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101. 1M ..... "4J""ia,, rfircu /law • .s'!/"!f~/Il ~"1l:u;1IU. On IN wIoc~ i'''fih '1f~ 
tJlft;U 8fl'r,tl r dt.c.rfJ; in tk 'Wions /ICU !k WoItCs aM g'"u all '-"""f~ ",IN '"41"insl, 0/ 
Ik ~focily drL 'Vi"you * "'=-'.d"'d ifftct.'j M"n. jlJtnH~niflul~l in.fl;J.l..1a .. mrk 
IVJ"'ior 11/ tfv. w,V'enllu", ~htmwl( encry "nB'r. "n/ ~ef( n~~cr lIcnss lj ...t at •• 'it 
cNr.nJ .,!c(h. 'l1w ru~(u 8M "'''f41c irrjll","' tif}(l nk .. ! t&fTow J!IUC"!tm ~",f fltlll 

~n.sjr:r for tk ~rusr:.i tGlI§U IIf ,.",~Cf"1 ~, usifMI "''''''''''/1.1" "r"1TitrJ ,10, 
'tpNDI« of IN. UWmil( (IIt1tJ ~fr on l/it flT>6~m fQrarMnJ (If,~, ~ "nJ"~),..'t"n" 

"1"'"" 

1. Introduction 

Hellt transfer in porous medi.l1a5 be~n Ihe subjec t of numerous inve>hg.:ltions 
ck!e to WCfCOUing Ul!en:'lt in chemica.! calalytlc rnelO!"! budd!bg Ih~nnal 

lNulatiol\, heat clt,l>angc:"$, poctroleum r~r.:"I"YlJill, seothcnnal 0rCIIUIOOS, p.,ekec
,pht . r bt"ds, and many olllers. Th.is; Ln~ (e.sed u,t of p<lroLU IIltdia has maJe LI 
essential 10 have a berter understanding of lhe ftYoc iatc.i \l;UlSport prOCCSSCJ. Fin! 

to improve the performance of exm ing porcus·mediA-related themL!1 !»'stc:ns, and 
second to generale ncw Lde ~s:llld O'plorc nc," a.~rIlJU wn h respect II) tllC ~ or 
porou ~ medIa III hcat transfer ~ ~p l icaholl~ 

The I1Mspon OflnOL llcrolU(ll llnd lhc mHll enc .. ~)' iu flu id s." urJ ,ed porous 
media W\Ua low porl>Sitics is cl)uunonl), ducri beiJ by D~r ~)" 5 model nLC lIlam 
IUlU tflUOM or thc Ow::)' fl l)"" model~", .halll is not ~pprol'riate [Of fUI flows, i, 
docs 001 sousty thc no-s lip ,ondition o~ 3 solid boundru:y I1lId tlocs nOI ,"ccount for 
the 'palLal "lIllntion of the 1I1 ~I1LX poro~i ly. Cer1arn porous U1nlcn~1 5 slIch as rOlm, 
melals and fibrou s med ra., usually have high pot"OJILy In thtsc: 1l'C\l'a. the 
boWldary nnd incrl iH effects no t Hld udcd in the Darcy's model ll1 ~y :Iller 1M flow 
and hcat traru{cr Ch:J.r.lCLedsLics. To IlL is end, Ihe WOlks ofVnli~ and TLel! (I), 
Va!, l ci al (2J, and Valia PI aJ ~ n~' e.Wlnl. TItewoJkorVofi a lndTrcn{ll 
eQnstitu lCS on: of tire l in I iJlcorclic " I "UCL opts 10 nC«l llnt for lJoun<J...ry and ine"i~ 
dTects in po-rous I~ "t!i<l rO I ~d COIIVC"C IIC Il . " 0 :l CCOII IL l for Ihe drecl of " suILd 
bolUldary, KaVlUlY 14 ) slIllli ed die forced c om~Clion hcal lransfcr i lL R porous 
chanocl bounded b)' isothenn"t lJ:tra llc l pb lu ba~ed 00 the Ilnnh "Dn'(Xlendcd 
Dnn;y lI\odel. l1lId i'J,}k iL)'lIl1\i\ ec al {.!i l tre~led the IVnU by A CGnstont hea! flux ;and 
pcripher,1l1 y uu ifoniL IV~II tcm J.lc l ~lurc. I'ouhkakos and R~ukcn l6 1 L" ,"C! I' IOM IC<.i 
1.bc C£f~cl s of flow ;)(CII ;O. v""lIble porosiry, ,loci sol id boundlLf)' on fo;cetl 
convectIVe flow wouQh poroul rnd •• Qe'w~cn parallel pl ~to::s or in clrcuL,r pipn 
n .e)' found Illolll lhe bouudlLf)' :lnd inertm erfeels dcc rea~c tlte Numlt "umbel. 
wbcre!l$ the dIccI of flow chrulllchng ir.creiLscs lire Nusst h nwnber. Furthermore, 
Prasad !.'I _I. P ) have susscsted that IllC cffcel1vc Ihcnllal CO"dlIClivLty should IlQI 
be the cnc: ba~cd on ~a§'fL";I.IIt fluLd co~ditio"5, but shoaid i« lude 3 toUlribullOOl 
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In ookr 10 sNdy trMSpon thlou£.l: "ish porDS'!), med,;\, L\e or'gm;tl mollel of 
Dacey is iI!Iprov.:d by 'ncl ~d,nll Ll I ~ IKt-unduy friction (VISCOUS lerm) and UI~JlI3 
effects. Under !llIl condillon !.hc x·momenlum eqlUllu)fl .... ~o\ be wriHtn in lenni of 
!.h"1J" mICroscopiC (physieaUy) mcfISUfablc ptopcn ies of the flow IS rollow,: 

O- - U p .(8P / .h)+u /r . la/(h(r a-u 1i:lrl]- ull iT-A. \12 (2) 

to :he abo"" eql,.l3Do<u I,.l, p. T, P. ne. 1.1 IlIC the nlaeiry In the .... 1.1 dlrcetlOll x, 
lIIe presS1U~, {.~ lemperat".J!c, t1~ fl llid tlcnsil)', l.he effcenvc tMmt.:ll diffu lMI'J 
u d the fJuld d)'ll),(l'\le viscosity fel~eDwly . ., 3/ld A. lie 1M pmllublhty III!d we 
lf1erri~ eocfftdenl (Forsdlilclme, func lion) or the PO' QUI med,um and Ilte 
dc~'k!lt 011 the po rOSl:Y C .. "IIi Qth~r lIeomcmcal )l&fallleletJ oflh mcJitw, 
Wlt .... the porQU' mediurn IS made of ldenlical SplM:flcal bud. _ IA dwne.~ II, 
the permtablliry and tl:c incrTll coeffi cient r and A eiUI be esnm~led as fd.!n"l 
(I 'll : 

<') 

In "qlli lioll {2l the booyaney leml hIS been n.esJeelcd. siHee Ih prese!!1 mId}' 
dcals wi'.h forced 'OIIYeC\iCl1 L, an :1rlulU$ r..tled .... nh po rous rm:d ium The 
Kcond len" of we righl hand sid< or c-qullion (2) l o;o;QllnU for lite fnClIDO due 10 
IUal:l1)$tcpk Sbu r and wu I11rmdu~d rtm by BriokJnan (1.5) l 'he Ie, ," 
multiplied by A in equarion (1) was nm. inttodt:eed by f Ur1chl'Clmcf in '11 
empirie.1 m.rnr:ler for the .l)eC i ~ 1 cue or one dlJ1lClllooal OOWI Ihlouilh poro" 
media. UI order III 'C~OI.I'" for ;nert;.1 ..IT..: ... {I ~l . The Ihud lCnn u responsIble 
rOf!he potous ,tnK:Il.UC Not~ ~"I by keqJ'-'l1 lite fim and tluniICOU' on ~Ie nlhl 
hllllQ s.de of c'lualion (2) and neglecling Ill<: .tn of them, 11M: mumc l\l~m e-qU EII'OII 
reduce"! to IlIJI for the r"'lIIiljRf O.u.::;an n9W. On Ihe oillt. IllInd, whell Ihe 
porosity 11"1 and lIle pClTllutJohry T ........ Equ.11;U/l (2) rcd'i«1 10 Inc 
eonYttnQ<l:ll rrtOrue!1lUm tqu , ,;oll for "lire nUld fl ow 

TIK f .... c,lVIIll de\Ku<lellec uf Ille por(l~.ly 0:1 ,he dJll3!ICe rtoon 11M: bcullliary 
(wo.1I) call be rOWld {sOIIl the e~pc"'"cnlnl "solis of BuetlJU mId Bt"osi low (91 
Th~t 1(1.,,111 can be "presen led vel)' 'veil by 511 e" flOlICll",,1 fUllt lion of lile 
following rorm. .... !"IOch II u~d la ler by V3liO el .aI 11). J'Olllikakos 111.1 Rtllk<:ll (6), 
and Mubndhllt IIIllI Kulx k, ( 1 (i ). 



P~e (I"'b C1lP( · ~y / d)J (5) 

Wll<ae 'I .. . ite dis\(u,ce [..-QII' the bcM.uuhry waU, c.c .s \~C r.ee I,n:~on 11O+'~ly, 

Md ,lie c(r,pioical CGn$IMU b FIlIt! G nrc depend. ", 0<1 (I,. pn<11dc dill'n: !e. 

Equ~t!on (S) "eglects tllC !mllil O'lc IU31ions of the JI()'OS(Iy "' Iuch are 
cc05idefd to be Jo:tond;1.l)', The (rnphal is here IS on the de",'1 of the ('100 osity 
from the external $urf~ ce wludJ hn ptil!lllt)' cfTecl T~ tnul lll ",.11 be tllus:n.tcd 
by us,ng spllc;n:s J, 5 and 8 nlJIl in diameter, Thel~ sphere StUI m: co,'nmonly 
u~d in IBOOntill')' uperimenlll i b~d (0 p:u1icJe dilUllcte( ratios of IS, 10 Md 6 5 
rcspccttvcly. The constanU cho!.(l1 10 repfe~e n ! Ihe vanll!(()n of ~e, b, IUld c an 
s.umlar to that used by Benena:J wd Drosilow [9J lUlU Ch ndllllCkhllrt alod 
VortJnCyCI ( !O] Th~ tre tc" 0 '7 r .... d'" J, 5, 8 mm, b" 0 H. 0 41, 0 9 ar,d CoO 

3,3, 2: for c! - J, 5, "Ill!!! spcClI'ely. 

The bolLll!Wy ccn:htiON irr:\"QKd on the phys!tJI !ystem mc ' lI1 iform wilh 
r~ct to the lXlal COOfliUlllH:. the wmputalional domlm t/lus c Olnproses of one 
half of lbe annulus Qvcr "'l!icl! the following bOLII ,J"t)' ( Ond.UOllS arc apphed: 

T - T w lind u " 0 n! both Ihe bolmdarics r "'1 . nd r '" to 
T - Tin I" tllf! mlet leCllOO where x ., xm. 

II ;s cOIl...:ment 10 cut tht &oV~rnlfl' lqu~,ont <I) and (2) In ,hmCIIJ IQnlcss 
f<H'rn by <JlC'oc:iuclng the Ill "" non:l.unetlSlOf1l1 ""roables 

TllC IC$UhIUlI nondimenSlonal toytl lling eqllab1)llS ( I) ,lIld (2) " ,e w ri l1eu ;,. 

U iJQ /ilX - IfR . [8 18R(R CO loR)1 (6l 

wben: Cl 0.01 D I(I · E). 

and D., 11K iphCIC dl JII ,t lfr 10 .ltt d mm:ei outcr radIUS ( D '" d ; to ) 

The effect o f tilt. n . id mol lon <J!I .he IOt~! he at nll~ nt tlte cilmll1cl w~Us c~ ll lIc 

exp.usd lly the conduction f'CfCl clIctll NlIs~cll nUI~lJc . .... hidl is ucnllCd i" .he 
duneZU10lllcss foon as [61: 



~ 14 M.:S. !::L'I:: .. dy 

Nuw • ifTla lr-rw tro/(T .... T"'») (8) 

whcre the subscript w u:fe:rs to either i or 0 for the inner IIIld OtHcr wRI1 , oCthe 
dl~t, TI'l i.s the: mi.ucllneRll nUlll tcm[K!rn tll(C IJdrncIJ In /I rnaulln silllihu lu rlra t 
fvr t1as$lul n'.lid due! noWi 

I" Ci pu T dr) f[pV (lo · r,) J 

V .. (ll J Ill"dr) / {:o·r;) 

Finite: differen<e e'l1l2llons :lTC deri ,·:d from equations (6) and (7) by 
u1ICgratiorl over tirule Nell clem:r.I, foliowiliS the proo;edure dcV'!;loped by 
PIIWIU (17) Sioce equatior. (7) pena'fls the (oreed cllt\veetion. il c.,rl be ~IYN 
Ulclcpmdenlly to ~tr ti le veiOti ly tidll. rllld wIth Ihis iTifonn" tIQ II 111 Iranc.l, Ihe 
temper.Me tield C;IIl I.e obtaind from the em:q,'Y equltlon (6). !krlh the first alld 
!econd order derivlr, ve1 in the mOnle-lllUm clluaJion (7) wcre dlSCrctrU:! by USlD& 
central dillcrcncc (ormul., e r 181 rhe F orsehhel1!ler nonll tle-1If term IS Irueoriz.c:d 
by guessing miM I VlIhu:d of lite veloci ty ficid at nil die !:lId Imrnl~. ~ 1Ml. lhc 
JIOlll inenr lenn WiU "'lliteu:IS Ihe prod"ct uf Ihe unknowll ve lOCi ty and Ill e t:1.es~cd 
VelOCity The tlH"t"ercll(e ~ll>cbfaie CqU<lIlOIlS ale IOlvcJ lI~i ulI the Gau$1· 
dimisla:iQfl method ! 171 10 yidrlll:e ~11J(.1 1y fie ld. Once the .-clomy field hne 
been delemrincd, it numeric.,1 SUIIlIIOO for lire energy equalion W/IS carried a .t 
IH\Kd on lI le vcI)' powerful nnd con\·~ nicl1l equation sol...,r rnmnly the TD"lA. 
I J 8) Arter the di:1cnnlna!ion of the temper~ture fiel d. etjuntllJns (8 ) ror both the 
(WO walls arc mtegraled 3J1d the local Nussc!t number ~t both the inner a."1d out ... 
willIs of the duct c.an be calculated. A V1I"l ~b!e grid rot' acc:ur~le lesolullOD of the 
iml'Orr;IJII nell.f·w.\l l resion IS used in !.he Y·di ,ectlQn tQ obilin the mOmCIt'..lm 
cqunh<ll\ fi.nJte difference form. A vc ry fine Crid IIOLe I11lbc X dircclinn near tJ>e 
channel inlel alld coalser uQwIIsuelJf\ is used 10 capture Ihe Sleep ClrllUl>CS JI1 ti le 
tcmptlftun: fl(ld neM tnc cnb'afl(;e. 

3. Ittsull$ and DiscussiOn 

3. 1 Valid31ion Ind CGmp:lri~v" 

TI..: prvg;;un devclopeu for litis S!ooy WIS vlI.lrdated . $if1(;c Il,,,,,,, WI\S "0 
pre"';ous inVQt Ig3110n of lroundary IIJId inertial effects ill an .,nllul1l5 geometry, G 
cornplUi$on wu done with the resuil.S obtained by Pvulikakos alld Renken IGI for 
the CPIC ofthc flow in a cylindrit~l charmer filletl wi!.h porous mediutn, tncllld inlj. 
We dfecil or now IJI(n ia, variable porosity. :\lId BrinkmAn fricTi on. 
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" ,. 
f igs. (2) o.nd (J) pruent the (cl!'pcralurc d.stnbu r,oll aGl~J lhe cliaMer .... ,d\h 

and depeDC:c~ of lilt tlIecml l elltry lU Ili.h 00 the nor.d;rouJlOnil prds .. e 
aradicn. pM'llnel~ r B rOl the (.rtUrU p.pe con(,lIurl,;on for 5phcl't dilmete. "r 
3mm. Tb~ companson 51,oW'S a >cry g(Xld ag rcrrncnr IU,<J pHlves Ill\! YIIlid .'Y of Ill<: 
modd. 

3.2 Flow V~t Dcily Profi le 

lbe Vari~o le porosity clox 10 r.JI i"';lCl'mc,ble bwnd;uy luds;o a Il,nnbct cf 
i.mpof1a.~1 effccl:!' neh as Ilow ,u.U ~ ,.tr,b Ulion ~nd ehanm:l ing. nil.: e(!i:lCl of /h( 

diffe rent IIcomctne plln.lnel«1 of the delcl'1 bcd model on the chlnndm! dfe<:1 and 
now vcloeity 1.I INd 'ed U\ ofller Itl &:~ lood e;.;~ l nIlAli()l1 s for th '~I:>I'on of the 
t\u",:sch number In(\ tempera:...c di ,:.-ibuuon acTon !he ch:!Nltl .mel the crree' ,r 
these pUlmclcrs on the :J:ennal cnlf)' Il:glcm wh lt~ ..... llte oI>Ial~d ,..~!,. 

Fill. (4) showllltc veLocity dismbuuou for dj rr~lctil ~, I UCJ ,,[ D f,u" 1I (JS to 
o 12S for IpllClt d i~mc:e' of JIIIIII loIId B" loS T11~ llOl1-Darcl~n efTe<:a ~ppar 
clu.rly oNy UI d,. IcSiooJ near lhe willis, .. hiel. ,i¥cs All ",elns~ 1Il lhc m~£n 'lul: 

of the ~( loei l'f :md $illmfi~$ lhe cha~nehng effect. TI ,is crfccI mcfe~Se!l wlllo lhc 
lllercr.le oC 0 (the sphere d,u,et., I the dUel o ~t ~ r ",dU1S). LC. ,~ illi lhe """ <:"~lo. oj 
Ihe penncalrihty nC.tI tile 'nils FIg. (S) pM.ms lhe '~Ioc i ly ,)1111 ,b 'lc>on 'K'n:w 

tile ,IIaMel h~ l f ... 'dlh [01 difTelenl l>3lu..s of tl~ IIcmdlinCIlI IOll,,1 p,eulllC J;raJiem 
8 for 11- 3Inm ~ nd 0 -0.1. Incrc:t.'! ,ng (ill: Spl ltlC din1l\c«:r 10 \JI ~ th~"nd oultl' 
r.ldlllJ MillO 0 iUld lI!CrcU'"¥ the oond llnellsion ~1 Fre"dre IIrnll, .nl !), ) Idds :11 
owu.ll IIlI:re~c in Ihe flu,d ~Ioc,ty. I.e fJSIU now In the duel. ""ii, DO otbcr 
sigrllfiea)ll (')"a l i t ~ " vel ,hfTerenC(. 

Fi;. (6) plClenil rile de pendc.:ce o(rhc flow ....: IOCIIY ~~ro" the cI.lnuel h31f 
wi~ tll 011 r~e Whe re Il'~o:le~1 d rOI 0 0 I a"d 0 - lOS. W' ll, I:", " '",,'CQC ,)( l!lC 
sp l-.c .e dw nt lcr Ihe ve loc, ty !lCal' the "", lis ",~re~KI. Ti, .• , ;.lx:c~usc"f th: 
. ~cre;u"'1 per:ne.. blilly UC.'r llie WI lls wb leh i"e'C:J$I:J ,1>= ch''' 'lIc Jir'li c fT~tl 

Fic· (7) showl tile flow ~Ioc: 'I)' d;stnlllltio~ ~C f;)n tI'e cit.' lnd Ioalf " ':llh (::!t 

(lifTcl(nL Oflliun of duc t ,~d jus '"~' O R, (Ihe , . dilts of the ;"'~r ey lindr,e"l "'~11 10 
!he rad,~ of :l'u: :ulllulus dUtl Ri _ 1"",0,). for sphcrc d l.l'~eltT d~l ll\lI\ , l).o. I "li d. 
B- l oS The ~hll\JlC of tile WIer •• ~ius d lite el' <lMC1 R, ,roh . ,I() ~h ;all,e .n lhe 
cha."\.~ding dfcel lIe~ the duct wa ll" ",II! ~ ls.o. n d~ <)IIlhU tive or q""" ,.IilU",, 
Ix:hav,oe of ~lC ....:1<><: ,1)' nu r Ihe d ~ CI W~U S. or ill tho: core of II ", due l S "r d\~ to 
tho: declCl'IC of duet thicKneu 'yllk Ih~ in"uS( of R.. Ihe In('I1I (lo'v wlocil)' 
IXl tasa 
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3.3 nler mal Entr1nce J...engl h 

On!: oflhe main goals Of th t5.5 ll1dy IS to presell( deta iled information aUoullhe. 
!hennel entry length. The mennal entrance length IVtU defined as the distance 
between the entrtD.~ of til(: annulus duet and the poi.nt at which the Nusse.lt 
awnbec beeame independent of the. X location. 

Fig. (8) snows the dependence of the thermal enlly length X. on the 
dimeu,ionless pressure gradient B fOf D==O. I, Rj "'0.4 nnd several sphere 
di:uneteu, oamely 3, 5 and 8 mm A linear relati on in the logarithmic graph 
shows that with the lJlcreasi.ng oUlle nondimcnsional pressure gmdiclll B and the 
spb.ere dilllTlelc( d the thenna.l ( nuance length Ul creases. Figs. (4,5) show thc 
increasing of the flow velociry nClrthe wall~ wllh the increase of bolh B and d, 
this mikes the boundary layer tiu(.k.ness thinner li nd lead) to Ihe jncrea~ e of tile 
thermal eo lI)' length. These relations can be correlated as fol1{JW5. 

x-- 4.0584 X 10~7 60.9399 

x. ~ 6.6!S X 10-7 aO.9389 

for 0-0 I, tl " 3I1m: 

for 0 - 0. 1, d -5mlll 

for 0 .. 0 I, d e 8,mn 

fig (9) presents the dependence of the thennal entry lenath on D. Again. It COIll 
be seen that a lincnt udulvior costs showing Ihe Incre:ue of the entrlUicc length 
with the increllSe of both D zoo d. This rel~lions were. cortelate.d by the foJlowmg. 

X. - 17. 316 0 2.026 for B " \05, d - 31010 

X. - IS .0 18 0 2.003 for B - 105. d = !,1I1 11 

x-- 39.976 0 2. 136 

Fig. (1 0) p (e5e ll l ~ Iht behavior or the entry length wi th tht chn nge I" duc( 
radius {Mio Ri (Ri '" fj!fO) for 0 "" 0.1, d"'3 mln alld a host of lIolldim t" usionnl 
p,ess\lre g.rndicnt values B· The enrrance length X· decreases with the ill . re;ISC of 
R; ~JId incn~:l.SC3 with lhe im:rcilsc of o. With the incre;tSc of R, Ille fl uw v..; tocil}' 
near lite Willi docs not d::mge. but the me;,n velocIty of the flow increases. In 
spite of Ihis the thenn;,l e lI it)' li:u:;:ll dc<:: rcnses dut: to the tlecrctlsc of t!lC lhickucss 
oj the porc-us I~ow lIC;) ( ro - I,). T!lis re!illiou Cll\ be correlated by the foll oWH1g. 

-,: .. "'" [:ua;;; !0·7 ? - O.O!):I';I !~ ; ·to 2435 )( 10-7 B ~ {} ('1072 
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3.4 T~mpe rllu, e Vori., lIO" 

fil' ( I I)-{ 13) '~p,eKn ' ~'tC oOndi rn~ nsiona: te.npe.'"lU rt I'>Ina"on Kr<»s ~,. 
dU'C1 h.lf widlll It ~~{al downSlrC;\/1I 'OCI:OOM r« D~O.I. , phc.e diamelCI"J J and 
~ ,nm. nlld a- t 0$ ""d sp lltre dW'" t ••• 3",," M,d 8" I 0Ci r~.""wv"ly 'I'h~ c()O hn~ 
tITter of II", ",nil P"'I'"lpt •• rOIK'r,,, Ihe d,re! wilh "n~lIc. '1'1 .. ·ro Ji""'~tcr null 
rOt ~e smaller pttll .. ,. grnd,em 8 . This • .,.:111 .. cCHT~1 f.om dlt physic,1 
' IOfIdpoinl ,ince d •• rc",ing Band Ih. spl:.,. ~'" t l1 cl~' d yields , Inw,r ri o" in Ih. 
duct (f;$!. ~ and 6), Md Ilu • ••• 11",,,,,,1 !.>ollnd",)' layers whIch ,c'luires shorter 
d;" ... o;cs III develop ". shown ,n f '$ (IJ 

l.S Nunc ll Ntlm b<:r V~.b r i(m 

Fig, (14) lIr.d (1~) t~.mphf)· Ilr. '?nation of Ihe Nussell """,l.J.er ~Iong Iht 
Ihcnn.1 cnlly rt);,on at 00(1, Iht innel :UHI ollter walls urllu: d..,;t for. wide rau"lll 
of " rx,II,""nSI<)(l;\l p.cu .... ;raditm p~n llll':tc. 13 Dtc",~.,nll a (sIOWl)f 11o .... ) 
yields 11n.111<. v~l"c, of!'lu t!o' O"t:!'CIl! :ht !hom,~1 enlry ItHtO " HQ""c~r, ,I" 
inre roS!j"Il IC nOte d'M Ore v~, ioul (UNeS cO!le'pg"d, ,'~ ,,, d,O"cronf vol,,~"S or B "II 
th.nna! .ntry regl"" (<)(IVUte .oward J Slngl. value In (I ~ Ihennally fllUy 
o;!evclOIX d reg.o n 

fiB- (16) pe: llim ~~t ~";1 ... i~(,on of the !'Iussel( number ~Ion g Ill. Illern~l entry 
re&io~ 31 bol.h (he inll\!' ~nd QUIt. wl lI < gf (il< d~t for <pile .. dlOn,o("I" of J. S and 
8 1llIll. DecruslIIJ: ~,. spll." diameler k.1 d! Ie s low~ . flulll flow which St.·" 
ihider lhennal boundAry layu, wt, ,~ .. on (Um3 leq"ncs shOil er CIIU"""I 10 
de¥1'lop n"l ~vel I" .... VIII~$ ofNu$JC1I "u!nbc. n! hOIl! 'he ;"ner.no.! oUle, 
dUGt walls. 

!", •. (1 1) and ( ' S) ,e""n II, • ....naIlOl' of ,,,. Vll" e, of the N",.elt "umber In 
the then:nai .ntry and the full y de""lcpcd re&,o ni Bl bolh Ihe iMer l),d c uter duct 
~J for ~ WIde ran&~ ofi:",« rldi". DriO R;. rntleumg ~It rod, .... R\IO R. I.t 
dcc.nsing (l,e duc' th,d; ... n ludl '0 rUI~' flow, ",hieh m ruml )">,,1<15 higher 
value, oftl, . NI>~seh numbcr . t ~Ol" th e i,,, •• r on" O",O r w~lI! rr, Iht Ihenllal enl,y 
ond Ih. fully dovc lopcd r(g'~ n~ 

4. Cn"dusiQn 

n,e fClctd CO"YC'CI'OR floo~ ~'",",~h an ",n.l", ~loa", ... 1 ( ,Uerl ""Ih ~ n" i" 
,olu"ued porn"s mal.,, ~l ",,,,,",,;g.lod Tlli s ,I ItCeotnl.I;ll><:d ~y .mploy'''S ,h. 
generaliztd ell~aliQn of motiun in po,ou. onedi •. wh:d, j"eludes Ilr. "oro-I)" ,';"n 
err.c!.$, n.rndy. Iht variable po,o'"ty, flow imnia. and ll ,ifOOn"" YI"'O"~ r'l«,on, 
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1111: uon-Darcian effects appear clearly in the regions near the wa!l~ only. w!Jjcll 
gives an increase in the magnitude of the velocity and signifies the c;hiU1Ilelins 
e£fect The velocity dislJ"ibu\ion across the channel including Ule cilallneling efTect 
is the main drivcr for U1I.: behavior of Ihe temperature, thenna! eolly length and 
Nusselt nwnber ncross nnd nt the daunel wall s. 

lncreasing My of Ille bead diamcter d, the lalio of t11 C bead dlilmCter to {he· 
ellaMe! oUler rndius D. or the nondimcfls iOIiClI pltssure gmdicllt I3 increases tile 
ptrmeability and the nO\'I velocity in Ihe duct lUlulhe channe lillg effect, which 
makes the boundary layer thickness thin.ner and leads 10 llll increase of the thermal . 
entry lenglh. The cooling effects of the waH propagated slower in the duct imd 
higher values .ofNusselt nwnber occur through out the duct inner :trod oulcr wnlh. 

loereasing tite radius ratio Ri makes 110 change in the channeling effects and Ihe 
velocity of the flow near the \Valis. II increases only the mean velocity oftbe flow 
in the duc~ whicb in turns yields fasler flow and increases the Nussell nwnber at 
both the inner and Quler walls in both the lhennal entry regIon and the fully 
dt:lle\oped regioo. Despilc of ws, the lhennal entry length decreases due \0 the 
deere1lSe o rlhe thickness of the annwus (co - ri) . 

Useful correlatiolls r.:poning the dependence of Ihe Ihemlal entry length on Ihe 
problem parameterd (d, D, 8 and Ri ) were :1150 reponed . 

S. Nomenclature 

A 
b,c 
B 
C\, C2 
d 
D 
Nu 
NUj, Nuo 
p 

Pr 

Ci. fO 

R 
R; 
T 
Tin 

Tm 

Forsc~i.lne( inertia coefficielll of tIlt: "OIOU$ rnedi um. equallon 2 
conSlanlS, equation 5 
nondimensional pressure gradient , eqmuion i 

dime ns ionless coefficienls, tC")lIation 7 
spbere diameter, mm 

dimemionJess sphere dirunele r '" d I r" 
Nl.lsselt number, eq ll <1 tion 8 
NusSei l number a\ the inlier alld Quler ""<Ills 
Pressure, Pa 
Prandtll lumber =:: u lac 
radial coordinate 
inner and outer surface radii 
Dimensionless rauJa] coordinale 
radius ratio rif fO 
Tcmpcfa lufc, K 

Temperoru re II llhc: inkl sectio~ )( = XiII 
avernSt tem pcrnture, cqualion & 
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