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Abstract—In this paper Lattice Boltzmann simulation of

turbulent natural convection with large-eddy sintiolas (LES) in a Boltzmann method is based upon microscopic model an

square cavity which is filled by water has beenestigated. The
present results are validated by finds of otheestigations which
have been done with different numerical methodséculations were
performed for high Rayleigh numbers of Ra@d 18. The results
confirm that this method is in acceptable agreemsitlh other
verifications of such a flow. In this investigatias tried to present
Large-eddy turbulence flow model by Lattice BoltzmaMethod
(LBM) with a clear and simple statement. Effects inérease in
Rayleigh number are displayed on streamlines, éotfcounters and
average Nusselt number. Result shows that the gwelusselt
number enhances with growth of the Rayleigh numbers
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|. INTRODUCTION

In conflict with computational fluid dynamic (CFD)attice

mesoscopic kinetic equation, that set of partidbavior in a
system is used for simulating continuum of theesyst

In Lattice Boltzmann method all calculations arepliit
and so it is not needed to solve any set of equstidhis
method has the ability to be paralleled, becausespefcial
identity of the calculations. And also it is so Apgble since it
is not difficult to apply boundary conditions folormplex
geometries. The important usages can be: simulatidiuid
flow and heat transfer in problems for flows endeuing
difficult boundary conditions (porous media, moviogcloid

Eddysurfaces, etc), multiphase flows, non-Newtoniaridfllow

(simulation of blood), turbulent flow and etc. Maub
investigations have been done for laminar flow gquase
cavity [2] and also for transient and turbulentimegs [3-5]. In

ALTHOUGH science has great development in recef@tural convection flow, Rayleigh number less thbd6

years, turbulent flow is still a big problem foriesatists
and engineers [1]. Many efforts have been perforimedow,
but because of its complexity it is not still salvén order to
solve turbulent flows, different models are avdigasaccording
to the flow regime and the applied region. Oneheke models
which is considered a lot nowadays is large eddglehdn this
model, for the relevant equations integration isedn small
distances. So in this way small turbulences whieh due to
small eddies are omitted. So the equations whietiree agent
of large eddy’s behavior remain. The effect of $radtlies on
large eddies is considered in the way they are faddm
equations.

In recent decade many engineers focused on Latti

Boltzmann to simulate the fluid flow and heat tfans
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accounts for laminar flow, and Rayleigh number mibian it,
accounts for turbulent behavior. Many researchesge tbeen
studied the laminar natural convection in a squeaséty using
Lattice Boltzmann [6-7], but because turbulent flasvso
complicated and Lattice Boltzmann method is a ndkebry,
few verifications have been done in such a casegusattice
Boltzmann for turbulent flow [8]. In this study hulent flow
in a square cavity is verified using Lattice Bolaam method
based on Large Eddy Simulation model,
distribution functions for temperature field is fdifent with
other works and first time that it used to this mlodt is
observed that acceptable agreement exists betweeresults
aad achievements from other analysis of fluid flow.

Il. MATHEMATICAL FORMULATION

A. Lattice Boltzmann Method

The numerical solution based on Boltzmann equaion
named Lattice Boltzmann method which was initigitpposed
in 1986 by Ferish et al[9] . After that more strignop 1988
Mc namara and Vzeneti [10], in 1989 Higura and Jisng. 1],
in 1991 Koelman [12] and in 1992 Chen et al [13pioved it.
In Lattice Boltzmann method f and g are two fundicalled
as flow distribution function and temperature disttion
function respectively. These functions are utilizedobtain
macroscopic characteristics of the flow like vetpcpressure,
temperature and etc.In this paper a square grid R2Q9
model is used for both flow and temperature fumsioBy
detachment of Navier-Stocks equations, governingagons
for flow and temperature functions are as follow:

equilibrium
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For flow function:

fi[x+q Lt +) o (xt)=~ [f (x4)f, aq(x1)}+ﬂqF 1)

That faeq) is the equilibrium distribution functions, arnfj,
is relaxation time, which is described in D2Q9 mdike:

eq _ 3 9 2 3
fy -pm/a{1+czeam|+zc4(eau) ?u IIM} (2
In which W, are:
4/9 a=0
w, = 1/9 a=12,3,4 ()
1/36 a=5,6,7,8
And g, is defined as:
(00 a=0
_ AT b T -
e,= [oa{(a )4} ,snli(a )12D a=123¢  (4)

(wd(a-32] sfla- 2]z a= ser

1/2
Igl
C is considered as Smagorlnsky constant and irpHper it is
assumed as 0.1 [14] aid is gained from

(&) +(8y)°

Y directions.

2 =(cA)? |s|

For ‘5‘ we have:

S|=/2SapSap (13)

§aﬁ»:(aaa,3+a ﬁaa)/z (14)

C.Lattice Boltzmann Method based on Large Eddy
Simulation Model

Large eddy model is easily applied in Lattice Bwlénn
method the way, affects relaxation time [15-17].

total s (r -0.5)=v +|/t (15)

In whichc=X/A& , dx and Jtare length and time WhereV,,, andV, are total viscosity and initial viscosity

constants in the grid respectively.
In discretized velocity region, the amounts for signand

momentum are calculated as follow:

8 8
p=3 f =3 & (5)

a=0 a a—Oa
8

pli= Zeszefeq (6)

a= 1 a=1 aa
And T is
r o =3 +1/2 ©)
For temperature function:

- _1 N Cs)) (8)
ga(xl lt)_ga(xi xt) Th [gﬂ(xl 1t) ga (XI xt)]

Where heat transfer equilibrium distribution fuocis for
D2Q9 model is:

3
951 =Tw s e, ] ©
Andtyis :
rh:30+1/2 (10)
Where temperature is calculated as:
T= 3 g,= % gl (11)
a=09 g=019

B. Large Eddy Smulation Method

V,
In this model the main aim is obtaining and a, = (P—t)

respectively.

V, Y, V, V,
I, = G )+05 +0.5+ 5 =1,+— (16)
CS CS S CS

To obtainV, in Lattice Boltzmann method we have:

5=k -
:Zi:oeiaeiﬁ(fi -4 (18)
If we put ‘g‘ in equation (12):
1/2
v, =(CA)° |Q| DT 9 (19)

And if we substitute the above equation in (16):

1/2

Coy |Q| H 20)

Toga =Tt 2

S
To obtain relaxation time in temperature functiou&ion we
have:

: (21)

I, =l + =g, +4
h DO DO
CS S

Where 7, = ° +0.5
c.’

where P[ is turbulent Prandtle number which is assumed to s

be 4. In order to evaluaté we perform as follow:

Substituting new relaxation time in equation (19l 48) yields
to Lattice Boltzmann equations based on large edalyel.

, AX and Ay are grid extents in X and
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D.Boundary conditions for Flow and Temperature U3=Tc(w+w)-g: (249)
The geometry of the present problem is shown inlkég 0, =Tc(w+w)—gs (24b)
u=; v=0; Insulated O :TC (CL{; + (‘%) e (24C)

[

Ill.  RESULTS AND DISCUSSION

A.Validation
u=>0 u=0 X
vl H v Table | shows the comparison of the average Nusselt
=T, =T, numbers for different Rayleigh numbers between emes

results and finds of Barakoset al [18] and DixR]&s a cavity
was filled by air with Pr=0.71. Clearly it is se#ivat the results
match previous work.

u=; v=0; Insulated

Fig. 1a Geometry of the present study

Implementation of boundary conditions is very inmpaot

TABLE |
COMPARISON OFAVERAGE NUSSELTNUMBER WITH PREVIOUS WORKS
Rayleigh Average Nusselt Average Nusselt Number Average Nusselt
Numbe Number(this work [18] Number [19
10° 31.2 32.3 30.5
10° 58.1 60.1 57.4

for the simulation. The unknown distribution furmcts
pointing to the fluid zone at the boundaries nodest be
specified. Concerning the no-slip boundary conditibounce
back boundary condition is used on the solid botiedaln
Fig. 1.b the unknown distribution functions, whickeds to be
determined, are shown as dotted lines. For instahee
unknown density distribution functions at the boarydeast
can be determined by the following conditions:

fe,n =f 8n f7,n =f 5n f4,n =f 2n (22)
6 2 5
North
3 ! L
4 ; b
1 8
€ 5 a 3
.'I »
i Computational
3 1
- Domain =
LY -
N s 7 | 8
West 6\% . ‘; East
/l South

7 8

Fig. 1b Boundary conditions Jwith unknown and knavates

The north and south of the boundaries are adialiaéio
bounce back boundary condition is used on them.pEeature
at the west and east wall are known, in the weéit Wa, =1.0
and in the east wall cFO. Since we are using D2Q9, the
unknowns distribution functions are, gg, g at west wall
which are evaluated as follows:

0:=Ty(w+wy)—g, (233)
Os=Th(ws+aw)—g, (23b)
Os=Th(w+ws)—gs (23c)

And for east wall the unknowns distribution funciso
evaluated as follows:

B. Effect of Rayleigh number on the streamline and
isotherm

Figs 2 and 3 show the isotherms and the strears foe
Rayleigh numbers of £aand 18. As it is clear, results are in
good agreement with other methods for numericaiglyzing
turbulent flow in cavity. When Rayleigh number ieases, the
symmetry state wastes and the centralization oftiteamlines
in the core of the cavity tend the hot wall. Thattansfer
process increases when Rayleigh number enhances. Th
process is obvious where two isotherms of T=0.1 arty
move to the cold wall and the hot wall respectivelien
Rayleigh number rises.

0.9

() (b)

(@ (b)

Fig. 3 The isotherms (a), The streamlines (b) far &
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Fig. 4 illustrates the values of the temperaturetenaxial
midline for both Rayleigh numbers. It is obviouattthe value
enhances with the augmentation of Rayleigh numibeseas
its state gets more stable by increase in Rayleighbers. The
cause of this phenomenon can be observed in thkerso
counters which they became stable by the augmentaf

200 - —— a1 ER

= == = Ra=1ES

Rayleigh numbers.

0.8

[ =]
&
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Fig. 4 Temperature distribution at mid-height ofitafor different

Figs.5 and 6 show the local Nusselt number on ttenall

=il Ra=1EE
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Fig. 6 Nusselt number distributions on the cold\aaRa=168 and
10°

IV. CONCLUSIONS

Turbulent natural convection in a square cavitychihare
filled with water by Pr=6.2 has been conducted mizady by
Lattice Boltzmann Method (LBM). This study has been
carried out for Rayleigh numbers of Ra=108 and 1A9.
proper validation with previous numerical investigas
demonstrates that Lattice Boltzmann Method is gr@piate
method for turbulent flows problems. The isotheiges more
stable when Rayleigh numbers augment. The streasnimthe
core of the flow lose the symmetric state whichsexiat low

and on the cold wall of the cavity respectively footh
Rayleigh numbers. The trend of the local Nusseihlmer is
the same for various Rayleigh numbers and just tedues
increase by the augmentation of Rayleigh numbeis Trend
demonstrates which the most difference of temperaitu at f1]
the bottom of the cavity whereas the convectioncess [2]
doesn't form completely. On the other hand, Fgsnd 6
exhibits that the local Nusselt number on the hall wnd on

3
the cold wall have a symmetric manner which shohes t[]
accuracy of this method for solving this flow. ”
4
[5]
200 e Ra=1E8
—— Ra=1E8 [6]
160 7]
= 120
= (8]
BO
40 [0
o 1 1 L L

o 0.2 0.4 0.6 0.8 1
b

Fig. 5 Nusselt number distributions on the hot walRa=18and 16

[10] G.McNamara, G.Zanetti,

[12] J.A.V.M.Koelman,

Rayleigh numbers by increase in Rayleigh numbers.
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