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ABSTRACT: This work presents a numerical study, in a tranisgate, of the thermal behavior of a horizontal
alveolar structure filled with air and verticallydated by a sinusoidal excitation applied to itseqigr surface.
The lower surface is maintained to a constant taatpee. On the vertical sides, a periodicity coiafit is
imposed (repetitively condition). The coupled heatsfers by conduction, natural convection anddwjiation

is taken account. The Boussinesq approximationalgl.vThe system of equations is solved by theefini
difference method based on the control volume apgraand the SIMPLE algorithm. The response of the
structure in term of the variation of the interrehd external heat flux and the maximal stream foncéare
compared for different considered parameters ofapplied temperature. The average values of thguisacy
and the amplitude of these grandeurs are analyZée. effect of the emissivity on the behavior ofrthtire
flow and on the heat flux is also discussed.
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I INTRODUCTION

The problem of the coupling between conductionyeation and /or radiation heat transfers, in closed
cavities has been extensively studied using numlestnulations and experiments, owing to the pcatti
importance of such configurations in many engimegrapplications (convective heat losses from solar
collectors, thermal design of buildings, air coimdiing and, recently, electronic cooling). The majoof the
existing studies, which are of numerical naturencewned with rectangular cavities where the tenpeza
gradient is either horizontal or vertical, includidifferent kinds of boundary conditions [1-5]. Rks of these
studies show that radiation affects the dynamioal thermal structures of the fluid, reduces natooglvection
heat transfer component, and contributes to ineréias total amount of heat exchanged in the cordigans
considered. Most of the works conducted in the mastnatural convection coupled with radiation iesid
rectangular enclosures have been substantiallyntedeto study unidirectional heat transfers resgltirom
imposed temperature gradients (due to heat fluxeterperature differences) either parallel or ndrioa
gravity. In some practical situations, much morenptex boundary conditions may be encountered where
horizontal and vertical temperature gradients cddcsimultaneously imposed across the cavity. Jusisfies
the presence of published works where the rectangualvities are heated from below and cooled froove
and simultaneously submitted to various specifrfesirnal boundary conditions at the sidewalls. Inghsence
of radiation effect, Corcione [6] and Cianfriniat [7] have investigated steady natural convectibair filled
rectangular and square enclosures heated from belogled from above and submitted to various thérma
boundary conditions at the sidewalls. The resuitsioed for the average Nusselt number of the whalaty
were expressed through a semi-empirical dimensigrderrelation.

In the above mentioned studies, thermal boundamditions were assumed to be either steady
isothermal or constant heat flux wall conditionsowéver, in many engineering applications, the eperg
provided to the system is variable in time and givise to unsteady natural convection flow. Solatectors
and printed circuit boards are examples of suckesys submitted to variable thermal boundary coowii In
addition, thermal and dynamical behaviors of adflsubjected to time dependent thermal conditiores ar
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impossible to predict on the basis of the resuitmioed with constant temperature or heat flux @@ms. This
justifies the presence of some works in the liteatin which the variable aspect of the thermalriatzuy
conditions was considered. The numerical resultaiobd by Lakhal et al. in the case of a squaréycéstally
[8] or partially [9] heated from below with periadivariable temperatures showed that the resultiogy f
structure and heat transfer were strongly depermtetite amplitude and the period of the variabbepterature.

On the other hand, the available studies in tleeditire which treated the coupling between conduocti
and convection are generally limited to simple @umiations consisting in rectangular cavities withe or
several conducting walls. In this sense, we cam tti¢ investigations conducted by Balvanz and Ku&bi
Kim and Viskanta [11] and Koutsoheras and Chaite2} These studies in which the rectangular casitire
differentially heated, it has been shown that ratwonvection heat transfer is significantly recdiidey
conduction in the walls and/or radiation exchangevieen the cavity surfaces.

The problem of the coupling between the three marfelseat transfer was the subject of a set of
investigations. An early study is a detailed nuearistudy which taken account, simultaneously, tike-
dimensional conductive, convective and radiativat lteansfers in concrete hollow blocks has beeredmn
Abdelbaki and Zrikem [13]. Among the effects whigre examined, there was the effect of cellular lpens
in the two directions of heat transfer. The authams concluded that the estimation of heat trangfierugh
building walls consisting of hollow tiles can bedueed to a hollow tile with one air cells in thertical
direction. Also, based on the results of a numeésicaulation in transient state of coupled heatdfars through
a differentially heated hollow clay tile with twdr @ells deep, Abdelbaki et al. [14] have deterrditiee overall
thermal conductance’s from the empirical Transfemdtion Coefficients (TFC) using an identification
technique. The results have been presented fondhew bricks which are widely used in the constine of
the buildings vertical walls. More recently, theeyious study has been extended to the case oblfettiles
with one air cell in the vertical direction, whichostly used in the construction of building roof&{18]. In
these studies, it required the resolution of thebjgm, both in permanent and in transient réginfethe
coupling between the three heat transfer processesveolar structure vertically heated. Thus, ta®
situations have been considered: heating from baleavheating from above. The considered hollovs tilad
only one cell deep in the vertical direction. Thire overall thermal conductances are generatéioeisteady
state regime and the transfer function coefficientdime varying regime for different consideredllbae
concrete blocks.

The importance of coupled heat transfers by natoal/ection conduction and thermal radiation in a
hollow tile subjected to periodic boundary condidn time is justified by the relevance of suctnaasitional
process to many technological applications. Thegyosupply of electronic circuits by an alternatimgrent,
the collectors of solar energy, rooms housing auittling hollow blocks, in which recirculation is pedically
driven by daily solar heating, are concrete exasple

In our knowledge, works dealing with time periodiombined natural convection conduction and
radiation in rectangular cavities subjected toigattthermal gradients are very few. This worktigrefore, a
numerical contribution to the study the transiegathtransfers coupled by conduction, natural caivme@nd
radiation within a horizontal hollow structure étl with air and heated from below by a constantptmature
and submitted by the bottom to an excitation whiahies sinusoidal in time. The main parameters gong
the problem are the emissivity of the walls, thephtude and the period of the exciting temperatiitee effect
of these parameters on heat transfer and fluid fliatwin the cavity is examined.

[I. MATHEMATICAL MODEL
In the construction of buildings roofs, the usedldw structure has, in general, three cavitieshe t
horizontal direction (Nx=3) and in the maximum twavities in the vertical direction (Ny=2). The st
physical domain is the structure which is illustchbn Fig. 1. It is formed by two ranges of rectdagcavities
of width | and height h surrounded by solid pastis of horizontal thickness ei fog 1<4 and vertical thickness
e'j for 1= j <3. The top horizontal side of the hollow structigesubmitted to a sinusoidal thermal solicitation.

Where a is the amplitude of the excitatiorits period and Ta its average value. The bottonzbotal
side of the hollow structure is considered isott@rand is maintained at constant temperature Tim.tl@
vertical sides of the structure, we impose a péritydcondition (repetitively of the temperatureofite on these
faces). The inner surfaces, in contact with théflare assumed to be gray, diffuse emitters afidcters of
radiation with an emissivitg. The flow is conceived to be laminar, two-dimemnsiband incompressible with
negligible viscous dissipation. The fluid is assdnte be no participating to radiation and the heatsfer is
two-dimensional. All the thermophysical propertfsthe solid and the fluid are assumed constanégxthe
density in the buoyancy term which is assumed ty linearly with temperature (Boussinesq approxiorgt
such a variation gives rise to the buoyancy forces.
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Taking into account the above-mentioned assumptidhe dimensionless governing equations,
translating the conservation of the mass, the dyarstmovement and the energy in the cavitiesaaréollows:
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whereU andV are the dimensionless velocity components in X amtirections respectively, P is the pressure,
6 is the dimensionless fluid temperatuf, is the Prandtl number anda is the Rayleigh number given
respectively by:
v H3
Pr=— and ﬁ (Zout m)Pr
o v

The dimensionless equation of heat transfer by ectioh in the solid walls is:
af 965 _ 9%0s , %05

as or axz aYz

Where fg is the dimensionless solid temperature an? and agare the fluid and the solid thermal

(5)

diffusivities respectively. The hydrodynamic andrtimal boundary conditions of the problem are:

*U=V=0 on the inner sides of each cavity.
T-T -T

*0,(X,0)0=0,, =—="— and  O,(X,A)=0,,(t) = T-Tout g, (0sXsL/H)
in — ! out i — | out

,0.0Y)=6,(LY) for (&Y<

The continuity of the temperature and the heat &tthe fluid-wall interfaces gives:

B (XY) =6 (XY) ©)
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Where /] represents the dimensionless coordinate normaheowiall, Ny is the thermal conductivity ratio
k¢ /kg, Q is the dimensionless radiative heat flux aNg is the dimensionless radiation to conduction
parameter defined by:

oToH
ks(-FOUt ~Tin)
The net radiative heat fluqr’k( I’k) exchanged by the finite aredS,, located at a positiof, on the

r =

surfacek , is given by the radiosity method [19] as:

A k(ic) = i1 )~ Eie(1c) ®)

Where J, (1, ) is the radiosity andE, (I} ) is the incident radiative heat flux on the surfad8, given
respectively by:

I (1) = §0(T(1 ) + (1= & B 1y ) )
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4
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Where £, is the emissivity of the surfadé and dFdSK ~dS; is the view factor between the finite surfaces

dSK and de located at position§) and I’J- respectively. Taking into account equations (8)10), the
dimensionless radiative heat flux can be expreased

1 ] 4 ] ]
Qr k( rk)zak(‘l_é‘ek( Mk )+é)4 — &k stj Jj(rj )Fgg -ds; (11)
j=1

T out

WhereG =

is the temperature ratial 'J- (I’J ) is the dimensionless radiosity at the posit'rqnon the
in

surfaceS. By dividing the walls into finite isothermal sades, equation (11) leads to a set of linear eguati

where the unknowns are the dimensionless radiss]t'ije(ri ).

The dimensionless stream functiéhis defined as:

U :_a_l-lJ andV:a_qJ
oY oX

In transient state, the average heat fluxes atotliiside and inside hollow structure surfaces arergi
respectively, by:

L
oT.
Qout(t) = _%JA P SJ dx (12)
o % y=H
L
oT,
Qn(t) = ‘%Ja—sj dx (13)
0 %Y Jy=o

The previous equations are discretized using théefidifferences method based on the control
volumes approach with a power law scheme and dvedstdy the SIMPLE Algorithm developed by Patankar
[20]. The resulting system of algebraic equatiansdlved iteratively line by line by the Tri-DiagdrMatrix-
Algorithm. The numerical code has been validateddayparing its results with those reported in déavorks
in the literature [15]. To realize a compromiseviEen accuracy and computation time, a study oeffeets of
both grid spacing and time step on the simulatesuits has been conducted. It was found that a ugiferm
grid size of 61x 27 in both directions x and y, clamped near thitin walls and released within the cavities,
is sufficient to model accurately the heat transtied fluid flow inside the hollow structure. Therdinsionless
time used is 16. The convergence criterion is 40

I1l. RESULTSAND DISCUSSION

Results presented in this study are obtained fasa of hollow structure with two air cells deepha
vertical direction (Ny=2), made in light concretedacharacterized by the following geometrical patars:
cavities length 1=13cm and height h=3.5cm. Thekiméss of the horizontal and vertical solid pantisoare
respectively ei=2.5cm for<li <4 and e’j=2cm for & j <2. The fluid that reigns in the cavities is thewith the
Prandtl number Pr =0.71. The thermal conductivitysolid partitions is ks=0.5 W/mK and their thermal
diffusivity is as=4.2510'm%s. The main parameters governing the problemtareamplitude of the exciting
temperature £ a<8°C it's period &1 <24x3600s and the emissivity of the internal wallstaf tavities, which
are assumed to be gray diffuse reflection and tné&son with range of 8¢ < 0.9.

3.1. Global behavior of heat transfer

Fig. 2 shows the responses of the upper surfase @(t) and lower surfac€);,(t), obtained for a constant
temperaturd;, =20 °C and for sinusoidal excitatidg,, of amplitude a = 10 and of a period 24x3600s. This
Figure shows that the hourly variations of heawf{@V/m?) are simple and regular oscillations which repnese
the curves perfectly sinusoidal. These functionsheét flux oscillate with a period identical to thaf the
excitation temperature, whereas its amplitudesf@ue times larger than that of the excitation. Algocan be
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noted that the feedback of structure for this etidh is delayed about 10 hours. The amplituddeftieat flux
evacuated by the bottom face is greater than tretuated from the upper one with a shift in timewttone
hour. This discrepancy is due to the importantrtiarinertia of the system. Concerning, the hydraahyic
flow, which is described by the variations of theximum and the minimum of the streamline functiBmax
andW¥min in each cavity(not shown here) are also simplesregulars and have a mono-periodic behavig (th
behavior be more detailed and discussed in theviiallg paragraphs).

3.2. The excitation amplitude effect

The influence of the amplitude of the sinusoidabperature on the heat flux at the external faggt)
and at the internal fadg;,(t) and on the maximal dimensionless stream functicthé six cells of the structure
(Y are illustrated respectively on the Fig. 3a, Bly.and Fig 4. The obtained results are for emigsév=
0.9, the period excitation= 24 x (3600s) and different amplitudes. These resulbsvsthat the heat flu,.(t)
and Q;,(t) and ¥,,(t) varies globally in the time as manner sinusoidatiquic of frequency f=1/
=1/(24*3600). All functions oscillate with an idécal period to the one of the exciting temperatuiter the
different considered amplitudes, the both of hiaat Q,(t) andQ;,(t) oscillate around an appreciably identical
average value to the one of the permanent regis® (a

3.3. The excitation frequency effect

For a constant amplitude a =5 of the excitation différent periods = 6, 12, 24 ¥3600s) and = «
(constant heating), Fig. 6a and Fig. 6b give tharlgovariations of the heat flux crossing, respesliy, the
outside face,,; and the inside fac®;, of the structure. The solutions which correspana tonstant heating
are presented here as comparison. We can notealthegsulting frequencies are identical to thosethod
temperature excitation but the form of the curvesisibly affected by the frequency of this tempere.
Concerning the external heat fl@Q,, Fig 6a shows that the amplitude of the oscill®iof heat transfer
through the structure decreases considerably wieefrequency increases (passing from frequernes tot =
24 the amplitude of heat flux decreases from 81/5io 66.6 W/M). Whereas its average values, they stay
very neighbors to the reference curve who represiiet stationary régime 45 Winfor the internal heat flux
Qin, Fig 6b shows that the amplitude of oscillationpears constants and unaffected by the temperature
frequency.
For the temporal evolution of the maximal dimenkdsa streamline functio(%,,,) is illustrated in Fig 7.
Generally, the obtained oscillations are sinusoidtfie small frequencies> 6(x3600s). Furthermore, in this
range of frequency > 6(x3600s), as expected, the signals characterizingethporal evolutions of heat flux Q
which remain perfect periodic, and this periodiégtyllustrated by the shape of the trajectoryhia phase plane
(%ax» Qn) who corresponds to a simple and closed curvgs(Bb and 8c). But for the big frequency
6 (x3600s),Wnax doesn't take a shape close to a sinusoid just afseifficiently long time (& 80 hours). The
nature no-repetitive of these peaks is confirmgdhle trajectory projected in the phase plé#g.., Q) who
justifies the no-periodicity of the flow by the fabat the curve eventually closes after a mulgtod distortions
and withdrawals that characterizes its aspect gay.

3.4. The emissivity geffect

In order to examine the effect of the radiationthesmnsfer, in transient state, on the global teaisfer
and on the air flow in the cavities, the Fig. 9d &iig .9b give the temporal variations of heat fidy; and Qin
crossing the superior and inferior faces of theesysfor a constant amplitude a=5, and a constaquncyt
=24x3600s and different values of emissivty The results show that the radiation increasasnifatively, the
amplitude and the average value of the global fieatcrossing the structure (see Figs. 9a, 9b)edn] in the
case of emissive walls, the total heat transfendse enhanced in comparison with the case 0. When the
emissivitye passes from 0 to 0.9 the enhancement of the aadwea flux is about 47%.

While for the fluid flow, the maximal steam funatién the six cavities of the structué,,(t) which is
shown in fig 10. We can see that the emissivitydraimfluence very limited on its intensity. Bugrgrally, the
form of all the functions remains regular sinusoiésrthermore, The temporal evolutions@f(t), Qin(t) and
W.a(t) are characterized by only one peak by period hadrajectory in the phase plaf#/(., Qi) is a simple
closed curve (Figs.11a, 11b). As foreseen in thiagraph (8 3.2), the fluid flow nature in the c€ll3 and (3);
(4) and (6) are anti-symmetrical: the air in theiga(1l) and (4) circulate in the clockwise sendeeveas in the
cavity (3) and (6) they circulate in the trigononelly sense (positive and negative values#f, on the Fig.
10). This phenomenon is due to the fact that tteedwireme cavities are submitted to the same dondiin its
sides. In the central cells (2) and (5), the flowcudation is identical to the one of the two otherar or
neighbouring cells.
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IV. FIGURES

Tour = Tz + ax sin (Znt't)

L J

T
Fig 1. Studied configuration and imposed thermal exaitati

Temperture and heat flux profiles

Time (hour)
Fig. 2. Hourly variations of the global heat fluxes crogsthe upper and lower surfaces of the structure.
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Fig. 3. Effect of the excitation amplitude a on heat fl(ed Q=Qu(t) ; (b) Q=Qin(t) for the frequency = 24 x
(3600s) and emissivity= 0.9.
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Fig. 4. Effect of the excitation amplitudeon streamline functio®},,(t) for a frequencyr = 24 x (3600s) and
emissivitys = 0.9.
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Fig. 5. Trajectory in the phase plan®{, %,y for the amplitude respectivety=2, a=5 anda =8 for a
frequencyr= 24 x (3600s) and emissivity= 0.9.
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Fig. 6. Effect of the excitation frequenayon heat flux: (aQ=Qou(t) ; (b) Q=Qix(t) for the amplitude a =5 and
emissivtiye = 0.9.
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Fig. 9. Effect of the emissivity on heat flux: (aR=Qou(t) ; (b) Q=Qy(t) for a constant amplitude=5 and a
frequencyr =24.

V. CONCLUSION

The problem of coupled natural convection, condurctand radiation inside a horizontal hollow
structure heated from below by a constant temperand submitted by the bottom to a sinusoidaltation
temperature, is studied numerically. The main figdi of this simulation can be summarized as follows

a)- The obtained responses of the system in terneaf fluxQo.(t), Qin(t) and streamline function and
Wmax(t) are, in general, periodic in time and thmces are similar to the one of the excitation &xaure
applied on the superior face.

b)- The heat flux evacuated by the bottom faceréafgr than that evacuated by the upper face with a
shift in time about one hour and which is due mttiermal inertia of the system

¢)- The variations of heat flux and the streamfinaction are considerably affected by the amplitatie
the exciting temperature. The average values of fiea Q,.(t), Qn(t) are independent of this amplitude and
they are around an appreciably identical averadeevio the one of the permanent regime. Whereas the
amplitudes of,,(t) and ¥,,.(t) they are functions of the excitation amplitude.

d)- The frequencies of the responses resultingdanetical to those of the temperature excitatioh bu
the paces of the curves are visibly affected leyftaquency of the exciting temperature.

e)- The emissivity affects the global heat fluxagiong the structure considerably: The enhancenfent o
the average heat flux is about 47% wleepasses from 0 to 0.9. Bu its effect on the stremmiunction is
almost negligible.
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