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Abstract

The LatticeBoltzman method (LBM), is used to simulate natural convection in a siuaneed cavity filled

with CuO-waternanofluid The cavity is submitted to partial and centered heating and cooling from two opposite
sides with constant temperatures. The numerical code was successfully validated against available works using
conventionahumerical methosl The obtained results areayzed for wide ranges of the governing parameters
(Rayleigh number, Ra, volume fraction of the nanopartigleand inclination of the cavityd). The obtained

results are presented in terms of streamlines, isotherms, heatlines, average Nusselt mdnatersraterms of

velocity and temperature profiles for various combinations of the governing parameters.
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1. Introduction

Natural convection heat transfer in enclosures is an impgrtartomenon in engineering systems due to its
wide applications. Therefore, improvement in the heat transfer of these systems is an essential topic from an
energy saving perspective since cooling process remains one of the most technical challengemutustealy
applications (including microelectronics and manufacturing). Various techniques have been tested in the past
with the objective to enhance heat transfer rates in confined geometries with small volumes. The most innovative
and most promising tanique is the use of nanoscale particles suspended in the base liquid. This technique has
generated considerable interest due to the potential of nanoparticy®g, @UO, Cu, Ag,TiO, é ) to enhance
the heat transfer rate in engineering systems.

Through the decades, researchers have analyzed the effect of discrete boundary conditions on natural
convection in rectangular enclosures by using various numerical methods. For instance, Hasnadlhewval. [
used a finite difference technique to studytural convection ia rectangular cawt partially heated from below.

The effect of the heating source positisasanalyzed and the multiplicity of solutiomeasdemonstrated in the

case where the heating element was centrally located. More reckatfinite volume 2] and the finite element

[3] methods were used to study natural convection flows generated by partial heating and cooling in rectangular
cavities. The problem of discrete thermal boundary conditions was extended to study natural aonvecti
problems in cavities filled by different nanofluids (Cu@ter nanofluid 4], Cu-water nanofluidp] &)

In the present study, the Latti@wltzman method (LBM), is used to simulate natural convection in a square
cavity inclined with respect to the hpointal The cavity ifilled with the CuOGwater nanofluidand submitted to
partial and centered heating and cooling from two oppositeveidle with constant temperatures. The D2Q9
Lattice model was used for both density and internal energy distributiariidns.Due the space limitation,
typical results in terms oftreamlines, isotherms, heatlines, average Nusselt numbers and velocity and
temperature profileare illustratedor various combinations of the governing parameters.

2. Mathematical formulation

2.1. Position of the problem

The studied configuration is sketched in Figltlonsists of a square cavity of lendthvith two partially active
walls, centrally located on two opposite walls, and maintainembastant temperatures; Bnd Tc (Ty > To),
respectively. Théength of the active elements is/2 and the remaining surfaces assumecdhdiabatic The
cavity is inclined atin anglé with respect to the horizontahdfilled with a CuO-waternanofluid The flow is
assumedNewotonien laminar andncompressible which requires that the Mach number should not exceed 0.3.
The nanofluid density is approximated ttwg Boussinesq standard madel
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Figure 1: Studiedconfiguration.

2.2. Overview of the Lattice Boltzmann method(LBM)
Historically, the Boltzmann equationsEgs. (1)-(2), are written inthe BGK approximation In the LBM, the
domainis decomposed inttatticesof arrangements D2QB] and thedouble distributionfunction (DDF)is

usedin this study Two functions are introduced in the modgie firstone,"Q,i,0 , corresponds taelocity
while the seconane “%i ,0 , corresponds to temperature

The lattice Boltzmann equation witn external force’'Ocan be written respectively for tHeid flow and
temperaturalistributionas follows:

Qi+ Y00+ g = QL0 1 Qi,00 @ io0 4+ Qo 1)
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The local equilibrium distribution functien denoted®@. i, 6 and}.,i,0 are expressed as:
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For'0209 arrangementsghe discrete velocitied aredefinedas follows
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And the weighting fact@raregiven by:
1 0= 4/9J 1=1 2=—| 3=—| 4= 1/98f] 5=—| 6:—| 7=—| 8:1/36 (6)

Then, thediscrete external force is given the following expressian
Q3 40=3 40 Y Y (GGl + Gl D) ()
Where™Y = (" + "¥)/2

Finally, themacroscopic quantitiesan be derived frorthe following formulas

Density " 1,0 = Ba8'Qi,o 9)
Momentum "0 1,0 = Bagdk@i,o0 (10)
Temperature  "Yi,0 = B&3'Qi,0 (112)

The Chapmaitnskog procedurallows the deduction ofhe incompressible NavieBtokes equations froitine
LBM as follows:

n6=0 (12)
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By analogy, the kinematic viscosityand t he t her mal di ffusivity Uheare the

following expression 3
t= 1, 05¢30 | = ty 0530 (15)



With 1y, T~ G and Yo stay respectively fonydrodynamic relaxation parametéinermal relaxation parameter,

sound speed artime increment

2.3. Heat function and Nusseltnumber
The heafunction is introduced aasolution of thefollowing equation:
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The Point Successive Over Relaxation (PSOR) method was used toEspl{(#23) with an optimum relaxation
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factorgiven by the Frankel formulir thelatticesused.

The local Nusselt numbef 6, and the averag&lusselt numberNu, evaluated at the heateslirface are

respectivelycalculated as:
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2.4. Nanofluids properties
The effective density ahe nanofluid is given byhe expressian
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f thessubscriptsfnnf amd np stamcke for asé fluid,
nanofluid and solid, respectively. The viscosity of the nanofluekpessed as follows
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The effective thermal conductivity of the nanofluid can be approximated by the Ma@aetietts model as:
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2.4 Validation of the numerical code
The numerical code was succeffuly validated in terms of heatlines against the papers by Basak [@hd Roy

(results not presented) aradso in terms average Nusselt number in a square cavity filled wittw&ar
nanofluidand provided witlpartially active side wall$5]. Comparative resulipresented in Table, show very

satisfactory agreement sinttee maximum difference remains witt3#%o.

(30)

Table 1

Validationin termsof average Nusselt numbierthe case o square cavity filled witiCu-waternanofluid
Ra- 10° 10° 10°
j ® Ref. [5] Our code Ref. [5] Our code | Ref. [5] Our code
0 1.02 1.05(2.9%) | 2.01 1.96(2.4%) | 3.98 4.01(3%)
0.1 1.24 1.23(0.8%) | 2.2 2.2 (0.%) | 4.42 4.47(1.1%)
0.2 1.6 1.56(2.5%) | 2.36 2.35(0.4%) | 4.84 4.81(0.6%)

3. Results and discussion
3.1Qualitative effects off and e
In this section, the flow structure, the isotherms and the heatlines are illustatedticallyin Figs. Za-c'),

using the LBM,for 'Y¢)= 10° andthree inclinations corresponding to differatitections of the gravity with

parti
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(dashed linesvith e = 02) and

3.2 Effect ofthe cavity inclination

(b)
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Figure2: Streamlines, isotherms and heatlines for Ra®=afafd = 0° (a),45° (b) and 90° (c and c).
respectto the active elementsThese figures showvgualitative comparisos between Cu@vat er

(©)

nanopui c

pur e pwith «d= Of lseloalidrsdin térmsnoétreamlines (on the

top), isotherms (on the center) and heatlines (orbtteom). It can be observed that bathandj have visible

effects characterized by the demarcation between the dashed and salidl limesxcept the cage= 90°, case
corresponding tdieating from below for which two solutions are obtairfbitellular flow and monocellular

flow turning either in the clockwise or countdbckwise directiog), the remaining inclinationgenerate
unicellularclockwiseflows. For the given value of Ra, the combined efaxftthe nanoparticlefactions and

the inclination angle of the cavity Y an apparent effect on the shapes of the structures and the thermally
inactive area in the heatlines characterized by the closed lines. The latter, expanded or narrowed, have a direct
effect m the widh of the open lineon the corridor ensuring heat transfer between the active elepeatspg
consequently to an enhancement or a reduction of heat trahsfdre isotherms we can observe that the
isotherms are tightened the vicinity of the heatig and the cooling elemexntthere where the open line
heatlinesdepart from the heating element and arrive at the cooling element. The central part of the cavity is the
less active thermally due to tBparsdsotherms andb the formation of closeddatlines in this region.

The effect of the inclination angle is illustrated in F&jin terms of average Nuds@umber variations versus
for "Y&= 10%in the case of pure fluid (= 0) and nanofluidj( = 0.2). For both values gf, the variations
observed are characterizbgl an increase towards a maximum (observed araund2,339(37,439 for j
0/(0.2)) followed by a monotonous decreasthe remaining range af Note that, the casef d = 90°
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Figure 3: Variations of Nu versusd for 'Yéb= 10° andj = 0 (empty circles) and 0.2 (full circles).
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