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1. Introduction

Problems involving heat and mass transfer by free ¢
porous medi antademabracaedecnbi on through the decades ¢
engineering amaqeesdtheooombhi aed effects of thermal and
complex flow structuresmiah compacison. wiThke tbespdeeat
Soret and/or Dufour effects) in recent problems furtt
speci ficl bethhhevicwasse of cavities didf féoenibsally beatedl
(except in special cases as in situations where ther ma
by i mposing horizontally a gradient of $sembepraothblremsnhk
n considered in many expleri mameatli mend, ntuhmege caqarl a &it al
tical thresholds to trigger convection flllolws Swhcehn t
eagory of problems |l ead in general to more intriguin
f bifurcations, hysteresis behaviors and reversal |
separatisom offesepeches goal, the inclination of th
amounts ensuring optimum conditiond5tfhaffhleeadipbot m@ma
at may be played b)y itrhitsh e amadneftiecat(iicmmrc|ldfnakdd mypnancy
e case of ther mal convection induced in a sqguare ca)
at transfer in thel®]r.esfemateh ovh mahmwipsae e x pcd cetse d 1t70 al
ansfer characteri,stsi ashei n niteactnan g wthleaart cgewietriaees on. '
peri ment al [ 20, 21] and numeri cal [22, mpAr astudli gs
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s that very |limited research has been ¢
24] . The i mpact of the heat generation
ow generated by the temperature and concent

ow
hea [
Ra whhee

numbeg,, Thhae Ratmay PRhay a key role in the control of
characteristics. Thus, having regard tobhéehmoserl stahgna
convection i a inclined rmedt anggul a2r beya vfiotcyu swintgh tahne

n
cavity inclination and the ratio of int
@ d, was succhoemedmdde wadd OB cledd ziiniatnbn  a
Ation time (MRT) scheme.

n
effects of the
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met hwidt,h t-hel mu

2. Mathematical Formulation
2.1 Problem Description

The physical model considered in the present studigecisedin Fig. 1.1t is a 2D rectangular cavity of
height, H and width, lconfining a binary mixtureThe long sides of the enclosuparallel to Oyare submitted to
constant temperatureS§Y “Y and concentration”Y "Y while its short sides are considered adiabatid
impermeable to mass transféfhe confined mixture is considered Newtonian, incompressible, obeying the
Boussinesq approximation and the fluid flow is laminBy. considering these hypothesdke macroscopic
governingnondimensionalequations haveden obtained by using appropriate dimensionless variadildbe
vorticity-streamfunction formulation(W T ), andin the presence of Soret effeittese equationsan be presented
as follows:
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The local Nusselind Sherwood numbers are evaluated as:

00 W —  _and YO @ — "Yi— (5)
h h R
In the above equation, the subscript 6f1) 6and™YQstays for the heated/cooled wall.
The averagaNusseltand Sherwood numbeos the active wallare definedas follows
0 Of - — _Qaand "YQ5 - — Y= _ Qw (6)
h h
The examination of the governirgguationswritten in their dimensionless fornshowsthat the control
parameters arey Ty the Soret parameterf %o; the dimensionless temperature/(concentratior) —; the
Lewis numberp i —; the Prandtl numbefj T 3"W{ 3"Y; the buoyancy ratid, ; the cavity inclination and
'Y — :internal to external Rayleigh numbers ratidth Y&  "Qfg¥ ¥ £ and'Y®d "Qi00 74| _These

two last parameters are respectivaiytrolledby the temperature difference betweenabtveboundaries and the
intensity of the uniform volumetric heat generatadisorptionrate. It is to specify thathe presentation of the
dimensionless Eqgs. (1) to (4) in this manuscwps motivated by the concern to make exgdlcappeaing the
governingparameters



Figure 1 Physical model

2.2 Mathematical formulation

In the mesoscopic approaaked in this studythe problem is governed by the Boltzmann equations (6) for
the momentum equation using tBéatnagairGross Krook (BGK) approximation 25 while the equations of
advectiondiffusion of temperature and concentration are solved separately using an explicitifiaitence
techniqueat the Boltzmann scal@ he LatticeBoltzmann equation in the presence of an external fércan be
written for the flow field as follows:

Qi oY wo Qi 1 8Qim Q i "OYo 0

In the precedent equatian, pXT stays for the flow field collision frequency. The parameterandao
represent the flow relaxation time and the linkage time, respectivelireat the incompressible case usedhe
modelproposed byHe and Luo 26] who suggestedio neglect the termsf order higher than 2 in terms of the Mach
number

Thereby the local equilibrium distribution functios 0, known also as Maxwell 6ds di
obtained a$27]:

P 8p P 8p

M im 17" p o— 1 2 for k = 0, 1, éx 8

With mbeing the densityA the discrete velocities for tte@rangemenb2Q9 scheme (used in this study) the
weighting factorand wthe lattice speedrhe implementation of the Boussinespproximation in the discrete external
forcewas derived from thexpression proposed by Luogpas follows:
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Where4 4 4 T¢,3 3 3 Tchy is the thermal expansion coefficient ad andA arethe
projectiors of the microscopic velocité on thex andy axes

The macroscopic quantities which are the densitgndthe velocity,® can be obtained by using the following
formulas:

A

moO B EOD
> A > A w

MO B AAEGD
The Chapmatktnskog proceduri29] was used to link the kinematic viscosityo therelaxation times’
T ™ — 30

As mentioned beforehé energy and species equations are written in their dimensional forms as follows:
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Where| and’O stayrespectivelyfor thermal and mass diffusivities while the parameter translates the
coupling due to the Soret effect. Equations (10) and (11) were discretized at the Boltzmann scale using a similar
approach to that proposed by Lallemand and L3@] vith Yo Yo Y& p8This methodis explicit and
characterized by a conditional convergence criterion. The object in the present study was tosutmtd the
present problemMore specifically for Egs. (10) and (11), the followirdjscretizatios were used:

— 3i 3h (12)
— 3 n 3 n -3 i 3 3 3 h (13)

— — C¢3 {5 3 { 3p 35 -3 j 3 h 3 ;i
3 ;i (14)

In Egs. (12) to (14)3 stays for"Yor “Yand the first derivative o8 with respect to y is similar to its derivative
with respecto win Eqg. (13), if one takes care to permute the roldb@findicesi i 0 a Thd paraieters and
'O where calculated at the Boltzmann scale¢ as’ 70 iand’O | 70 Qwhile the source term in Eq. (10) was
calculated by using thevailabledata.

2.2 Validation of the numerical code

The hybrid LBM-FD code was validated againsthamemade code based bBM with MRT scheme
developed by our team, and using D2Q9 model for fluid flow and D2Q5 models for temperature and concentration.
Various comparative tests have been successfully carried out but illustrated here just forlihe gad¢® p T,
0Q ¢,Y 1Tm c¢andg Tt v Comparisonswere made interms of streamlines, isotherm=sentrations
and corresponding extremum values[ ofand meanvalues of Nusselt and Sherwood numbers on the active
boundaries.The comparative results presented in Rigiereobtained with a grid 120240 (the same grid used in
this study) The examination of these resudtowanexcellentqualitativeagreemenbetween both methoddespite
the difference in the approaches used for both methodsaomiximumrelative difference of abo®4%/1.9%is
observed interms of [ while for Nusselt and Sherwood numbgdhe maximum difference remains within
0.6%
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Figure 2: Validation of the numerical code in terms of streamlines (a), isotherms (b)-and is
concentrations (c) fotyi md p,’Y®O pmOQ ¢’Y TMWO c¢andg T uL.J

2.3 Effect of the grid

Thepreliminary tests conducted to examine the sensitivity of the resuliswssof thegrid has led to thehoice
of the grid 126240for the present studyrhe comparativéndicativeresults presented in Tableptovidean idea
aboutthechangesccompanying the refinement of the grid. It can be affirmed that the selected gfid4Qpkads
to very satisfactoryresultscomparedwith the finer grid (168320) with an importantgain in computation time.
Quantitatively, he result&ngendered by choosing the grid 1280deviate by less than 0.43% from those obtained
with the finest grid.

Table1: Gr i d 6 dor¥if frdctp,’ YO pmOQ¢’Y pm® candg T v.J

Fode F oo Nu: Nuo Sh Shy
803 160 10.9099 -38.8955 -30.6780 -69.9169 3.7887 -3.8377
10C® 200 10.9689 -38.8697 -30.6485 -69.6767 3.7751 -3.8040
1203 240 11.0031 -38.8761 -30.6381 -69.5554 3.7689 -3.7869
14C° 280 11.0277 -38.8843 -30.6345 -69.4884 3.7658 -3.7777
16C® 320 11.0498 -38.8895 -30.6337 -69.4486 3.7642 -3.7724
Relative 0.4226 0.0345 0.0144 0.1538 0.1249 0.3844

deviation (%)

3. Results and discussion

The results presented in this section were obtained with the Hgtired-Boltzmann finitedifference method
in the case of a cavity heated and salted frloenlongopposite sidefor G p (case of aiding buoyancy forces)
The remaining parameters are the aspect ratio of the cavityy), the Lewis numberd('Q ¢), thePrandtl number
(01 T P theexternalRayleigh numberY ¢ p ), the cavity inclinationg T ,30° and 60°)the Soret
parameterYi  mand-0.5) and the parametéf characterizing the relative importance of the internal Rayleigh
number comparkto that of the external Rayleigh numbere'Y ¢y )t Therestrictedchoice of the values of the

5



control parametersvas dictated by the concern to avoid unstesmlytionsmore frequently observed for positive
values of Yi(particularlyfor "Yi 1@ considered in the preliminary tegta/hichrequires more investigative effort
that goes beyond a scope of a conferemeeaddition, the case of heat absorption was omitted since their
corresponding resulteay be deducefilom the case of hegeneration as indicated in Figf® two opposite values

of Y. Here, we illustrate combined effects of the three parameters whickiakeandg on the illustrative results
presented hereafter.

(a) (b)
(" max [ min) = (8.563,-37.617) ( max[ min) =(8.563-37.617
(Nu,Nw)=(56 . 289 )5 3 4 (Nuy, Nuw)=(- 23 .,588@.)589
(Sh,Sh)=(3. 70%. 6 8 4 (Sh,Sh)=@3 . 683. 705

Figure 3: Streamlinesfor p,3 O m,'Y® p mandg Tt v:fa)yY g rand (b)Y ym
3.1Fluid flow and heat and mass transfer characteristics

Thecombined effects afavity inclination and Soret parameters are depictédgs.da-b for'Y  mandFigs.
4c-dfor'Y | 1in the absence of Soret effect (Figa.and4c) and in the presence of negative Soret effect (Figs.
4b and4d). It can be seen that the flow circulatismmainly structured in one negative clockwise rotataly It is
however to outlinghat the solution obtained witli ™ and’ ¢ Tid unstady periodic butthe flod 0 e s n 6t
lose themonocellularstructure(the quantitative results presented for this case correspond to average quantities over
one flow cycle) For this unsteady solutionnly dight qualitativechangs affecing the internal lnesof the cell
were observedAs for the flow intensity it undergoeseverthelessn important changaround 37% during the
evolution of the flow cycleApart from this clarification, all the remaining solutions are ste@ttybally, by focusing
the attetion on the Soret effect for a given inclination, we notice that the negative Soret parameter has a negative
impact on the flow intensity. More specificallpri @ 1, dhe flow intensity undergoes a mean decrease around
8.4%by changing the value 6¥ifrom 0 to-0.5. Comparatively, the decreasgistereds around 13%/10.5% for
[ o Tfd dvhen the Soret effect is considerBidw, by focusing the attention on the changes undergone by varying
the cavity inclinationit appears that these changesraoeeimportant.Qualitatively,the variation of the parameter
[ engenders a big chanigethe shape of the internal lines of the galleangesisibly more marked by the inclination
variations that affect the components of the buoyancy fd@umntitatiely, for a given Soret parameteby
decreasing the cavity inclination from 60°36°/0°, the flow intensitydecreases by about 31%/47% i 1t
and 34%48% for"Yi T®. It is to notethat the increase dhe ratio’yY of the Rayleigh numbers destroys the
monocellular flow structure by favoring the appearance of a positive small cell from a critical valiabflepends
both o and"Y1 The figure 2 used for a validation purpose gives an idea about the size and lotHtmmascent
positive cell for thecorrespondingcombinations of the governing parametdfer 'Y  ( 1t Figs. 4c and4d
exemplify other states of the flow respectively ¥t 1 and-0.5 and variou$ . It is seen thathis relatively
important vale of'Y has led to a big change in the flow structlyefavoringthe positive clockwise ceiih terms of
size and intensityThe latter appears whehe hot wall contributes to the cooling process ifserole changes to
ensure the evacuation of a part of the important heat generated inside the Aawttyrpoint to outline is the fact
thatall the solutions obtained wiflY ) mare steadyRecall that forY  tthe flow structure is monocellular.

For R = 80, the monocellular nature of the flow is,l@egtich means that the size of the negative cell is redoged
despite this facits intensty is increasedince it issupported by the internal heat generatiore specificallythe
increase of the flow intensity accompanying the increa®fof"Yi 1 1@ is of abou382%/21% 79%68%and
98.5%179.5% respectively for = 60°, 30° and 0°.Now, by focusng the attention orthe relative ratidin %) of
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the positi tyaithcesped td that of thd negatweefor each inclinationwe notice that it is of about
16.2%, 30.6%and48.3% respectively fof ¢ 1 30°and0°and”Yi 1. However, for "Yi T®, these ratios
become respectively9.5% 32.9% and 48.8%. This means that the decrease of the cavity inclination attenuates both
the positive and negative cells intensities and thiekive attenuations are more important for the considered
negative value of the Soret parameter.

Sr=0 Sr=-0.5
(b)
g=60° g=30° g=0° g=60° g=30° g=0°
[ max=0 [ max=0 [ max=0 [ Tt [ max= 0 [ max=0
’V min = '29511 ’V min = '20234 f min = '15645 f = -27023 |V min = '17611 ’V min = '13991
Sr=0 Sr=-05
(€) (d)
g=60° g=30° g=0° g=60° g=30° g=0°

[ max= 6.308 [ max=11.042 [ max=15.007 [ max= 6.380 [ max=9.770 [ max=12.271
’— min:'38.996 ’—min:'35.992 |— min:'31.052 |— min:'32.718 |— min:'29.644 |— min:'25.124

Figure 4:StreamlinesfoB O m AVA AT Am® APA, 2 1 AA AT @gmAA 'Y p mand variousy

The correspondingsotherms ardéllustrated in Figs5a-b for'Y  mand in Figs.5c-d for'Y  ( rin the
absence (Figsa andsc) and in the presence (Figs. 4b and 4d) of Soret effect. These figures show that the isotherm
fields areaffected by the Soret parametrdmore importantly by the inclination of the cavity. the absence of
heat generatio(Y 1), the mean heat fluxes crossing the active boundaries are identical in the absence and in the
presence of Soret effect indicating that the energy balance is fully satisfied. ( 1tthe sun{in absolute value)
of both Nusselt numbers shoulddxgual 80. This balance is also satisfied with a maximum error of Glé#éover,
in the absencef internal heat generation and, due to the monocellular nature of the flow, two thermal boundary
layers are developed in the upper part of the cooled waliratie lower part of the heatexhe The locations of
these boundary layecain beexplained bythe clockwise rotation of thenique existingell. In fact, hese boundary
layers are observed there where the fluid heated/cooled by the left/righhtedlcts first with the cooled/heated
wall. For'Y 1tthe most important temperature gradiearss still located on the upper part of the cold wall but
on the heated walltheyare shifted towardgés upper partwhere the peripheral lines of th@ostive counter
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