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ABSTRACT 

Conuectlu9 heat tran.sfer t.hro'U.(Jh a vertically '1'I.ult(layere-d 
port"}u"'t m~rlt (! L.~ ""''<om.!." .,,~d n'lm""'rt.;;:n 7. , v. ri,t9 .... "(,.,m " T\(l.t ':(,,)1' ,: '!" fOC11!'!Ul>d 

-UpOP'l th", <!"jjtJil'ct 0/ th~ H""'LllIJlH'11t p~J'r,,£.,tJ,b •. I.tLI:',~'~ ,.)/ th,.. "'.Jblayers 
on. thn. b""/u:n,,'or of t..h9 l.r.>'''p'"..ro.tur9. It""" 1,: .... I.rl.-: on" lit" di// .. rlPnt 

ret!tlf'UlfJ's of t.he heat. f tow. nUil st.udy was done on a nu::;,del \vL th 
v9rtLcal (sothermal waLlg at different temperatures and 
horl2o~tatly perfect tnsulated walls. an.d for three layered poro-us 
", .... ,.u 1jm. (n. wh fell. , "If/?< f' r..-; r, on.rl t h t.,..d. t ely""''!''''';; haut9 "?qHr.1' t fu. r:. ~n9!!l'riP'; 
and peormeatH:l(t,(es. [he numericaL restllts ar9 reported lor a 
ranl!fe of t.he per1'l't8abiUty roLLo of the (nner s1..Iblayer O.1<K..r<:'lO 
and a ran6e of t.he width ratio of the (nner $~-tayer to the total 
wldth 0.0 <Wr<t. O. O<Ra<:"BI)OO and for an ASpl!tc t rat '-0 A=3. The 
8 overn(n6 ~q1JatLons are written (11. " terms of nondimsnslonaL 
v~(able$ and soLued uSlne the f~nltQ dif/~rence method. A 



compar(son is made with the resuLts ootatned by Lauriat and Prasad 
(12J. The comparison shows c very ~ood a~reement jor the 
pr9sent.ed resul ts and proves the vatl,di ty oj th.e modeL. The 
results ~iue a very ~ood idea about th~ ejlqct 01 the (nhoma~enlt.y 
"'1 ,I>'" r>r"·r'."/~ mnrl(llTn. n" lhr- 1/"") '-I.J'uc(ur'· f7.1td t~"'/~"l'r.Jtllre!::. It 

LS jO'\.lnd al.so that the heat trans/er charac tertst lCS depend on 
bo~h Kr and kfr oesLd9G the }ltnown de~ndence on the Ra and the 
a$pect rat to. Three re~(mss 01 heat jtow tS obtained by 
increastn~ oj Rayle(~h number. Conduction. transient and boundary 
Layer re~(m.e. A nWTl8ricat correLation expresses th.e ej/~ct 0/ 
bO/. h.. Wr .111.-1 /".1' .::In Nu r. -:; ,JI~I' r "~',1 } or' th~' ~'>UIJI\t.1LU·Y t.oyer l'etJlm.e } (,)1" 

thts partcular cas& as jollows: 

Nu = C .C~O.3B36 Wr+l~~O.O~54 Kr + O.g~46~ RaO' S 

where the +VI9 ts jor the case oj K.r:>1.. the -ue is lor the case 0/ 
Kr<l and C (s constant depends on the Aspect ratto. 

1. INTRODUCTION 

The heat trans£er by natural convection across a porous 
medium heated from on~ ~~de is a topic of fundamenlal imparlance 
in di ver se £ i el ds such as ther mal i nsul aLi on engi neer i ng. 
geothermal reser vi or dynamics and grai n storage. The basic model 
used so f'ar in t.he st.udy of porous medi a healed from one si de 
consist.s of' a 2-dirnensional layer wit.h vertical isother~l walls 
at differenl t.emperat.ures and with adiabatic top and bot.tom walls. 
This mod",l h:\~ b4en invlR!;t.ig~t.".d &xtcnsiveiy dur'ir1g the past. 20 
years. The f"irst. study of" the problem. an experimental one. was 
report.ed by Schneider (1]. He Inves~igat.ed t.he na~ural convection 
heat. t.ransf'er through granular mat.erial under t.he condition of 
f'ixed height and 'Midt.h. The first extensive lheorelical work on 
Lhis problem was poe>rformed by Ch~n et. ::.1. [2J. Later ~n. t,h"",c:;:I" 

~.tl.ltll·~~ \oIr>l .... l,dl,.,Iot ... d \'y.1 • ... tl.··; t.'1 ~',v.,:c.LlyaLiu,,~. ul.Jl or .... hit.;h 
t.he nolable t.heorelical solut.ions presented in (3-13J. Weber 
(3l report.s an Oseen-linearized analysis of' the boundary layer 
regime 1n a tall layer: Weber·s analysis was improved by Bejan (4) 
to account f'or t.he heat. Lransfer vert.ically through the core and, 
in this way, lo predIct. correctly the heat. t.ransfer rat.es revealed 
by experiments and by numerical simulalions. Simpkins and Blythe 
[5J repor~ed an alt.erna~lve t.heory t'or t.he boundary layer regime 
based on an original closed f"orm solut.ion. and for temperat.ure 
dependent viscosity (61. The corresponding flow In the shallow 
iayer hoe-at.ed f'rom thp. sides was documenl.ed by Walker and Homsy 
(7). They dev~ioped an asymptotic solution ['or t.he ['low ar"ld 
temperaLure flelds inside a shallow layer using t.he aspecL rat.lo 
as t.he small pararnet.er. They showed t.hat unlike t.he in t.he lall 
layers lhe core region plays an acliva role in lhe heal lransfer 
processes. An approximat.e integral t.ype solut.lon for ~he same 
geometry was reporled by Bajan and Tien (8]. Tong and Subramanian 
[9l h~v~ pr~sented a bound~ry i~yar anaiy~is f'or a Brinkman model. 
and have reporet.ad cignliicant. contributions of' t.he dlf'f'usion term 
at. high Rayleigh and Darcy numbers. Furthermore. ?ou.1i.lcakos and 
BeJan (10] and Prasad and Tunt.omo (11] have considered t.he 
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Forchh~im9r"-e.'<t.anded Darcy model lo Sludy lhe lnorlia efl'ecls on 
fr.e convecllon in a verlical caviLy. Lauriat. and Prasad (12] 
considered lhe Brin~man-exlended Darcy equat.ion of molion logelher 
\oIi t h lhe lr anspor l ler m and examl ned I. he si 9n1 f'l cance of" each 
t.erm. Elkady [131 clarified numericaily lhe effect. of lhe 
dimensions of lhe r9C~an9uiar cav1Ly on t.he heal t.ransfer lhrough 
an inciined cavi~y ..wilh variable inclinalion angles f'rom 0 La 180. 

The survied lit.eralure presenled above have been concerned 
wilh nat.ural convection in layers only filled with homogeneous 
porous medium. which may not. be a good approxlma~ion for t..he 
porous layers in t.h. real life. The pu~pose of lhis st.udy 1s lo 
anai,yse and underst.and lhp- effect. of' lhe i nh~rnogeni t.y or t.hlll!' 
porol.l-:: mE"dl urn on lh~ f 10..... -=:Lr'tJctur& and '-ho' cO't'\,,~cli Vo hoal 
lransfer in a vert.ically layered porous media ..... 1lh ver~Lcal 

isolhermal wails at differenl t.emperat.ures. 

2. MA THEMA TICAL MODEL AND SOLUTION PROCEDURE. 

Lonsldel' a. t. ..... ()-t..lll1l~l1s1of\al reclangular "er"tlcal c .... "lly lsho ..... n 
in Fig. 1) of widlh Wand height. H, f'111ed ..... ilh mullilayered 
porous medlum. Each layer is homogenuous. 1solrop1C and has 
const.ant. permeabili~y K. The porous medium is sat.uraled ..... ilh a 
single phase f'luLd of' densilY p and vlscosi~y~. In Fig.l TH and 
Tc represent. lhe hol and cold verlical ~alls of' ~he caviLy 
respoclively ...... hlle thp. hori~r'lnlai t.op ;\nd bollom \oI3oi15 arc> 
insulaled. The erf'ecl or bOlh lhe drag and inerlla are neglecled, 
and lhe f'low will obey Darcy's law. 

Th- fluid pr("Jrnrti~o; ar"'" ;\o;:!::u~n ll') boc:- r.r:".,~t..ant. ,...xr:;prl for 
lhe de-ns1ly change wit.h t.emperalure which gives risoe Lo lh. 
buoyancy force. lhJ£ Is lreat.ad by involdng lhe Boussinesq 
appr oxi m.a t.1 on. Whi 1 e l he per meabll1 ~ y val ues K or t he par ous 
layers, are different.. lhe vaiues of the t.hermal dlflusivlly in 
lhe layers are ~he same. This assumpt.ion is done to study Lhe 
.f(~r:;t«;: or lhg c::h;ljnqf'a ".,f •. hoD rorm~~bilit,y alnn.:,. W1Lh f.hI"?O::~ 

assumpllons, lhe conservalion equallons f'or lhe mass, moment-urn 
and energy tor each layer become: 

Conllnuily 
,." I i~v ,. •• , . "'v 

Moment.um l.Uar·cy·s lawJ 

En.-rqy 

iJp/ibc 4- C }.I/J<.) u 
iJp/iJy 4- (}.J/J<.) v 

- " 

::II 0 
pg(?CT - Tc) 

f 1 ') 

(2) 

(3) 

(4) 

\oIh~re u. v. p. Ct, (1, g, /-l "nd Y. are the ", .. loc1t.y component.s 1n 
lhe X and y direct.lons. pre.ssure. t.hermal dif'f'usivlly. 
coeflicienl of' lhermal expansion, acce~eralion due Lo gravIly, 
Kinemat.ic viscosily and Permeabilit.y of' t.he porous media. 
respect.i vely. 
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EJ1 ..... nat.ing the pressure t.erll'lS frof'll equat.ions (2) and ( 3). 

tnt.reducing t.he st.reaM function 9 as 
and .~alling all the varlabi.- by 
valu .. o~ ~hoe. variabl .. detin.a by: 

u c 8rp;'iIy and v "" - ap/8x 
ap~opr1at. characterlst.ic 

X ~ ;)(/W. Y = y/H. YI =:: J> H;'t;a W.. and e a(T-Tc);'(TIC-Tc:) 
the governing equat.lons Cl)-C4) can be transtor •• d into 
ngn-cU.~ion.al st.r .... funci..1an and a t.-..perat.ure equa\.ions 

a 

... here A is 1.I\e asp.c::t. rat.to ot' t.he cav! ty - H/W and Ra is t.he 
Oa~cy-Rayli.qh number based on the height. ot the cavi1.y H. and is 
g1 Yen by Ra =- Kg{3'C TM-TC:) H;'Q'U 

f:I ........ ttcA 'ha v"'rt.i(",l'\.-·r,"Ar~ h=-VA ril1';'~rAn. r-Arm ..... ~r.tl1i_J.oI\I>~ ~. 
the Da.rcy-Rayleigh number Ra wl1l be d11"fer-ent. ('or each layer. 
Taking t.he permeab1lit.y rat.io for each layer as KI"= K/Ka. the 
Darc:y-Rayleigh number for each layer will be: 

Ra :: Kr RaM 

where KM. RaN are laken as the permeability and the Darcy-Rayleigh 
number in t.he layer in cont.act with t.he hot wall. 

The boundary condilions ror the nondimensional st.ream 
funct.! on and temper at.ure are as follows: 

!.p 0 on all walls. ae/lJy. 0 for Y!:O,l and 0<)«1. 
G = 1 for X=O and OS Y Sl. 9: 0 for X=l and O<Y<l. 

I 

The effect. of the fluid mot.!o~ on lhe heat. t.ransfer across 
t.he 1 ayer s can be expressed by t.he Nussel l ~utnber • whi ch is 
defined for t.he vert.lcal hot. wall in t.he non dimensional form as: 

Nil - f ~ NlIv·1 . rlV 
o K=O 

(7) 

and Nuv 

..... here N'u Is t.he average (mean) Nusselt number al ~he wall 

The solution of t.he governlng differential equat.ions (5) and 
(B) has been obtaIned numericalJy by using t.he finite difference 
scheme present.ed by Pat.anlcar (16]. The sol ut.1on consist.s of t.he 
st.ream functlon and t.he t.empera~ur. fields as well as the 
veIoci~ie$ in t.he x and y directions. More det.ailed information 
about lhe numerical procedure is presented in C14J. After 
obtaining t.he t.emperaLure 1'1 Etld. equation (7) 'Was int.egrat.ed 
numeriealiy to get. the Nu. 

3. RESUL TS AND DISCUSSION 

The t.wo dimensional nat.ural convec~1on in a multilayered wilh 
di('l'erenl permeabilit.ies flUid sat.urat.ed porous medium has been 

• 



analyzed for vertical isothermAl walls at different.." temperat.ures 
and wit.h adiabatic t.op and bot.t.om walls. The st.udy is made for 
t.hr- ... l~y.r .. d por-Oft<ll:i: ~dlum in which the first. and t.hird layers 
have equal t.hicknesses and permeabilities. The permeability rat.io 
Kr of t.he inner sUbiayer varies from 0.1 t.o 10 and ~h. widLh ratio 
of t.he inner- sub-layer W~ varies form 0.0 t.o 1.0 for a wide range 
of Darcy-RayleiQh number up to 6000. 

~. t Th- "'At' filly nf t.h<l2> mntiAI 

In the following st.udy in sections 3.2 and 3.3. t.he cases of 
'tIr=- 0.0 and 1. 0 are cor respondi ng t.o t.hose eases of a uni for m1 y 
filled cavity. and the resuits obt.ained ror t.hese cases are in 
good agreement. wi Lh t.hose obtai ned by t.he aut.hor in. prev10us 
st.udy [131. 

Anot.her compar).son 1s done wtt.h t.he result.s obtained by 
Laurlat. and Prasad (12] ror- a case of a single layer porous media 
wiLh Wr=O. A=S. The values of t.ne vertical velocit.y V/Ra and t.he 
t.emperat.ure 8 at. t.he mldhelght. seet.lon where Y=O.5 l t.he horizont.al 
VQlocit.y U/Ra at. X=O.S ror Ra: 290. 1000 and 2500. t.he local Nuy 
at. Ra,=2S00 and t.he average Nu at. t.h. hot. wall at. O<'Ra<SOOO of 
Lauriat. and Prasad (12l are t.ra.nsla.ted lnt.o t.he corresponding 
not.ations and expressions by t.his work and compared wilh it.. The 
comparison ~hich ls Shown in rigs 2-S shows a very good agreement 
and proves t.hQ validity of' t.hp. modei. 

A relat.ion simi1.ar t.o equat.ion (7) 
t.he col d wall x=W. X=1 was obt.ai ned and 
The obt. ai ned Nu was compar ed wi t. h t.hi S 

(7). The result.s were round t.o be 
di screpancy bet.ween t.he resulls: or lhe 
t.han O. 75X. 

3.2 T~HPERATUR~ AND FLOW FIELDS 
3.2.1 L£fect of sublayers .idth 

for the heat. f'1 ow alo"g 
i nt.egrat.ed numeri call y. 

calulat.ed from equalion 
nearly identical. t.he 

t..wo approaches Iofas los~ 

Figs. 5-12 show t.he ef'f'ect or t.he width rat.io of t.he inner 
$ublayer 'til" on t.he streamlines and isot.hermal lines. The .... idt.h 
ralio Wf" t.akes t.he values 0.0, O.Z. 0.4, 0.6. O.B. 1.0. 

Figs 5-9 show the case where t.he permeabilit.y of the inner 
layer .1 s f'ive t.imes great.er lhan t.he outer layers Kr=5. the 
aspect. rat.10 A=3 and Ra=150. In the case of Wr=O.O, 'IoIhere t.he 
wnole cavit.y is filled Iofit.h low permeabilit.y porous media. t.he 
st.reamlines shown in rig. 6. t.end. t.o be in the oot.er region of 
the sublayers wit.h less rlow in t.he core. Wit.h t.he appearance of 
lh ... ',I~t-.-r p.rm-a~tlLt,y 'nn .... r "';flhl::ay_r • .::lIn ".~.t"';:\cl.l.on app_a,.~ for 
t. he r i ow t.owar ds the cor' e • and l he tendenc y f or mar e flow to bo 
initiated 1n t.hi$ at.t.ract.ive layer exist.s. Wit.h t.he increase of' 
Wf' the at.tr act.i en tor t.he flow t.owards t.he core i nt::rea.ses. and 
higher values of streamfunction exist.s also. carrying more 
convective heat from t.he hot~er side to t.~e coider one. The r10 .... 
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rate increases with the increase of Wr, and ~he slope of lhe axis 
of' lhe cells changes signif'1canlly. For example at Wr= O. lhe 

• a.wl"l: 1-.:: ... ~ .... , .... t ..... ',ro,.' f r!'\ I "'t.-t .... l0 r-' ."0 .... ",.,t, wi f h f h-- i n""::'<::ft 
of Wr. Lhe axis move~ towards the diagonal Of l.he cavil.y. 
Therefore, lhe maximum velocill.s (horizonlal and vertical 
componenls) dri{'l from lhe vertical and hori%onlal mLddl. planes 
lo lhe corners (llCl bollom and righl lop corners), 

An iodicat.ion Cor the transport of energy by convecli.on 
bet. ... en lhe lwe isolhermal verlical walls is l.he rale of flow 
inside the caVity. which can be expressed by lhe maximum value of 
t.he slreamfunclion and Lhe mean velocity oC lhe flow. To express 
lhese lwo runct.ions ~wo variables are used in (13-15). and are 
der.1ned as; 

y:rm0J(= ± max f ¥IC x. y) I and Um f elf .. or) dA 
A 

wher e yt'ft\euor i S t he maxi mum val ue of t..he non-dl mens 1 onal 
~treamCunction. ± are taken ror count..ar clockwise and clockWise 
el r("'u1 :.li on re'-::p'.-.cll-v,", I y "'1'1 !I .... i s ~)(pr &ssed as a. fUncl ion ()f lhe 
average fluid speed over lhe area A. 

FIg. 7 shows the behavior of lhe f'unct.lons expressed by 
U",/UmO and yt'ft\OJoft/y:rmO)(o with t..he 1 ncrease of Wr. where Umo and 
¥"",oxo are lhe functions in lhe ease of Wr=O. The figure shows a 
significant in.cr""","se of bot.h lh~ t.wo funcl1.on~ ..... It..h Lh. increas:~ 

of' Wr indlcallng the Increase of ~he t.ransporl energy by 
conveclion parl in ~he whole layers. 

The behavior of l.he lsothermal lines for d1Cfel"'ent inner 
sublayer widlh rallos Wr is shown In Fig. 8. Ills I)Ot..I"ced ~hal 
lhe inlerior temperature dls~ribut..lon 1s close ~o a ~t..ralghl 11ne 
in lha eenlral parl 01' Lhe 1 finer subl :::!Iyer. The siope of lhesp. 
isothermal lines sho~s lhat.. Lhe heal 1s transfered by bol.h 
conduct..lon and conveelion. Wilh Lhe increase of Lhe w!dlh of t..he 
atlrract.ive lnner sublayer. t.he isolhermal lines in lhe inner 
~ublayer deYiat..e lowards the horizonlal direclion Cnormal to the 
walls of the heal flow), inrlieat..ing t..he increase of lhe lransport 
of energy by convect.ion part. in lhe core region. The lemperalure 
gradients near lhe bollom lefl and lhe right.. lop corne,.$: are 
great..ly modil'led lo a sharp temperslure gradIent.$:. Thus: lhe 
lransport. of energy due lo cross ~low near the ho~l%onlal walls 
has also increased. 

~i9· 9 shows lhe effecl of lhe inner sublayer widl.h rat.io WI'" 
on bolh lhe t..emperalure and velocit.y disl"ibut.ions at lhe middle 
height of lhe porous media Y=O.6 in lhe half of lhe w1.dt.h 
adjacent. lo lhe hot.t. .... !"' side, For lhe ease of Wr=O. where lhe 
.... 11e' .• I", ,'",Vlly I~ tIIIH" with \ ........ ,~t·'fI ..... .,t .. tlly " •• ".,f,--:' mudla. h,,-,lb 

the lemperalure and velocily dlst..ribulion curves are nearly 
st.ra.ighl lines. Wit.h lhe incr'EuLse of", 'II", both t.h. lemperalure and 
velocily curves deviate from lhe st.raighl line condilion in t..he 
inner sublayer and remain laking t.he nearly straight lin. shape 
in lh. lower permeabilily oUler layer near ~he holler side. wilh 

• 



• 
a significant increase in the veloci~y rield and decreasing 
t.emperatures. The st.ep variaU.on in t-he permeability across t.he 
lnt-errace or t.he two subiayers induces st.ep changes in lhe slopes 
or bot.h val oci t.i es and t.empera t.ures. The break. poi nt.s in bot.h 
rields are shown by t.he symbole (0). 

Pigs. to-12 show anot.her case. where t.he permeability or t.he 
innor \~v~r i~ fi~ limes less than it in the out.er layers. i.e. 
Kr for lhs inner sublayal' ::: 0.':::. t.he aJ.J~ec..:t ratio A=.;J and Ra=4UU. 
The behavior of t.he streamlines Cor different. values of W" is 
shown in Fig. 10. For t.he ca.se of" unif"orm porous media where 
Wr~O.O. l.e. high permeabilit.y layer, the temperature difference 
across the two vertical ~alls causes a relatively high velocit.y 
flow allover the layer. As the less permeability inner sublayer 
appears, A new resist.~nce appears for the flow in the core of" the 
inner sublayer. Wilh t.he increase of' Wr. the damping f"or the 
exisling ilow in t.he core increaseses. The slope of t.he axis of 
Lhe cells changes significantly. AT Wr=O the axis is close t.o the 
diagonal of the cavit.y. but wit.h t.he increase of Wr. t.he axis 
moves towards t.he vert.ieal middle plane indicating that t.he 
maximum velocities '~ori20nlal and vert-ieal component.s) drift. 
from t.he corners Cleft. bot lorn and right top corners) t.o the 
vert.ical and horizont.al middle planes. !hererore. the flow is 
at.tracted to be ver~ically in t.he outer layers. ~here the higher 
per meAbi l i ty 6'xi st 5. ~nrl I 0:;: ('or..-:qd to bf1l qY..ch~rH,..,.d b~l""e",n th,.". 
outer sublayers carrying the convective heat. energy pa~t t.hrough 
the upper and lower ends of the inner layer. and less f"low of 
convective energy t.ransfer ~hrough the core region. 

Pig. 11 shows lhe behavior of" the f"unctions U,.../UrnO and 
Ip",a"/lprno>'lp wi lh lhrJ' I r,cl·~as., of Vir. Th,. ri.glU·~ "::.now~ i\ 

significant. decrease of" bo~h the t.wo func~ians. This indicates 
the decrease o~ both the mean velocit.y of t.he flo~ and the rate 
of flow inside t.he caviLy. which in lurns decreases t.he transport 
energy by convection part in the whole layers. 

Fig. 12 shows the behavior of the isoLhermal lines for 
differen~ valUes of" Wr. In ~he core of" the inner slLblayer. 
where, less flow exists. t.he above modi~icalion in lhe veloeit.y 
field with the increase of' Vir changes the isot.herm pat.tern 
accordingly. The lsothermal lines deviale to...,ards t.he vertical 
direction' Cparailel to the isot.hermal walls) indicating the 
decrease of convect.ion heat flo"" lhrough t.he core region. The 
sharp t.ernperat.ure gradient.s near the bot.lom lef"l and t.he rlght 
top corners are greaLly modif"ied. and the transport of" energy due 
t.o the cross ilow near the hori%ontal walls has. thus. decreased. 

3.2.2 E££ect of permeabili~y ratio 

Flgs. 13-15 sho,,", the strearnlies and the lsot.hermal lines 
behavior ror t.hree layers porou~ media wit.h equai widt.hs .. Ra=250. 
Aspect. rat.io = 3 and di~ferent. permeabili~y rat.ios f'or t.he inner 
to t.he (')\It.er sublayers Kr from 10 to 0.1. 

• 
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.. 
The beha vi or Qf l he slream! i nes for di f t er enl val ues Qf K,. 

is shown in Pig. 13. F'or lhe eas@ Qf high permeabilily uniform 
porous medi a. where Kr""'l. t.he t.emperalu,..e di Iferenee across lhe 
lwo verlieal. ..... alls causes a reiat.ively high velocily flow all 
over lhe 1 a.yer. Por lhe case of' Kr) 1. wi lh t.he i nel".ase of Kr. 
lhe at.t.I"aellon for lhe ouler slreamlines lo change ils direclion 
gl".a.duall y lowards t.he core of' t.he i nru,I" subl ayer 1 ncreases. 
h_-.tr1 ..... c: ) h .. inr:r4!u'''''; .... of t.h_ ch~neA fnr t h"'" fluid rat_ of Clow tn 
lhe core to increase, carrying more convective heal from t.he 
holler side t.o lne colder one. Po'" lh. case of Kr<1. wilh lh. 
d.crease of" lhe permeabil!ly ralio Kr. lhe IIlre.amlinas find an 
Increased resislanee to f'low 1n lhe core of lhe Inner sublayer. 
and is forced t,o change ils direcllon gradually and compressed ln 
lhe out.er subiayers. lending to be parailel lo lhe ouler verlieal 
wails. The flow Is forced lo be exchanged bet.ween lhe ouler 
sUblayers through lhe upper and lower ends of lhe lnner subiayer. 

This phenornenotl reflecls ilself" on lhe maximum value of t.he 
stream function and lhe mean veloeit.y of lhe flow 1n t.he cAvily. 
Fig- 14 shows the increase of bot.h Um/Uml and ~4W~~1 wllh lhe 
increase of t.he permaabilily rat.l0 of the inner sublayer. 

Fig. 15 shows 'lhe behavior of tohe isolherm.al lines for 
dirCerenl values oC Kr. Wllh t.he decrease of lh. inner sublayer 
permeab111ly raLJ.o Kr the above rnodif'lc-,L10n In 'lhe ve!ocl Ly 
f i el d changes the i sot. her rn pa:l t. ..... n accor dl ngl y. The 1 sol her m.a.l 
lines deviale \-owards l.he verl.ical direc'lion Cpara,J.!e! t.o lh. 
LsoLhermal wal1sJ indlcal.ing lhe dec,..ease of conv.ct.ion heat. flow 
Lhrough lh. core region. The sharp lemperalure gl"adlenls near 
Lhe boltom lefl and the rIght. lop corners are greatly modiCied. 
and Ll'\a lr'aus:!-,ur-t.. of """orgy duo lo l110 (;,'05$ flow near Lila 
horizont.al walls I'\as. lhus. decreased also. 

3.3 Heat.. t..ransfer 
~_3.1 Effect. of permeab1lily rat..10 

To show l.ne erfeel o£ thp permeablliLy ratlos. a case of 
lhree layers porous media with equai widt.hs are st.udied. In 
which lhe aspect. rat,10 A ': 3. l.he permeabilily ralJ.os £or t.he 
inner lo 'lh. oULer sublayers Kr dlffer from 10 lo 0.1 and Ra=250. 

The behavior 01 t..he local rala of" heat lransCer Nuy along 
t.he hol wall is shown in Fig. 16. It. lakes lh. typical t.rend as 
obt.ained in (12.141. in which lhe higher values of the rate of' 
heat. lransfer exisl at lh. bot.tom of lh. wall and t..hen it.. drops 
lo t..he lower values al lhe t.op of'" t.h. wall. Fig. 16 shows t.he 
incr~as. of Lhe rat __ oC local heat. t.ransfer wit.h lh. increase of" 
Lh_ .llt".r subl ayer pur rn.,.,,! 1.1 I.y I .. Ll u. 

Fig: 17 shows t..he .f'rect.. oC t.h. permea.blli t.y rat.io of' t..he 
inne,.. sublayer on 'lhe average rat,e of' heat.. lrans~er expressed by 
Nu f'or d1fre~ent.. Ra. Fig. 18 shows t.he variat.ion of Nu/NUt with 
~.J\ fQ~ dirfAr.,.nt.·v~luos or Kr. Where. Nu~ ts t.he va1u .. of Hu ror 



• 'l.he case "where lne ..... hole caVllY is .filled wi'l.h lhe pdrous 
malerial 01' the layer adjacent to the ho~ wall. i.e. ~r tor th. 
in.ner sublayer:al or Wr=O. It 1s shown lhat Nu/N'u, is greater 
lhan 1 (or Kr>l and less than t tor Kr<l. i.e. N'u 1~ higher than 
its value for a homogenous tilled cavily by Kr>1 and less than il 
by Kr<1. Bolh the Nu/NU1-lRa and Hu-Ra curves take nearly lhe 
same form tor lh. differenl permeabilily rat,io Kr. In all cases . 
.... h.re ~a:lO al lhe hal wall ~ Nu/Nut and t-4u talce lhe unity value 
and 'l.he heal is transferred by pure conduclion, By lhe increa~. 
of Ra, NU/NU1 increases in a transient region uot111 il takes a 
parallel straighl line form by Ra>1000. where Nu/NuJ depends only 
on Kr. The behavior 0(' I-Iu./Nu:1. is shown in Fi~. lQ. Il gives a 
linear relalion as tollows: 

Nu/NUJ ~ 0.0454 Kr + 0.9548 (8) 

Kim and Vat1a C17} studied In. nalural conveellon about a 
'vertical piale • .-abedded in a homogenous porouS media. 'lney 
conci ud.d lhal lhe Nussell number depends onl y on lhe ~llyi.1 gh 
number Ra in lhe thermal boundary la~r. where lhe healing errecl 
o( lhe ~all is felt. Thls conciusion is also concluded by Weber 
(3] by sludf,ng lh. boundary layer regi me ('or convecti on to a 
ver~icai homogenuous porous layer. The me~n value of Nu fo~ the 
boundary la.yer heat f'low in the homogenuous porous media ean be 
given according ~o [3.17J in our nOlati9ns by fol1o~ing relal10n: 

Nu == C RIlHO.!!! 
(9) 

Where C Is a constanl. which depends on lhe aspec~ ratio A. By 
Weber [31 this cons~anl is obtained as 1/C~3 A) for the boundary 
layer flo....... In lhis case. the heal c:onducl.ed from the wail Into 
the riuid is c:ar~ied upwa.rds by I..he conveclive movement of' the 
fluid in lhe steady slale. and l.he fluid is drivpn \.1pwards by 
buoyancy and restrict.ed by bulk f~iction. This means lha'l. 
oulside lhis layer. where the fluid is isot.hermal and the 
buoyancy effecl Is absenl t.he fluld is nearly motionless. 

In our case, '('or the Nu/"'ut s~raighl line 'Zoru:.. ...,here 
Ra)1000. and WU/NUi is mainly (unclton ot Kr. il can be said that 
lhe heat. is t.ransfe~red in a bcundary layer flow. This flo.., 
cOl'\slsls of upward boundary 1 ayer on t.h. hol wa.ll. dO\lf1lward 
boundary layer On t.he coid wall and motionless flow in lhe eore. 
tnus equat.ion CO) can be considered. The consl.anl C 1n equal.ion 
<:9) muSl 'be dependent, on bOl.h t..he perfl'lQabili ty rat..1o Kr and lne 
Wldlh ralio Wr of lhe lnne~ sublayer besides t.he aspee~ ralic A. 
BecausE' the .aspect.. ral10 A And the ..,idl.h ra.t..1O W,. arf'!' con'!:lant$ 
and eQualion <':9) 91 ves Lha.l Nu/Nua-(<..kr.J • .1 t. can be said Lhal Lhe 
eff.et.. of bol.h Kr a.nd Wr on C ca.n be separat.ed. and C CAn be 
wrillen as 

C = feWr). rCK ... ). fCA:) Cl0) 

3.3. Et~eet 0(' sublayers wid~h 

To show l.he e(recl of' lhe sublayers widt.h l"a~io Wr. a 
consl.ant values for the p .... meability ra~ios of' t.he sublayers will 



be considered. Figs.20-aS show Lhe errec~ of ~he widLh raLio of 
~he inl"l.er sublayer 91,. on lhe Local and mean Nu at. lhe verlieal 
hOL wall. The widlh ralio 'fir lakes lhe values 0.0. 0.2. 0.4. 
O.S, O.S. 1.0. for an aspec~ raLio A=3. Two cases are 
considered. In lhe firsl ca.se, t.he permeabilily or lhe inner 
subl ayer is laicen as f i VEt li mes gr eater lhan lhe ouler layers 
Kr=5 and Ra:150. In Lhe second case. Lhe permeabi 1 i ly of lhe 
inner sublayer Is laken as five times less t.han 1l in the ouler 
layers Kr=0.2 and 2a=400. 

Figs. ao and 21 show t.he d!sLribulion of lhe local rate of 
heat. t.ransfer Nuy along t.he hol wall. The Figures sho~ thal Lhe 
ra.le of locai heat t.r ans('er i ncea.ses wi th lhe 1 ncr ease 0(' lh. 
inner sUblayer wid~h rat.iO for Kr)1. a.nd decreases .... ith the 
increase of lhe sublayer width for Kr<l. 

~igures 22 and 23 show the variat.ion of ~he Nu for different. 
v:,\!tu"-: of th_ wid!.l! ! ;,1 (" (.··.f l.h"", tw(") l.:a~e~ uf ~Luc:Jy. Ihe 

behaviour of lhe Nu-Ra curve is nearly the same as thaL expressed 
in Pig. 17. I~ consisls also ('rom lhe three 70nes. The zero Ra 
at. the hot. wall where Nu=1 and t.he heat. transferred by pure 
conduct.ion. t.he lran~ienl zone and lhe boundary laye~ £iow zone. 
r t.. is :shown t.hal Nu 1 ncr eases Wl th lhe i ncr ease of' t.he wi dlh 
ra~io Wr by lhe case of Kr=5 and Nu decreases with l.he increase 
of' t.he widt.h ralio Wr by t.he case of K~=O.2. 

figures Z4 and as show t.he behavior of the fuhcl.ion Nu/Nu1 
for lhe t~o expressed cases. Il is shown Lhal. t.he value or Nu is 
higher Lhan it-$ value for a homogenous ("il.led cav! t.y by ~r=5 and 
less Lhan 1l by Kr=O.2. IL is also shown thal in t.h@ bt:ltmdary 
layer flow ZOne. where Ra>1000. 'the value of Nu/Nul 1S nearly 
conslant and depends on the width ralio Wr only. This relat.ion 
is shown in fig. 2S. It gives a. lin~ar relation as ("ollows 

Nfl/Nut .., ::. o. ~f.!~R Wr .. 1 C i 1) 

t.he +ve ls for ~he case of ICr)1 and lhe -va for Kr<l 

For t.he general case. equations e and 11 can be combined 
togelher to gi ve t.he ef'f'ecl of' bo~h t.he permeabi 1 i y and width 
ralios in the boundary layer flo .... regie-me whe-re Ra)100Q. It.. 
can be p.xpressed as follows: 

C±O.3936 Wr+1)CO.04342 Kr + 0.952) (12,) 

Equallon (g~ which expresses lhe heal t.ransfer in t.he 
boundary layer flow regime can be developed to lake inlo 
consideralon Lhe effeel.s of bot.h t.he permeabllily ralio Kr and 
widlh r.aL10 Wr'Cor lh", lilt· ... "" la.y.,~od porous media and \o/ri.t.t~n as: 

Nu = C .r.±O.393S Wr+1)CO.0454 Kr + 0.9546) Rao.~ 
where t.he +ve is for lhe case of Kr)l. lhe -va for Kr<1 and C 
depends on Lhe as~ect ralio A. 
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4-. CONCLUS10NS 

This paper ou~lined numerically ~he phenomenon of ~he fluid 
flow by na~ural convec~10n in a ~wo dimensional ver~ical 
mul~ilayered porous medium ~l~h differenl permeabililes and 
1,,",,,' ... 1 ""In , ••• '"' ·-,1.1 .... 
non-unjform permeabil1~y at lhe subiayers on lhe behavior of ~he 
~emprelure. slreaml1 nes fields and ~he heal lransfer. The 
resulls ind1eate lhe fo1lowing: 

Wi ~h t.he 1 ncrease ot Kr or Wr for Kr.> 1 or ~he decrease of 
Wt' for K .. <l. 

the slope of lhe axis of ~he s~reanUines cells mov~s frem the 
verlical middle plane lowards lhe diagonal of lhe cavit.y. 

The maximum veiocilies (hori2on~ill and ver~ical compenents) 
drif~ from ~he verllcal and her1zon~al middle planes lo t.he 
corners (11f~ bo~lom and right top corners). 
the a~lraclicn for ~hQ flew lowards ~he ClOre increases. lhe 
flow ra~e and lhe mean velocity in lhe cavl~y increase and 
higher values of s~reamfunction eXis~s. carrying more 
cenveclive heal frem lhe heller side lo the cclder one. 
t.he inlericr ~emperalure dislribulion is close ~o a s~raight 

11na. in t.he cent-ral part. of the inner sUblayer. The isolhermal 
.1in.$ deviaLe f'rom lhe verl.l.cal direet.ion (paraliel t.o lhe 
iso~hermal walls) Lowards lhe horizcntai direct.ion <normal lo 
~he .l.sc~hermal walls) indicaling ~h. inc~ease oC lhe lranspor~ 
of energy by conveclion parl in lhe ClOre reglon. 
The ~emperature gradlent near the bo~lcm left. and the right lcp 
""""'rn""r'~ 1-:: or"-:lllv m ..... rllf{""r! tl'") ::II ~h,,"f'"I ;~m~~r;drrr"'" ..,r;\rll p nt.. 
i ndt cat.! "9 ~he i ncreas& ef t..he lrallspcl'L 01 enelogy due lo cr"oss 
rlow near the horizon~al walls. 

Wi. lh the decrease of K .. or lhe increase or Wr for Kr< 1 Or lhe 
decrease of Wr for Kr>l. the da.mping Cor the exis~in9 flow in the 
core .increases. and the flow is att.racted lo b~ '''ertlcally in lhe 
ouler layers. where lhe hIgher permeabiiit.y e~<1st.s~ and Is forced 
tc be- .).(Changed bet. ween the out.er sublayers carrying the 
convecti ve heal energy par t. Lhrough lhe upper and lower E!'nds of 
thE!' .l.nner layer. 

For a const.~nl Wl.dLh ralic. bot.h the rale of iecal heal 
lransfer and ~he mean h~a~ lransfer a~ lhe hal wall increase wilh 
the increase cf lhe inner sublayer permeabilit.y ratio and are 
higher t.han i~s values for a homogenous filled cavit.y by Kr>1 and 
less than 1~ by Kr<l. 

Par a. const.anL p.rmeab!llly raLio bot.h the rat.e ot loc~l 
heat. t.ransfer at. the hal wall and Lhe mean hea~ t.ransfer increase 
with ~h. increase ef the inner sublayer width rat.io (or Kr)1. and 
decrease with t.he increase of the sublayer wid~h ror Kr<l. 

ihlD I''''''n',-I. -, •• r '~II ~I I I ..... I .... w.:"\' I .... 11 it I h- 'JU r .. ~,:;p •• , 1-":1111 

~ak es 3 s lages ~ 
- Nu =1 and the hea~ t.rans£ered by pure conduclion when RaK;O. 
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- ~ran.i.n~ h •• ~ flow by O<Raw<1000 
boundary layer {'low by RaH) 1000. In which t.he mean ra~e of 
hea~ transfer depends on bot.h ~h. width ra~io. t.he per~abili~y 
rat.io in addition to ~he dependence on the Rayleigh number and 
th ... ~!Qr"'ct. ,.~llC">. h corr-",\At1on t'l'li d ... r1v.1t<1 n( ... m"",.if'!'~lly for 
lh!!: roiat..1un:hi.., """~ ( ... ·ll.<.>w:;..: , 0 , 

Nu • C .C±O.3836 Wr+1)(O.0464 Kr + O.9S48) Ra . 
where C Is a const.ant. depends of the aspect rat.io A. the +ve is 
Cor t.he case of Kr)l and the -va for the case of Kr(l. 

5. NOHEHCLA TUR( 

A 

9 
H 
K 
KH 

p 
Ra 
RaM 

T 
TH.Tc::; 
\t.v 

u.v 

U'" 
:-c.y 
X.Y 
W 
Wr 
(:I 

f/ 
f.l 
IJ 

Aspect. l"at..l.O =:: !1/w z 
Acceleration due to graVity, m /s 
Height cf the porous material. m 2 

Permeabilit.yof the porous layer. m 
Per me~b! 1 it. Y IOf t. he por aus 1 a yer 

wall. m 
adjacent. to the hot. 

Rallo cf t.he permeability cf t.he 
permeabillty of" the porous layer 
...,all -= K/KH 

porous layer to ~he 
adj acent. to tho hat 

?r.eossure. Pa 
Darcy-Raylei h number =: 9 (~ K He TH -Tc:.)/Q v 
Darcy-Rayleih number ('or the layer adjacent to the hol 

"" .. 11 
Temperature. K 

Temperature of the ho~ and cold isothermal s~rfac::;es. K 
r:'lftlci \,/41»), .... ·11\ ..... --;. II, I ,,~ .. ~ :-nd 'Y <'if' ... .-:-l.j,..,V'':. m""": 

Ncn-dimensional ['iald velocities in ~he X and ~ 

dir.eoctions respect.ively 
~luid non-dimensional average velocity 
Spatial coordinates 
Dimonsionless distances in the ~ andy axis respectively 
Width of the porous malerial. m 
widt.h rat.! 0 

Th~l"mal di{'fusivily of the porous layers, m2 /s 
Coeff"tclent. of volumel~ic t.hermal e~pansilOn. i/K 
Dynamic viSCOSity of ~he fluid 
Kinematic visCOisity of t.he fluid. m2 /s 
F'l uid dens! ~y r<.:J/JIlIf 3 
Stream runct..ion 
dimenSionless stream func~ion 
Maximum ~~reamum value of the st.ream function 
Non-dimensio~al temperature = ~T-Te)/CT"-Te) 
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