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ABSTRACT

Steadynaturalconvection in a square enclosuvigh wall length(L= 20 cm)partially filled by saturated porous
medium with samefluid (lower layer) and air (upper layer)s investigated.The conceptual study of the
achievements of the hedtansferis performedunder effects of bottom heating by constant heat flux
(9=150,300450600W/n?) for three heatersize (0.2,0.14,0.07)m with symmetrically coolingwith constant
temperature on two vertical wakld adiabatic topvall. The relevant filled studied parameters faner different
porous medium heights (Hp=0.2BL5L,0.75L, L), Darcey number@al)3.025x1¢ and(Da2)8.852x10¢ and
Rayleigh number range (60.354241.41), (1.304x101 5.2166x16) for Dal and Da2 casegespectively.
Numerically COMSOL Multiphysics 5.5&® basedon the Galerkin finite element methisused for soling the
governing equationaith depending BrinkmarDarcy extendednode for porous media regiohhe results show
that, effects of increasing the Rayleigh number on the teitypernarofile besides the progressively increasing the
average Nusselt number. Moreover, symmetrical distribution of local Nu alommptioen heated waknd itis

be minimum at midpoint of bottom. Also, the heat transfer and fluid i@affectedby thickness of porous layer
and are maximum at porous layer thickness (0.25L) which clearly observed with large lsezddn be
approximately (93%) for the average Nu. Generally, the heat traisstemhanced for large Darcy number
(8.852x10% andinfluencedby the convectiomegimeimprovementvhile it is mainly conduction mode fdba1l)

for all Raleigh number with a little effect of convection when increase (Ra).
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INTRODUCTION

Natur al convection in a cavity saturated or part.i
studying because itbés a distingui shitunayand engideerirtgo
application§l-5], also it is used asxquisite isolation for other applicatidié$. The motion of fluid due to
difference in density resulting from temperature gradientee main rule of naturaonvection[7-9].The term
(natural) comsfrom theabsence of foreign effects such as mixaichine, compressor, pump, €ithe effect of

a porous medium in natural convectioms received widespread attention, especially in recent §meagroup

of researchers studiexdhse<of fulling the cavity[10-18],some oftheseworks are investigated enhancement the
heat transfer by effect of discrete heatiry 19] Anotherinvestigators analysis afamecasesbut for tilted
rectangularenclosure [20-22]. They showed enhanceme(isid) of heat transfer when increasing in Rayleigh
numberwhich evident byaugmentation irNusseltnumber This behavioris also observedith increasing the
inclinationangleMansour et a]23]. Kalaoka et aJ24] showed tlere isanincrease irtheintensity of fluid motion
when increasing Darcy and Grashof number.

Also, heat convection inside cavity piatly filled by porous medium was studig25-35]. Numericaland
experimentalworks have beenstudied the effects different parametershatincluded height of porous layer
insidethe cavity [36-38]. They showed thatinverse rehtion between height ratio and average heat transfer, same
with Darcy number which similar action in uniform heater bd$e natural convection wagvestigated when
there were bodies inside the cavity, with different paramg89<l4]. Recently, studies have developed in
convection, wher@5-47] has worked to improve heat transfer inside the cavity diffarent thickness of porous
layers.The current study illustrasehe steadynatural convection reding in cavity heated below by constant heat
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flux andsymmetrically coolinginder arunchangedemperature atertical side walland hsulatingthetop wall.
It consiss of single horizontalayer of porousnedium @lass beadandupper layer of freair.

METHODOLOGY

The physical geometry of tHeD natural convectiomodelin a squarecavity. The enclosure ifilled partially

fluid-saturated porous medium (glass beads) kil air atremainingpart, isshown infigure (1). Thetop wall

is insulated and it isooledatvertical sidewalls by constant temperature (Tc)and heated bottom wall with constant

heat flux (qgq). The Boussi neatheddsnsipfflgdandheDa@Brinkman has bee
model for flowinside the porous domaiis used alsoneglecting the permeable interface with wallstioé

enclosure

The governing equations are givas{48, 49}
Continuity equation
A- Forair region
— — T @)
B- For porous/air region

— — n 2
Momentum equation

A-Forair region
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Energy equation

A-Forair region

6 — v — | @ — — (7)
B-For porousdir region
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Eeffective thermal diffisivety islefind by
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Where the effective conductiveti)( 9
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"ORQ djuid and solid conductivey respectively

| L |
I Adiabatic wall |

Air region @

Y | Porous-Air region I
‘I_’X q

! th ]

)

Figure 1. The physical Geometry of the problem
Enclosure boundary conditions
The boundary conditions whidh usedn the present work as follows;

Cold Vertical Sides

on M ® 0,°Y "Y,6 mh n (13
Top Side Wall
onmM 0], — mdé nh n (14)

Bottom Side Wall

[ ® , Y (0)] q.U0 isthe pemt@rlengthwher e
n n Q— QY Y mh m (15)

At Interface of Fluid-Porous Domain

N— Q— andY="Y (16)
Elsewhere—s T

The local Nusselt ( 6 ) andaverage {§ 6 along the heat flux side of the enclosure are used as shown
below:

06 hoo — - (11)

06 - 0o

Grid Independence TefEIT)

Themain aimof redudng processing time and cost for the PC with maintajthe high quality is GITTherefore,
several attemptweredoneto choose the appropriate meshewhich gives accurate resulisd also dreatment

for meshof enclosureboundaiesandin common area of pure fluid domain and porous layexs taken place
GIT has been proceedéat both types of porous media Dal and Degpectivelyas figure(2) which showsthe
change in average Nusselt numalemgthe bottom hot wall foall predefined mesh sizes. The parameters of GIT
were heat flux (450 Watt/fjy horizontal porous layer thickne€sIm), Darcy numberalandDa2). Obviously,

the convenience mesh for current cases was (Extra Fine Mesh) which has number of elem2mdétt fbbdd
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quality (0.84/1) as compared with Extremely fine grid of (25770 elements). So, the extra fine grid has been adopted
for present investigatiowith error nearly (16).

Number of Elements

Figure 2. Triangular MesDistribution, AverageNusselt NumbeYarious Number of Elements f@ase ofSmall
Porosity (0.418)ynd (0.568Respectively, and Error Percentage for Convergence.

Solution procedure and Validation

To solve the partial differential equations, COMSOL Multiphy8iga® CFD has been used in the present work
due tothe accuracy and effectiveness of the program for solving scientific and engineering problems. The
governing equations are solvadd the resultsre shown asthe stream function, isotherniscal, andaverage
Nusselt numbers (Nu). The ermpiots convergence criterion for each case was less thamddé tothe execute

of therequired iteration number to solve the cafiggre (2). To make sure the program is working prdyefor
studying and investigahg the current work, some results vieabeen compared with published approved
researched papers in different cases and méaleisotherms and streamlines. Fig(8ea,b,cand g showed the
comparisorof the present model with Orhan Aydin etl [9] , Sathiyamoorthy et 4L0] and30] Chen, Yu et
al.2009for enclosirefilled with freefluid only, porous mediaand free fluid with porous layerespectivelyand
(d)comparing with porous medium heated by constant heaflfj(Noor et, al 2020atmiddle)and

[19](Sivasankaran et.al. 2014) right column.

10 Present Work

Present results

Sathivamoorthy et al (3)
on, v

Figure 3. Variation of(a)(fluid only), 6 6

media)d(streamfunction) a n disottierm plot)10],(c)(Partially Filling Porous Media)lemperature Profile at

Mid -Width of the Cavity Present Work at Right. Sidg0] (d)(District Heating),Stream Lines and Thermal
Behaviors of Present Wogk left Column,[12] (middle) and19] (Right Column)
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Table 1. Thermophysical properties of air and porous medium

Physical properties Air Glass bead
r (kg/md) 0.99 2510.52
Cp(J/kg.K) 1006 670
k(W/m.K) 0.030 0.87

RESULTS AND DISCUSSION

The natural convectiowas studiedhside a cavityilled with horizontalporous mediunfayersaturatedvith same
fluid in lower regionandfree air for remaining enclosurerhe Prandtl number (Pr=0.71) has been used for air
with a different value of heat flux artde physical properties afr and glass beadsillustrated in (table 1)The

two vertical walls aresymmetrically coadat constant temperatuf@c=35C°), bottomwall is heated byonstant
heat fluxand adiabaticboundary conditiorfor top wall is applied.The parameters thaitre investigatedthree
lengths for heatet 4 =2 0, Jodr heightscofmgrous nfedium (Hp=0.25Q,5L, 0.75L, L), heatflux (q=150,
300,450, 600W/n?) and Darcey numbeiDal) 1.570086x10 and(Da2) 3.541x16) with porosity (0.418) and
(0.569), permeability (1.570086x1pand (3.541x18) m? for Dal and Da2 respectively

Figure (4) describes the effexbf (Hp) on the natural convection by tisgeam function(Y ) and theisotherm

lines €).

Stream Function Isotherms Line
Da (1) Da (2) Da (1) Da (2)

05L 0.25L

0.75L

Figure 4. The Effects of Porous Layer Thickness on Stream Function and Isotherm contours for (Dal&Daz2,
id=7 Cm, g=450Watt/ m2.

The fluid flow appears with two large symmetric cells (one flow in the anticlockwise direction and the other in the
clockwise direction). Ta cellbehaviouris dominated along the enclosudee tohigh permeability (Da2) and less
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drag in free fluid domain than porous layer but for greater drag (Dal) with drastic resistance to flow in porous
domain The flow circulationis decreased and the agttion cell occupied the free fluid domain only with
negligible penetration in porous layfer all casesNearly,sa me
has been chosdo display the effects of all studiednge of(Hp). It is evidentthatthe reduction of the fluid flow
circulation in porous domain for all cases as congaith free fluiddomainandthe maximum velocitys located
atmidplane of circulatioreells interface. Moreover, it is clear obseththere isnincreasing in intasity of stream
line near the cold and isolation walls specially at (Da2) becauseayancy forceeffectsandirregularity of the
glass beads at theerticalwalls which results in a high value fgermeabilityand thusts facilities the movement

of fluid in that area.

behaviour for

alCin) heater

Generally fluid flow raises with decreag the porous layer thickness aiavill be maximum at Hp=0.25[The
isothermal lines display dtéright column of thdigure. It isnoticed improvement the heat transfdrendecrease

the porous thickness speciallycases ofDa2) owing to two mean reasons, firstly high permeability comparing

with (Dal) and secondly larger size of free fluid domain which supports heat tritgsfer). There is aslightly

increase 2.8% in maximum temperature in case (Dal) than (Da2) for hot side as result of porous layer obstruction
andlow conductivity for glass beads so the porous media acts as a buffer to vertical heat €ansligction mode
dominate the porous domain for all used heater size at (Dal) lldarly illustrated by vertical isotherm lines

while it changsto convection mode along enclosure for (Da2) affected by large size of free fluid region with high
temperature gradienpscially near the heat source(bottom) in porous dorvmeover it is clearly for all cases;

same thermal plume as shape of isothermal pattern with wide base in porous domain for (Dal) and as umbrella for

other (Da).
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Figure 5. Temperature Distribution with 2éxis for Enclosure with (Dal= 4.025x8) for Different Heat Flux,
Porous Layer Thickness and Thermocouptations. & )

cth=7 ( bom, U % i

(cE)emii = 2 0

The main parametethataffects naturatonvection is buoyancy foraehich isinformed bythe changeof density

due to temperaturgradientsBou s si nesqos

a p gormec cellsbflow rotatignstartféom Jowdr h e

heated side of enclosure and dmvethen it splits into two diffeent directions due tihe effect of the adiabatic
upper wall to complete its cycle downwards under the effect of the cold walls until complete théhisycle
behaviour is distinctly observed in presematrk. Figure(6) (left column)demonstratethe streamline plots at four
values of heat flux (150,300,450,600) Watt/m2 for Hp=0,2bL =cm,2DD@1 and DaZ he symmetricatooling

on the side walkeadsto symmetric irfluid movementsabout the verticatentreline of cavity, two symmeit cell
flow on porous andree fluid domain due to high Dar@@a2)value which leads to allowingreater movemeruf
fluid through all enclosure but for low Darcy number (Dathvement obstructiois detected.

Hence, the penetration of fluid porous domain decreasandleadsto raise the viscous forced comparing with
buoyancy force. For all cases, the vertical mid area of enclosure inthelmaximum fluid flow velocity and

the increasing in heat flux leatb boost the fluid flow for all sidied porous layer thicknesAlso, it may be
noticedthat the value of the stream function is higher in the air layer for examplé: (158n/s) at (300 W/m),

while it is lower than that in the porous medium region, where it drops tos(111%n/s). When the heat flwis
increasd to (600 W/n%), the heat transfer increases, which leads to an increase in the buoyancy force and
streamlines intensity, where in the air layer it increases to%28%m/s) while in the contact layer it increases

to (1707 13m/9
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Stream Function Isotherms Line
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Figure 6. The Effects of Heat Flux on Stream Function and Isotherm contoufstior 2 0 Cm, Hp = 0.

and Da2)

The right column of figureg) shows the effects of studied heat flux on isotherm contour for Darcy number (Da2)
with heat size (20 Cm). The maximum temperaigréound in central vertical line for all cases and increase
towards the top of enclosure, symmetrically distributed tolefteand right of contour and then decrease
downwardwhich affected by cold wall and circulation cell of fluid flow. The temperature increases with heat flux
raisingand the best heat distributits attended at heat flux (600) Watt/far Hp=0.2%m andheater size 28n

with an increase of (16.41% and 11.595%) over (q=150 WAtftm (Dal) and (D2) respectivelfFor all heat

flux of Da2, indentation in the isotherms lirsefound inward affected by the ends of circulation cells of fluid flow
whichis located below the interface line of two domain due to good penetration of fluid in porous layer, while for
Dal this indentatioris located at the overlying fluid (above interface line) with reason of obstruction of
permeability which begins at this areBhe isotherm plot for (Dal¥ essentially conduction dominate mode with

all heat flux values due toveeekcirculatory fluid motion while the heat transfer enhancement for same heat flux
with (Da2) due to diffusion dominate (specially in free fluid segtioy increasing the penetrative convection into
porous media layerg.o investigatethe effect of heat source size, three heater size® studied (20,14 6m).
Expecing the flowis symmetry about the vertical midplaas discussedsenerally, for all cases of (Da2), the
recirculationexpands anénters thgorous domain stream duetteincreaseof the convection intensity
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Stream Function Isotherms Line
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Figure 7. The Effects of Different Heat Flux length on Stream Function and Isotherm conto(Daf+
8.8525x1¢f, g=600Watt/m (Ra = 5.2166 x19, Hp = 0. 5)

a result improvement of permeability. Howewviire two symmetric cells rotate in opposite direction amdrbes

more intense at vertical migrea of cavity with incre@sg the fluid flow velocity at cold walls and slightly near

the top. Moreover, the maximum flow strenggifioundat heater size (2in) for all casebecause of the exposure

of the larger area of the bottom to uniform heat #ilso increaisg the intensity of circular convention cell due

to temperature gradient at bottom edge from local heater whiqipeared as big size cells in stream function at

fluid domain However, the fluid flow decreasesi t h | ower i ng the | engthcof heat f
At the same time, is notedthatthe increasingn theaverage of maximum flow velocity raise with heater size

and thickness of porous layer because of effect of porous as discAikssedt isobservedfor low permeability

(Dal) with all heater size, two symmetric velocity céflatoccupies the free fldidomain only with slightly or
negatable spread of flow penetration through porous domain as discussed. Furthermore, the intensity of circulation
decreases with all heater size comparing with Da2 with maximum increasing average of fluid flow veloedy relat
heater sizes was at heater size (20Cm) and porous thickness (Hp=0.75L).
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