattice Boltzmann
method (LBM). The impact of various heat transfer parameters is discussed. The simulation
results show that in all cases, good agreement has been obtained which makes the proposed
recent numerical technique an efficient, accurate, and a stable numerical tool for solving such
complex system of equations governing the coupled heat transfers.
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1. Introduction

The lattice Boltzmann method (LBM) has emerged as an efficient method to analyze a vast
range of problems in fluid flow and heat transfer (Chen, 1999, Succi, 2001, Wang, 2013,
Jiaung, 2001, Mishra, 2005, Chaabane, 2011a, Chaabane, 2011b, Mondal, 2009a, Mishra,
2009, Chaabane, 2011c, Asinari, 2010 and Di Rienzo, 2011), because it uses simple

microscopic Kinetic models to stimulate complex transport phenomena.
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The use of the LBM to formulate and solve different types of heat transfer problems
involving volumetric radiation in different geometries has been extended (Mishra, 2014a,
Mishra, 2014a, Chen, 1999, Succi, 2001, Wang, 2013, Jiaung, 2001, Mishra, 2005, Chaabane,
2011a, Chaabane, 2011b, Mondal, 2009a, Mishra, 2009, Chaabane, 2011c) while the radiative
information was computed using the conventional CFD-RTE solvers.

The present paper deals with the solution of a coupled transient Rayleigh Bénard
convection and radiation heat transfer problem in a participating rectangular geometry where
the computations of the radiative information and the solution of Navier-Stokes equations are
done using the LBM.

2. Governing equations

The governing lattice Boltzmann equation is given by (Succi, 2001) for the density and
velocity

f (F+C At t+At) = fk(F,t)—ﬁ[fk(F,t)— f2(r, )]+ AtF, k=0,.,b (1)
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where f, are the particle distribution function defined for the finite set of the discrete
particle velocity vectors Q The collision term €, on the right-hand side of Eq. (1) uses the

so called BGK approximation (Wang, 2013, Jiaung, 2001). f,*is the local equilibrium

distribution function that has an appropriately prescribed functional dependence on the local
hydrodynamic properties and z, is the relaxation time . F represents the external force term.

For the D2Q9 lattice used in the present work, the relaxation time z, is defined as
(Chaabane, 20114, and Chaabane, 2011b):
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Where c is the lattice speed ¢ =+/3RT .

The kinetic viscosity v appearing in Eq. (2) is computed from the Prandtl number
Pr=v/a and Rayleigh numberRa=gg, (T, -T.)H®/av. T, is the hot wall temperature, T, is

the cold wall temperature, « is the thermal diffusivity, g is the acceleration due to gravity, His

the height of the cavity. It is to be noted that viscosity is selected to insure that Mach number
is within the limit of incompressible flow (Mishra and Mishra, 2014a, 2014b).

The macroscopic density o and the velocity u are calculated as follow:

p(rt) =2 f (1) (3)

u(r,t) => ck f (r,t)/ p(r,t) (4)



The governing lattice Boltzmann equation for the thermal field and the volumetric
radiation are given by (Chaabane, 2011a, Chaabane, 2011b, Mondal, 2009a, Mishra, 2009):

0, (x-+ A%, y + Ay, L+ Al) =(1—(§»gk<x,y,t)+(§> 05 (x, y,t)—(ict)wkm (5)
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where g, is the particle distribution function denoting the evolution of the internal

energy, « is the thermal diffusivity, 7, is the relaxation time and @ is the radiative heat flux.
a=k/pCis the thermal diffusivity. g;"is the equilibrium particle distribution function.
Temperature is calculated from the equation of state, e = RT

T(rt) =20, (6)
k
The divergence of radiative heat flux appearing in Eq. (11) is given by
— oT!
Vo, =k,[47(%,-)-C] ™

Where k,, is the absorption coefficient andGis the incident radiant energy. It is
convenient to consider a pseudo-transient equation as the starting point of the LBM formalism
where the transient RTE is rewritten as
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Equation (8) can be rewritten as (Asinari, 2010 and Di Rienzo, 2011):

i[h(xnwim,twt)— 1 (%, D] = @15 (X, D] = 1 (X, D]+ O(A D + OV, A (9)

I is the equilibrium distribution function and G is the incident radiation.

3. Validation and Results

Our recent approach is validated against results presented in (Mishra, 2014b) where
momentum and energy equations are formulated and solved using the lattice Boltzmann
method (LBM) but the volumetric radiative information needed in the energy equation is
computed using the Finite Volume Method (FVM). Figure 1 shows isotherms contours for
Pr=0.71, Ra=25000, p=1, @ =0, time step=20000 and RC=250. In all cases a good agreement
was achieved (Fig 1 and Fig 2).
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Fig. 1: Isotherms for Pr=0.71, Ra=25000, p=1, @ =0, time step=20000 and RC=250, (a)
reference(Mishra2010b), (b) present work.
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Fig. 2: Streamlines for Pr=0.71, Ra=25000, B=1, ® =0, time step=20000 and RC=250, (a)
reference, (b) present work.

4. Conclusions

With the effects of radiation on RB convection, an LBM code was validated for different
cluster values with the results available in literature. All results were found to provide
accurate results. This non coupled and non-hybrid numerical approach can be extended to
other complex engineering heat and flow transfer problems including more sophisticated
geometry.

5. References

Mishra, S.C. , Poonia, H. ,Vernekar, R.R and Das, A.K., Lattice Boltzmann Method
Applied to Radiative Transport Analysis in a Planar Participating Medium Heat Transfer
Engineering, Vol.35(14-15), (2014a),pp.1267-1278.

Mishra, S.C., Akhtar, A. and Garg, A., Numerical analysis of Rayleigh Bénard convection
with and without volumetric radiation, Numerical Heat Transfer, Part A, Vol.65, (2014b),
pp.144-164.

Modest, M. F., Radiative heat transfer, 2" ed., Academic Press, New York, (2003).

Cumber, P. S., Improvements to the Discrete transfer method of calculating radiative heat
transfer, International journal of heat and mass transfer VVol.38, (1995) pp.2251-2258.

Mishra, S.C., Talukdar, P. D. Trimis, and Durst, F., Computational efficiency
improvements of the radiative transfer problems with or without conduction- a comparison of
the collapsed dimension method and the discrete transfer method, International journal of heat
and mass transfer VVol.46, (2003) pp.3083-3095.

Jamaluddin, A. S. and Smith, P. J., Predicting radiative transfer in axisymmetric cylindrical
enclosures using the discrete ordinates method. Combust Sci Technol Vol.86, (1988) pp.62-
173.



Chui, E. H., Raithby, G. D. and Hughes, P. M. J., Prediction of radiative transfer in
cylindrical enclosures with the finite volume method, J. Thermophys. Heat Transfer, VVol.6,
(1992) pp. 605-611.

Chai, J. C. and Patankar, S. V., Finite volume method for radiation heat transfer, Adv.
Numer Heat transfer, Vol.2 (2000) pp. 110-135.

Murthy, J. Y. and Mathur, S. R., Radiative heat transfer in axisymmetric geometries using
an unstructured finite-volume method, numerical heat transfer, B, Vol.33(1998) pp. 397-416.

Kim, M. Y., Assessment of the axisymmetric radiative heat transfer in a cylindrical
enclosure with the finite volume method, International journal of heat and mass transfer,
Vol.5, (2008) pp. 5144-5133.

Kim, M. Y. and Baek, S. W., Modelling of radiative heat transfer in an axisymmetric
cylindrical enclosure with the finite volume method, Journal of Quantitative Spectroscopy and
Radiative Transfer, Vol.90 (2005) pp.377-388.

Chen He.X. and Zhang R.A,. Lattice Boltzmann scheme for incompressible multiphase
flow and its application in simulation of Rayleigh Taylor instability. J Comput Phys, Vol.152,
(1999) pp.642-663.

Succi S. The lattice Boltzmann method for fluid dynamics and beyond. Oxford University
Press (2001).

Wang, J.,, Wang, D., Lallemand, P. and Luo, L.S, Lattice Boltzmann simulations of
thermal convective flows in two dimensions, Computers and Mathematics with applications
Vol. 65 (2013) pp. 262-286.

Jiaung, W.S, Ho J.R. and Kuo C.P., Lattice Boltzmann method for heat conduction
problem with phase change. Numer Heat Transfer, Part B , VVol.39, (2001) pp.167-87.

Mishra, S.C. and Lankadasu, A., Analysis of transient conduction and radiation heat
transfer using the lattice Boltzmann method and the discrete transfer method. Numer Heat
Transfer, Part A Vol. 47, (2005) pp. 935-954.

Chaabane, R., Askri, F. and Sassi Ben Nasrallah, S., Analysis of two-dimensional transient
conduction-radiation problems in an anisotropically scattering participating enclosure using
the lattice Boltzmann method and the control volume finite element method. Journal of
Computer Physics Communications, Vol. 182, (2011) pp.1402-1413

Chaabane, R., Askri, F. and Sassi Ben Nasrallah, S., Parametric study of simultaneous
transient  conduction and  radiation in a  two-dimensional  participating
medium.Communications in Nonlinear Science and Numerical Simulation, Vol. 16, (2011)
pp. 4006-4020.

B. Mondal, B. and Mishra, S. C., Simulation of Natural Convection in the Presence of
Volumetric Radiation using the Lattice Boltzmann Method, Numer. Heat Transfer A, VVol.55 ,
(2009) pp.18-41.

S. C. Mishra, S. C., Kim, M. Y. Das, R. Ajith, M. and Uppaluri, R., Lattice Boltzmann
Method Applied to the Analysis of Transient Conduction-Radiation Problems in a Cylindrical
Medium, Numer. Heat Transfer A, Vol.56, (2009) pp. 42-59.

Chaabane, R., Askri, F. and Sassi Ben Nasrallah, S., Application of the lattice Boltzmann
method to transient conduction and radiation heat transfer in cylindrical media. Journal of
Quantitative Spectroscopy and Radiative Transfer, Vol.112, (2011) pp. 2013-2027.


http://www.sciencedirect.com/science/journal/00104655

Asinari, P., Mishra, S. C. and Borchiellini, R. , A Lattice Boltzmann Formulation to the
Analysis of Radiative Heat Transfer Problems in a Participating Medium, Numer. Heat
Transfer B, Vol.57(2), (2010) pp. 126-146.

Di Rienzo, A.F., Asinari, P., Borchiellini, R., and Mishra, S.C., Improved angular
discretization and error analysis of the lattice Boltzmann method for solving radiative heat
transfer in a participating medium. International Journal of Numerical Methods for Heat and
Fluid Flow Vol. 21 No. 5, (2011) pp. 640-662.



