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Nu = 1.593949 1n Ra - 5.184

ABBTRACT

The effect of the aspect ratlo on natural convectlon ln a twvo
dimenslonal rectangular cavlity fillad wlth fluld eaturatad porous
madla la examined numerlcally.. The vartlical valls of the cavity
are adliabatlc and tha horizontal valls are lsothermal vlth lover
hotter one and upper coldar one. The tmat f§s done for aepect
ratlos 1 to 8 and vlde range of Darcy-Raylelgh numbar Ra up to
800. Results are preaented - ln terms of the streamllinas and
isotherms, maxlmum veloclty and atream functlon, the local and
global Nusselt number aa well as the number of flov cells,.

By the Iilncrease of the aspect ratlo a two dlmenslonal
cellularx pattern appears vith vigorous motion as the
Darcy-Raylelgh number Increases. The number of flovw cells
lncreases vith the aspect ratlo. The non-dlmenslonal average flov
veloclty 1s independeant on the aspect ratioc and 1ncreames llnearly
vilth the Increame of Ra. The extremum value of non-dimenslonal
atream functlon decreases vwlth the lncrease of aspect ratlo. The
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turning points in the local Hu at the laothermal walls occurs at
the boundaries of the cells. 1Ita number equals to the cells
number and increases as the aspect ratlio lncreaaes. The global Nu
at the lsothermal walls la |[ndependent on the aspect ratlo and
increases with Ra due to the relatlon MHu = 1.59344 In Rma - 5.186,

1. INTROMICTICN

Oving to lts numerous and vide ranglng applications natural
convection ln porous medium ham been the subjlect of many recent
studles. For example, thls . phenomenon 1is encpuntered 1In the
underqround spreadlng of chemlcal wvaates, watsr movemants I([n
geothermal systems, poroua {inaulations, packed bads catalytic
reactors, heat storage beds, nuclear waate dlsposal aystems and
senalble heat atorage beds. Most of the previous studlea have
been theoretical, including natural temperature gradlents [1,3],
natural convection 1ln boundary layer [4), and convectlve flows |In
horlzontal porous layers heated Erom belovw [5,6]).

In the previous work of the author [61 the phenomenon of
natural convectlon 1n two dlmenslonal rectangular anclosures
filled with porous medlum saturated with £luld under natural
vertical temperaturs gradient vas studled. An lnelght lnto the
phyalcal nature of the flov of the patural convection in the
porous medla shoved that such convectlve flows etrongly depends on
the heatlng condltions, fluld type, porous material type and the
system geometry [6]. :

The Darcy-Rayleigh number comes out as the coefflclent of the
buoyancy drtving £force along the flov, It includes all the
pactameters whlch exprese the porous medla and the £luld, It
expresass the porous medla through the permeabllity and
conductlvity. It expreasem the fluld through 1lts denslty and
viacoalty. It includes almo the coperating drlving condltlona such
aa the temperature difference, coefflclent of thermal expanslon
and the gravity effect. 30, Iin the presant work the effeact of
syatem geometry l.e. the aapect ratlo, for a vide range of
Daccy-Raylelgh number on the nature of the convective heat flovw
inslde the rectangular porous medlum vas studied and analyzed. The
hor lzontal rectanqular porous medla consldered In thls study haa a
ratlo of the width to the helght equel end greater than unlty

2. FORMILLATION OF THE PROBLEM .

Conslder a horlzontal tvo dlmenslonal rectangular poroua
materlal wlth tvo opposlte walls at constant but differsnt
tenperaturea and the other two vertlcal thermally insulated with H
units helght and ¥ units vide as deplcted ln Flg. 1. Hege Tu and
Ta repreaent the temperature of the hot end cold valla,
reapeactlvely. All the wvalls of the cavlty are further aaaumed to
bs \mpermemble. The fluld and the porous medlum are treated as a
homogenyous, lsgtrople systam ¥lth an agquivalent heat
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conductlvity. The fluid 1s assumed toc ba normal Bousalnesq fluld
and the denalty p is taken to be a Ilinear functlon of the
temperature T. A non dlmensional form of the masa, momentum and
enargy eaquatlons, wuslng the Darcy's lav and the Bouaslnesq
approxlmation are usad In a model solved by tha finite Jdlfferance
technique. Hon dlmenslonal varlables X, Y, w, &, U and V are used
for the dlstances x and y, mnmtream functlon, temperature T and
horlzontal and vertlcal velocltlea respectlvely. Thelr valuea are
expreassed iln the nomenclature.

The relevent hydrodynamic and thermal boundary condltlons are
X=0 and 1 , 98/0X=0; Y~0, O=1; ¥=1, &=0; we0 arcund the boundary.

The governlng parameters for the present problem are the
aspact ratlo A and the Darcy-Raylelgh number Ra
A= W/H and Ra = Rg{Tu-TciHp/au
vhere K, 3, g, a and u are the permesblllity, coefficlent of
thermal expanalon, acceleration due to gravity, effectlve thermal
dlffusivity and dynamic viscosity, reaepectlvely.

Tha local and overall heat transfer are best characterlzed by
the local and average Nusselt number For mach isothermal wvall of
the enclosure, deflned as follows: i

Nui{x)= - d99s8Y and Nu = —OI {86/9Y) AX

The flov 1s characterlzed by tvo varlables ymax and a

non~-dlmenslonal average fluld veloclty over the area A, Um deflned
as follwe:

pman = * max [ w(x,y)| and Um » 5 (U° + V") dA
For the valldlty of thls model, a comparlson of some rasults

le done vlth an experimantal work of Close et al [7}. The
conparlsons ls preaented in a previous work of the author (6] and
ahoved good agreement. More detalled I1lnformatlon about the

formulatlon, the model and the numerlcal method of solutlon can be
found In [6].

3. RESULTS AND DISCUSSION

9lnce the prlmary object of thle study 1ls to examlne the
effacts of the aspect ratlo on the naturs of convectlve heat flov,
a vlde range of aspect ratlo, 1<As8 has been consldered for =
range of Darcy-Raylelgh number up to B800. Humerlcal reaults for
the rectangular cavity fllled with a saturatad porous medla has
been obtalnad., The vertical walls of the cavity ara adlabatle and
the horlzontal wsella arms lsothernal with lower hotter one and
uppsr colder one.

3.1 Temperalure and Flow Fleld

The lsotherms and Elow patterna are flrat presspted for
aspact ratios A = 1, 2, 3, 4, 5 and 7?7 and Ra = 100 and 400 lIn



H. 98 H. 3, El Kady

Figs 2, 3 and 4, respectlively. .

By the case of Darcy-Rayleigh numbear Ra=100 shown 1in Flg. 12,
Bacauae of tha buoyancy effecta, a circulating motlion ia
establlahed, f1lling the antlre cavity and rotating slowly in the
counter clockwiae dlraction wlth single extremum valus of &streas
functlon ymax for the aspect ratlo A=l. By the 1lncrease of the
aspect ratlo the fluid 1s regulred to move all the way up to the
top surface to reject the heat galned at the base., Than at the top
eurface the colder and denser fluld tends to topple over and
raturns to the lovar eurface, thla cauaes the appaaranca of tha
tvo dlmenalonal cellular pattern. Three cells appeare by A=2 and
3, flve cella by A=4, and saven cells by A=5 and 7. Therefore,
beaeldes the conductlon heat tranafer aexlets alsoc the natural
convectlva heat motlon wlth multlple celle cleculatlng ln
alternate directlone

With the 1ncrease of Darcy-Raylelgh number, for an example by
Ra= 400, the flov whlch ls shown In Flg. 3, |Is characterlizaed
with vigoriua motlon and higher stream functlons. In thls case the
number of celle lncreasee for exampls from 1 to 2 by A=l, from 2
to 5 by A~3 and from 7 to % by A=7. The atreamllnaes becoae denaer
near the boundarleas of the cells than near the mlddle

The temparature flelde are shown In Figuree 2 and 3 for ¢the
casee of Ra=100 and 400 end dlfferant Aspact ratloa. The
temperature flald 1s slgnlflicantly modifled in the regiones vhers
the convectlve transport 1s larger. The I1sotherms dsvlate up
tovarda the cold surface as the hotter convectlve flov moves up
after plcking up the heat from the lover boundary and lt devliates
dovwn tovards the hot murface as the colder flov returna to the
lower surface after rajectlng the heat. As the Darcy-Raylalgh
humber Ilncreames the Isotherma devietes more towards the
horizontal leothermal upper and lowver wvalle and becoasa denser
than In the middle of the cmila .

Table 1 represente the number of cells es a function of the
aspect ratlo for a wlde range of Darcy-Raylelgh nuaber. The number
of calls ia equal to 1 for all the aspact ratlos and the Ra <40
vhere pure conductlon heat flov occure. ¥Wlth the !ncresas of the
Ra and the exlsting of the convective haat transfer mode the
number of cella lncreaas for all tha aspect ratlos. With tha more
Increase of the Darcy-Rayleigh numbher Ra the npumber of cella
decreaaes agaln lnh eome casea . '

The non-dlmenalonal average flov veloclty Um 1a shovn 1In
Flg. % for the dlfferant aspect ratloe and Darcy-Raylalgh humber.
The Um 1s nearly lndependent on the aspect ratio, but Llncreaess
with the lncreaae of Darcy Raylelgh number dues to the lhcreaee of
the drilving buoyancy force. Um Incrersee 1llnearly wlth the
lncrease of Ra as shovwn in Flg. 6 wlth the followving relatlonahlp

Um = 4.6676 Ra - 430.3%
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The extremum valuea of the stream functlon ymax is shown ln Fig.
7 for dlfferent wvalues of aapect ratlos and vlde range of
Darcy-Rayleigh number. ywax decreraes wvith the Increasse of the
aspect ratlo, although 1t 1s nearly constant and Iindapsndent on
the aspect ratlo. This indicates that the maxlmum valocltles
alvays occur at the boundarlea of the cells, wvhere the atream
linea are denser and closer to each othar than near the mlddle of
the the cella, vhere the maximum values of stream functlons occur.

Table 1 Number of cella as a Function of the
aspect ratlo A and the Darcy-Raylelgh number Ra
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3.2 Heal Transfer

Interestling features of the buoyancy-drlven flov are further
exhibited by the distributleon of local Husselt numsber on the
horizontal wvalle vhlch partlclpate more effectlvely In the heat
transfer process. The local Nusselt number Nuix) on the lowver
hotter surface 1s presented in Figuras 8 and 9, and on the |upper
colder surface are presented ln Flgures 10 and 11 for the aspect
ratlos 1, 3 and 7 and both the Darcy-Raylelgh numbers Ra= 100 and
400, respectlvely. As mentloned 1In [6]1, most of the heat 1s
transferred at several 1locallzed aspots at the wvalls, these
correspondas to the boundaries between the cells. At these
boundaries the Elow of heat is dlrectly from the hotter to the
colder wall. 80, the local Hu is maximum at the hotter wall and
1s minlmum at the colder one, thls phenomenon can be also shown In
Flgurea 8-11. 1In the other slde, wvhare tha flov Is In the
opposlte dlrzectlon, l.e, returnlng from the colder wall to tha
hotter wall, a minlmum polnt In tha local Nu occurs at the lower
hotter wvall and a maxlmum polnt In the local HNu occurs at tha
upper colder ons. Thua, the pointa of max!mum and minlmum valuae
l.e. the turnling points, ln the local Hu occur at the boundarles
between the cells. The number of these turnlng polnts is agual to
the number of cells ln the flov. Therefora, the number of theae
cella Increases as the aspect ratlo Increasesa,
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Flg. 12 represents the global Husselt number as a functlon of
the aspect ratlo at both the lover hotter and the wupper colder
horlzontsl walls for Darcy-Rsylelgh humber up to 1000. By the
change of the aspect ratlec the global HNusselt numbsr remalns
nearly constant, l.e. it ls lndependent on the amspect ratloc. At
the same time, the global Husselt numbar Ilncreaseas vlth the
inczease of Darcy-Raylelgh numbez. A logarithmlc relatlon betveen
the global Hu and the Darcy-Raylelgh number is shovn 1In Flg. 13
and takes the following Important form:

Hu = 1.59344 In Ra - 5.186
4. CONCLUSTONS

A nuperlcal study has been conducted to analyas the effecta
of the aepect ratlc on the natural convection In horizontal ¢two
dlmenslonal rectangular porous medla vlth adlabatic vertlcel wvalls
and lsothermal horlzontal hotter lover wvall and colder upper one.
A vide range of aspect ratloc up to 8 vith a wlde range of
Darcy-Raylelgh number up to 1000 was consldered.

In the reglon of Darcy-Rayleigh number, whera conductlon heat
transfer le accompanied wlth the convectlve heat transfer wmode,
exlats the following:
~ By the lncrease of the aspect ratlo a tvoc dlmanslonal cellular
pattern exlsts wvlth multlple cells clrculating 1In altsrnate
directlone and the potion bacomes vigorlous wlth higher stream
functions ‘as the Darcy-Raylelgh numbar increases..
= The lmotherms is aigniflicantly modifled ln the reglons where
the convective traneport is larzqger.
- The number of celle 1in the flow lncreases as tha aspact ratlo
incraases, ’
- The non-dimensional average flov vslocity Um ia indspsndent on
the aspect ratio and Iincreaaes vith the increamse of the
Darcy-Raylelgh number linearly by the raslation:
Um = 4,6676 Ra - 430.139

- Tha extremum value of stream function ymax dacreases vith the
increase of the aspect ratic and the maximum flov velocitlea occur
at the boundaries of the cells, vhere the streemlines are denser
and closer to each other
- The turning polnte in the local Nu occur at the boundaries of
the celis with number eguals to the number of cells, 1.e. thle
number lncreases as the aspsct ratlio increaaes,
- The global Nu at the isothermal horizontal walle is independant
on tha aspact retio and increases vith tha increasa of the Darcy
Raylelgh numbar by tha folloving logarithmic reiation

Mu = 1.59344 1n Rs - 5.186
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5. HOMEHCLATURE

aspect ratlo = W/H

acceleration due to the gravity, m s

helight of the porous material, m

permeablllty of theporous medlum, wm

Nu global Nussslt number at the wvalla

Hu(x) local Wussslt number

Ra Darcy-Raylelgh number= g /¥ K{Tu-Te)/av

T Temperature, K

Tx,Tc temperatures of hot and cold lsothermal walls, K
Eleld veloclty 1n the x dlirectlion, = &p/2y, m/s
Eleld veloclty ln the y dlirsctlon, = -8p/%x, m/s
spatlal coordlnates

dlmenalonless dlatances on x axee = x/¥
dimenslonless dlstances on y axes = y/H

vidth of the poroue materlal, m

therma AdlEfumivity of porous material, m /s
coefflclent of volumetric expanelon, X

dynamlc viesccelty of the saturated Eluld,
kinematlc viscoslty of the saturated Eluld, = /8
Eluld denslty

stream functlon

dlmenslonless stream functlon = ¢ H/a¥W

maximum extremum value of the atream Eunctlon
nondlmenslonsl temperature = {T-Tec}/({Tu-Te)

=Ty e
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