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ABSTRACT

Natural convection in an open ended enclosureinailated using Lattice Boltzmann Method
(LBM). The paper is intended to address the physiclow and heat transfer in open ended
enclosures . The flow is induced into the enclofyréuoyancy force due to a heated vertical
wall. Also, the paper demonstrated that open bogndanditions used at the opening of the
enclosure is reliable, where the predicted resats similar to conventional CFD method (finite
volume method, FVM) predictions. Prandtl number) (RBr fixed to 0.71 (air) while Rayleigh
numbers (Ra) and aspect ratios (A) of the cavity @ranged in the range of 400° and 0.5-1,
respectively. It is found that the rate of heanster deceases asymptotically as the aspect ratio
increases and may reach conduction limit for highspect ratio. The flow evaluation in the
enclosure starts with recirculation inside the estlre, as the time proceeds the flow inside the
cavity communicates with the ambient.
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1.0 INTRODUCTION

There is no need to say that Lattice Boltzmannhidas (LBM)are in high pace development and
have become a powerful method for simulation fludvfand transport problems for single and
multiphase flows[1,2]. In this work, the method is applied for naturaneection in open
enclosures. Natural convection in open ended emassare encountered in many engineering
applications, such as solar thermal receiver, lgeavection from extended surfaces in heat
exchangers, solar collectors with insulated stfR]s etc. Few numerical simulations in open
enclosures were reported for aspect ratio of umitiiout inclinationg4—6] and with inclinations
[7,8]. On the other hand few research papers have hagisheed on experimental studies of
buoyant flow in open enclosurg8-11]. Effect of conduction (conjugate effect) long the
boundaries of the enclosures and radiative heasfeaon the heat transfer were addressed by
[12—-14] Stability of flow in open enclosures exposed tatsted media is addressed Hb].

most of the mentioned works investigated natural/eotion in enclosures of aspect ratio of unity.
The effect of systematic analysis of aspect ratithe physics of flow and heat transfer is

missing from the literature, which is worth beimgéstigated. The velocity field and temperature
profile are unknown at the opening boundary prigdiation. Such a boundary condition has
never been tested for LBM applications before, Whidll be addressed in the present work. First
the predictions of LBM are compared with predictiari finite volume method. The effect of
aspect ratio on the flow and heat transfer systeaitiinvestigated.
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20 MATHEMATICAL FORMULATION

The Standard D2Q9 for flow and D2Q4 for temperatuB method used in this woi}d];
hence only brief discussion will be given in thédaing paragraphs, for completeness.
The BGK approximation lattice Boltzmann equatiomheut external forces can be written as,

f (X +gAtt+At)- (X, 1)=Q (1)

Where fare the particle distribution is defined for thétéirset of the discrete particle velocity
vectors ¢ The collision operatot?;,on the right hand side of Ef{.) uses the so called
Bhatangar-GrossKrook (BGK) approximatif#]. For single time relaxation, the collision term
12, will be replaced by:

— fea
0 =-1"t )
r

WhereT LT =— | is the relaxation time and,** is the local equilibrium distribution
@

functions that has an appropriately prescribedtfanal dependence on the local hydrodynamic
properties.
The equilibrium distribution can be formulated2k

(o0 1) = aop| 1+ 3504 9 (6:U)° _ 3uu
R A ey 3

The flow field distribution function in lattice Bamann SRT Model is:

f (x+GA t+ A1) - g(x,t)=-ri[ F(%)- (% §]+AtF 4)

\

The temperature field distribution function in le¢t Boltzmann SRT Model is:

gi(x+tht+At)—g(xt):—Ti[ g( x)- g*( x}] 5) (

C

The local equilibrium distribution function for tgrarature field is:
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o5

@) is the weighting factor for flow and is the weighting factor for temperature.

w:{f i:O,é i=1-4 L i=5-8 @

The discrete velocities, for D2Q9 are defined as follows:

¢ ={0i=0, c(co{(i—J)’—ﬂ ,si{(i— ;1’—21 C i=1-4
cﬁ(co{(i— agﬂﬂ ,sirﬁ(i— $’_2T+Lﬂ } i=5-8 )

The weighting factor for temperature is equal factemain four directions which isf = 0.25
The discrete velocities; ,for the D2Q4 are defined as follows:

clo{Brjaf e

The kinematic viscosity:f ) and the thermal diffusivityd ) are then related to the relaxation
times by:

9= [rv —1} c At And a= {re —1} c’At
Nusselt number is calculated as:
oT
Nu=-—
oY (11)

Nusselt number is based on the height of the emaosi. T stands for dimensionless
temperature. Average Nusselt number is calculagadtbgrating eq. (11along the height of the
enclosure and dividing by number of lattices altmgheight.

In the simulation,the Boussinessq approximaticapiglied to the buoyancy force term.In this
case the external force(F) apperaring in Eq.(4)ven by:

F =3w9/AT (12)
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Finally the macroscopic quantitiep(u, T ) can be calculated by the mentioned variabledy wit
the following formula.

Flow density: p=Y fi(x1)

I 113
Momentum: pu=>"¢f(x1
Temperature: T=>g(x?

3.0 NUMERICAL SIMULATIONS

The distribution functions out of the domain an@wn from the streaming process.

Flow:

Concerning the no-slip boundary condition, bounaekliboundary condition is used on the solid

boundaries. The unknown density distribution fumsi at the east boundary east (open
boundary) can be determined by the following caod:

fG,n = fG,n—l ' f3,n = f3,n—1 and f7,n = f7,n—1

(14)
Wheren is the lattice on the boundary and-1 is the lattice inside the enclosure adjacent¢o th
boundary.

Temperature:

The north and south of the boundaries are adiabatimunce back boundary condition is used on
them. Temperatures at the west and east wallsnangrk In the west wall 7=1.0. Since we are
using D2Q4, the unknown internal energy distribufionction at the west and east boundaries
can be determined by the following conditions:

For the west wall:

6, =T (d+ab)- g, (15)

For the east wall:

If u<O then: 9;, =0- 0,
{16
If u>O0 then: Osn = G301

Table 1summarizes the average Nusselt numbers predictdtldri®l compared with predictions
of Finite Volume method (FVM) for aspect ratio ofen
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Table 1 Average Nusselt number comparison prediicyedifferent methods.

Ra LBM(present) A.A.Mohammadhkt | Hinojosa et al (FV)
(LBM)
1¢* 3.222 3.37i 3.57
1C° 7.228 7.328 7.7¢

Hence, it is concluded that LBM with the suggediedndary condition at the opening of the
enclosure can produce reliable results.

Fig 1 (a) shows streamlines for Ra2@r aspect ratio of 1.The flow enters from the évwalf
portion of the enclosure and leave from the uppdfrdf the opening.
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Figure 1: (a) Streamline and (b) isotherms plotsRayleigh number f0

Isotherms for aspect ratio of 1 are shown in Hg)LHence, it is expected that by increasing
aspect ratio, the rate of heat transfer decreasgaiduction limit.

Results for Ra=10are displayed in Fig. 2 (a) which show streanglifte selected aspect ratio.

The unique feature of the streamline compared thi¢tresults of Ra=10s that the streamlines
are titled upward at the upper corner of the classtienclosure due to strong buoyancy force.
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Figure 2: (a)Streamline and (b) isotherms plotRayleigh number 0
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Figure 3: Streamline plots for two values of Giats numbers.
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Figure 4: Streamline plots for two values of Giats numbers.
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Figure 5: Isotherms plots for two values of Regisatumbers.

4.0 CONCLUSIONS

In this paper, the Natural convection in an opertlasure has been conducted
numerically by Lattice Boltzmann method (LBM) andn® conclusions were
summarized as followings:

= Lattice Boltzmann Method is an appropriate metfwodlifferent applicable problems.
" Increasing aspect ratio for a given Gr decretimesate of heat transfer.

" Due to the strong buoyancy force the streamlatdsigher Gr are titled upward at the
upper corner of the closed end of the enclosure.

" LBM with the suggested boundary condition at theeripg of the enclosure can
produce reliable results.
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