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Abstract: 

The preseut analysis investigates non-Darcy fo rced convective neat transfer m a 
cy~udrical pipe filled with spherical heads saturated 1Nilb. nOD-Newtonian drag reducing 
fluid. The cylindrical pipe is subjected to eir.ber a uniform heat flux (UHF) or a constant 
waU temperature (CWT). In modeling the flow, bolb. the eoe(gy equation and a modified 
momentum (Darcy-Forsch.heimer-Briukman) equntion are used, in which lb.e variable 
porosity, flow inertia. Brinkman viscous fri ct ion Cnoo -Darciao effects) besides the 
e!oogationa l viscosity of drag reducing fluids are taken into coosidera tiOll and tbe finite 
difference technique is used.. The results are obtained for a oon-Newton.iao drag 
parameter range of O!>:IV:SSOOO, and noodimensiooal pressure gradien t B up to 108. Tb.e 
reSldts sbow that the non.- Newtoruao cba racter of dr~g reducing Ouids have a significant 
injluence on the entrance leogth, beat transfer characterislics aod Ibe temperarure profiles. 
InJ\>ort31l1 results documen ting and analyzing the behavior oflbe entrance length and the 
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heat characteristics :lIId it s dependence on the non-Newtoni:," drag parameter are also 
reported . To examine the ad equa cy of the present he:..t transfer model. the governing 
equ:nions were 50lved under conditions corresponding to Ihose in Poulikakos :lnd Renken 
(20J. TIle comparison of the c<llcul"ted Nzwith tilat of POlllikakos and Renken (20) for 
lI-J :lIld 5 mm. '11 = O. 0_05sD$O_15 and 10 SB.s: 106 MOWS good agreement and validates 
the presented he.1t transfer model. 

I. Introlluetion 

In the ~reo ofconvecliOIl hent trnnsfer in porou$ulcdia, the bulk of the !iternture is 
di rected tow:! rds the ulldcrStnlLding of hent transfer to only Newtonian nuids. Evell the 
comprehensive review nrticles of Shenoy (1 .2 ) which essenlinlly discuss heat wlnsfer to 
non Newtonian nuid s ,<:.l1ow that ~t least IIlltil then there were no he:1t tnm sfer studies 
considering Ilon -Newtonian nuid-saturated porO\I~ mcdia. However. the S1~ruS is quite 
different 110W with large nUnluer of research 113pers hllving been published on heat transfer 
in non-Newtoni:1II l1"id s:tturated porou s medium (3- 14]. ntis;s bec:tusc oft lte envisaged 
illlpon:tllce of ltllder~ln"ding changes in he~t trnnsfer \vith non-NewtO!1inll now behavior 
in the ~rea of ceramic processing. enhanced oil recovery, polymer processing, chemical 
industries :lnd IiltratiOIl. 

Chen and Chen PI were the first to consider the siomlest steady state fi-ee convection 
now ofuon-Ncw(Ol1i~n power I~w fluid s past an isotherm;!1 vertical flat pbte embedded in 
II porOllS medium. Forced- and n:!lur:\1 convection bound~ry layer flow and he:lt transfer 
of a Her~hel-8ulkley.type nOn -NeWloni,," nuici V:lSI an isothennal semi-infi nite pl:lte in 
l)o rOIlS media W;lS annlY' ictllly e:-... p lorcd by Wang alld Tu (4). PaSC:l1 and Pascal (5) 
considered conSC<lnt telnperature ;'Ind cOllstant flu x boundary laycr now of a Herschel
Bulkley Ouid ;I!ong 3 he:lted venica! cylinder. The unstendy slate solution of the case of a 
she:!r thinn ing: fluid ill the presellce of:l yield stres~ w~s obt:!ined by Pascnl (61- Wnng el 
.,1. (7\ illve!\tigtltecl the mixed convection of Ilon-Ne,"",onian Auids from a ven ical 
isotherm:!1 plale embedded ill a homogeneous pOroll~ medium. Buoyallcy. induced flow of 
1I0n-NeWloniilll Iluids over 3 non·isothemllli body of arbitrary sh:l pe ill " fluid saturated 
porous mediu m wa s Heated by Nakaynma :lnd Koynma [8]. Co mbined free-and forced 
convectiOn heat Iran Sf(; r to power Inw fluid·satu rated porous medi:l was analyzed by 
Nabynm:l :Iud Shell0Y (Q) and similarit y solutions w~re pr~sented for venical On plines. 
con~s, Il o.i7.on tal cylinders nnd spheres. Am iri et n1. [10] studied ~nalytical1y nnd 
I)umerically th e bIlOY:l1ICY indu ced flows of power law nuids in a hOriMntally nllid 
satur31ed po rous layer subject~d 10 eonsl:lI\t heat flu x. Yang :Iud Wang (II J anal)'4ed the 
muural convection of a nOli-Newtonian power-law flu id wilh or \.Yithoul yield stress ahout 
a two-dimensional or axisymmell;e hody of MbiLr::try shnp e in a fluie! saturated porous 
meditlln , 

All the above mentioned non· Newtonian fl uid ~a lurMed porOIlS media SI\ldieS de.,1 
wilh only D;.rcy flow ntode'- However. it is well known thill lhe Darcy now modd 
(which aSS\lInes l)rOponionality between the velocity and pressure grndienl) breaks down 
when the ;uerti~ res;Mance hecomes comp;lrable with the viscous resistance_ For 
Newtonian fluids. For~chheimer proposed a square ve!oeity lenn in addi tion to the 
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D~rci~n velocity term to ~ccount for lhe inertin resistnnce effect. 11le modified ronn of 
the Dnrcy- Forschheimer ~q unlion for non-Newtonian power law nuids has been 
developerl recently by ShCllOY [12]. Using lhe proposedequ~tionform3thematic ~lly 
des<:ribing non-DlIrcy nows. lhe problem of slcndy state Dnrcy-ForschJleimer llatural, 
roreed. ~Hd mixed conveclion for non-NeVv'tollinll power law nuid-s:tturated porous 
medium has been Studied comprehensively by Shelloy [I2J for the isothel"Olal Oat plote. 
Nakayama and Shelloy (I ] ) proposed ,1 uniform tnmsformalian lTam which 311 possible 
similarity solutions could be deduced for D~rcy and Forschheimer convective Dow of 
power \:Iw fluids. 

None of the swdies mentioned "bove have !rea[ed porous I"edi;t wilh high 
permeability, wherein the viscous effects become imporunt due to the fTictiOllnl drng. 
Va6a aud Kim (15) comments that the Dnnkmiln-Forschlleimer-extendcd Darcy 
fo rlllu1:uion. ir not perfect. is the mOSt commonly used equation in tltis regard. TIlis 
accounts for [lie bounda ry b yer develojlmclH and III11.CrOSCOliic shear Stress. as well <IS 
microscopic shear stress and microscopic ;nelt ;,,1 rorce. For NeWlon ian Ouid saturated 
porous media. sruciies which include the Brini.:m:lII term are those of( 16-20J for confined 
nows and those 0([21-22) for extemal nows_ For llon-NeVv'toni.m Ouid S3nlr3ted porous 
meciin, Nnkaynmn and SIIenoy (14) reponed th:. t S\lch non· DaTeian now St udies which 
tnke into cOllsiderntion both the rmschheimer inerti:. l. nud the Brinkman viscous lerms 
were absent. In Nnbyamn Jnd Shenoy work (14) . the Arinkmlln- Forsehheimer extended 
Darcy monel is used for studying the now .;onfinerl within paTaliel walls subjected to 
unifoml heat flux nnd immersed in a porou~ medium ~turated wil li a Jloll-Newtoni;1Il 
power-lilw fluid. 

111c above rclntively little Studies ror nOIl-NeW'tonian nuid snturated porous mcdia 
were concerned with the power I~w .md Hcrschel-Bulklet-type nOll -NewtOlli:m nuids_ 
111e now of lhe drag reducin g type non-NeVv'toninn nuid snturated porous media is not 
considered. The convective now throu gh co nfined chnnnc i specin ll y in cyliHdrical channel 
is absent. nle effect ofporo~ily vnrintion lIe:! T the wall WilS not taken into consideration 

nle modified fonn of Brinkman- Forschheimer extended Darcy model fo r the non
Newtonian drng rcducing nuids h<,s been developed rect:ntly by EI-Kady et al. (23). Tn the 
present work. th e proposed model with the v;)!;ab le porosity aenr th e wall is considered. 
A delailed numerical analysis or forced convection through ~ cylindricnl vipe filled with 
sphericnl beads e>..lJosed to ConS[~llt wall tempcrature (CWT) :md uniform heat nux 
(UHF ) IS studied 11le effect of lIon-NeVv'toninn dr3g reducing character on thennal 
entr~nce lenglh. temper~ture vilriil lion ~nd he:1( now characteristics h:we been 
comprehellsively discussed. 

Z. M:Hhenlatiral Formubtion 

111e physicill model considered is illtori7.0ntal cylindrical pipe filled with porous 
medium and is subjecled to eilher unirorm Ileat nux qw on the ouler surface or isothennill 
wall or tempemture Twas shown in Fig. I. 111e porous medium is a packed bed 
consisting or pncked spheres. It is iI$Snmed that the nuid and (he solid matrix are ill loca l 
thenllnl equilibrium. TIle tbenllophysical prope rties o f the solid matrix and flu id are 
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3ssumed to be conStant. TIle problem ha~ been s:ud ied assuming that ;he now is stelldy. 
incompressible. :md hydrodynamic:l lly Ililly developed .. The buoyancy force. pressure 
work and viscous dissipation :Ire lI egle~led .. Under these assumption s, the ene rgy 

equ:uioll can be written as: 

II aT / ax ... ne .. llr . %r(roT lor) ( I) 

where u, T. Cle 3re velocity III the axial direct ion x, Temperature II: nd effective thermal 

diffusivity. 

A modified form of x- momCIIIIIHl (Oarcy .. Forschheimer-8rinkmnn) equation for 

the now o f non-Newtoniall dr:.g reduc ing nuid !> ill :. porOllS medium in cylindrical 

coordillales is derived by El K3dy el "I. (23] :IS; 

I I p.I aP/ox) - u I r 10 lo r (rou/or)] - 0 n I-r. A \1 2 • u III ~ (2) 

where . P. v He the nllid density OIl1d riYllnmic viscnsity respectively. y ~\1d A are the 
pennc:lbility and Ihe illeni/! cocfficient (For!>chhcimer nmction) of the po rOilS medium, 

which are depel1dent on the poro!>i!y "t'" anri other geolT1etric~1 pnri'lmcters of the medium . 
nlese IHlrnmeters :Ire given oy Ergull [251 ror ]J:lcked beds ofidenliC:l1 spherical particles 

of(1iaOleter "d" ~lId porosilY "c" as: 

nle first, second. OInd third Icrms Oil the right h~l)ri side orEq.(2 ) are e:t'pressions for 
Ihe hOllnd:uy viscous drag, Darcy mctiOll~1 dr:lg which i .~ resvonsible ror Ihe porous 

~mlCt\lre ~nd illertill. dr~g . TIle te rm (1I . II!f1 ) nil the right hMd side o r Eq . (3) is the 
nlodificarion of the momenlum eqll:llinn tn represent the el~stic :Iud non NeW'tOlli:l1l 

COll\rihulion in the (ot:ll re~iSt~nce. where (3 is ~nnthcr drag ]1"rameter tltat depends upo n 

Ihe porOllS media's geometry (d and t ) as well:ls the nOIl-NewtOnlan ,drag parameter III 
~nd is derived by EI K~d)' et ~1. [23J as: 

wherc 'I' is the non·Newtoni::m dr:lg pnrameter which depends upon the polymer type 3nd 
conccntrmion nnd WOIS derived by Rabie et ~1. [24] ns: 

\11 ~ N. (C (~ll ) n (5) 

where C, [)lJ ;lrc the mass concent rOilinll of the polymer molecules, the intrins ic viSCOSity 

and N :md n OIre mlmerie~r cons(~nIS .. TI,C val llC5 or the p:lr;lmeters hI) , N lnd n are given 
in rictaiis in Rabic c( ~1. (24). 

111c pfesent model using Eqs. (<I) and (5) C;'Ul be used rnr the flow of Newtonian 

n\lid (111 - 0) ~s well a!> drag redllcing O"iris (\II > 0) ill porolls medi:l . 

TIle porosity ''J;'" was as.quned to vary exponellti:llly trollllhe wall accord ing 10 the 
rollowing ronn: 

E - Ee [ 1+ b exp(c.rro" r) Id») (6) 
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where f:e is the free st renll1 porosity, .1!!n the emrirical conStantS b and c were ehO!:en 
similar 10 t h ~t used by (17,201 "mong olllt:rs . 

TIle bouUlbly conditions iml)Oscd on the rhysic"l system are "nif(lml with respect 10 

the axial cOOTdinttle. the cOUlputation:r1 domain IIIIIS comprises of one h~jr of the pipe. At 
the ch:rnncl inlet , Ihe nllid lI:rs a unirolm velocity "m and .miform temperature Ti' At the 
outer rndius Ihere is no slip condition with ei ther unironn heat flu)( qw or constant wall 
temper~ture T w. i.e. the following houncbry conditions :Ire applied : 

T '" T;, u '" IIUI ~r Ihc inlet section where .'I '" .'Ii . 

u '" 0 at r '" ro . du/dr '" 0 at r = 0 

q .. <I", rOf constant heat flux. Of 

T" Tw ror constnnt w:!!! temperature ~t r ~ fO 

In orner to nondill1ension~li7.e the goveming efwntions (I) nnd (2) , the following 
sca lin gs :rre used: 

U '" u/(u/ ro)' R = rlfo D=dlro' X "'( .\;o Xi )/('o .Pr) a: nd 9 "'(T ·Ti )/9c 
wher~ €Ie is Ihe char~cterist ic tt lllperatllre 

'" (q ...... ro Ikf ) for conSTnnt w.1 11 hent fl\l x nnd 
= (Tw' TI ) ror con.~tanl W~lIlelnrcr~ture . 

ke is the eR"cclTvc Iherm~1 c(mductivity. and 
Pr is the Pnllldtie numher = u/a e 

TIu:. energy and momentum Eqs. (I) :rud (2) Cll 11 he tr:lII sfomled to uondimensional 
ronn as: 

u ae I ax ... IIR .{a laR (R .09 faR)] 

U + C 1 U2", r · B + (r fR).(o faR (R aU/aR)J 

where, C I - 1.750 1 (( '11+ 175)( I-F.)J. 

r - 0 1 £3/ (.".~ 175) ( I. F. )2 ) :.nd, 

n is ~ nonaimension.11 presSl.ITe gr-1die:l1t - . dP f dx . [ rolf p u2 ] 

(7) 

(8) 

ni t ilO],)ortfint he~t transfer ch:n:lcteristics in:! chnullel flow are indicl'lted by the 
Nu sstlt number and Ihe thcrmnl entrnl1ce length which cha ra cterize the thenna llayer 
developmen t. 

Nusse lt number;1l the wa ll C-11l be derived in the dimensionless form as [20J: 

Nu '" aT lar1r-ro ' 2 [ro! (T w ' T "IH (9) 

where the subscript w re fers to the wn ll of the duct, Tn. is the mC:.1n fluid temperature 
de Filled iu the lIomcnclatme in :I m:lOner simil:rr to thai fM classica! flu id duel nows. 

TIle the 1m:.! entrance length XJ w:rs denlled as the diSlance bel ween the entnnce 
of the pipe and the pOllt t nt which the mixed mean fluid temperature em .1nd the Nusselt 

number Nu become ind epenclent of the: X · loc~tion . i.e. iJfJ ln/aX ;; aNILJaX:O. ~"d em cnn 
he defined as: 
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3. Method of Solution 

TIle dimensionless govemin; eqll<l ti()ns were solved numerically utilizing " fin ite 
difference sch eme. 11H:: diffusion terms in th e momentum nnd energy eC]u~tions were 
approJ.:imated by a cen tral difference scheme. 11le F"or~chheimer nonlin ear tenn is 
line~ ri?ed by guessing inililll valued o f the velocity field :1I 31i the glid points. and the 
nonlinenr tenn wns written ~s th e prod\l ct of the unknown veloci ty ~l1d the guessed 
velocity. TIle dimensionless radius wn s uiscritizied into 181 ullequnlly spaced increment s 
10 get;11\ ::Iccur::l te resolut ion o f the impon:1I1i nenT-w<l1I region whic" is used to ob tain the 
moroentum equation fiuitc difference roml. A very fine grid size 'in the X direction lIenT 
the channel iutet and co~ rser dOWllstream is used. The grid size at th e inlet is 0.000 \ and 
mcn:ascs gradll311y ill the dowllsHeilm d irection. 111is is done to capmre the steep changes 
in the temper:\(ure field near the entr~ llce. Fiuite difference equation derived ITom Ihe 
mOnlelltum crt. (3) co nstit\ltes ~ set of simnltallCO U$ liu ear equ<ltion s of 18:2 dimensions 
,md wcre solved by Gaussi3n eliminlciOIl 10 yield the velocity field . Utiliz1I\S the velocity 
distribution thu s obt ~ined . nnd aner fillit e differencing the cne rgy equ ation (7) using an 
implicit meth od, a system of tridingon~1 ~Igebr~ic equations for the nodal temperature at 
~ny given X posil ioll is obtailled. llle TDMA (TIlOm:lS algori th m) is used to solve the 
rystem or equa tions beginning:lt X=O line! m:lTchilig downst ream. Once Ihe temperature 
profile at e:lch X posi tion is kHOWlI th e l oc~l Nli sselt number is determined fro m Eq. (9) 
When the Incal gradicnt of Nusselt !lu mber ~ nd m.x ecll1len n nuid temperature €I .... wi th 
respect to X is less than 0.000 I. ~ lhennal1y fi llly develo pecl flow is assu med and (he 
entrAnce length is obtllined. 

4. RcsuJl~ :lnd DiSCU Ss ion 

4.1 Moclel V:c liclnti on 

To CX3minc the :ldeqll :"lcy of II, e presellt heat tr:"1Il sfer model, to th e knowledge of 
the Juthor~ there 3re no heat transfer studie~ considering non-Ne\V!onian Ouid flow 
through $.1turated cylindrical po rOllS mcdill either experimentally or theoretica lly. 
Ihercfore. Ihe governing eqUAt ions were solved ullder conditions corresponding to th ose III 

Pou likakos and Renken P O] during their work. ill the developing region rOT fo rced 
convection or the Newton;an fluid now ill cylindric~1 porous media. nle comparison of 
{he c.,Jcul:lI ed Nufwi th that orpo\l li k:1ko.~ and R.en ken [:20] are given in tahle I for sphere 

din meters d =) and 5 111m. '1/ '" O. 0 .05 5: D S 0 15 aurl 10" 5: B ~ 106. n,e agreemen( is 
s:Hisractory, since thc difference is, except in two cases. less than 2% , confirming the 
:\dequacy orthe presell ted heat transfer model. 

4.2 Thcr m:1 1 r.ntr :"ln(c Leng th 

In order to cst ~blish the relat ive innll ence of th e Ilon-Newto nian e ffects o r the drag 
reducing nuicls on the forced con vective hent tran sfe r in porous malerial fiH ed pipes, 
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Il\Imenc.11 resu lts h:lVe been olilaillert fo r 0'=) .2 mill. £F:O.J2 . OS\IIS5000. 0 5SRe! IOj ~nd 
B up to 10tO for bOlh I h~ two hOlilioary .:;onclitio lls. namd y CWT 3.,d UHF. 

Table I Comp~rison of the c~1clllated NIIJ with tha t of POtllikakos and Renken (20) 

this work Poulibkos m,d 0/. difference 

d 0 8 N'~ R.enken f20J NUJ in NUl 

3 0. 1 10' 7 j6(j 7.35 0.218 

3 0. 1 2.5:'1: 104 7.<107 7,35 0.776 

3 0. 1 5)( 104 7 )77 7,)5 0.367 

3 0. 1 7.SxlO4 7A lb 7,:;5 0,898 

3 o I 105 7.:110 i .: 5 0.8 16 

J 0. 1 2.5 ;.;:10 5 7 369 7.35 0.2S R 

J 0. 1 5,\: 105 7 385 7.35 0476 
J 01 7.5:-.:105 7.332 7,:;5 0.245 
3 0. 1 100 7 j60 LiS 0. 13. 
3 0.05 105 6.6Q5 7.00 4.5 
3 0.075 10' 7.0QO 7.20 1.55 
3 0 . 125 10' 7.66] 7.51 1.99 

J 0 . 15 10' 7.821 7.66 2.13 , 0. 1 10' i 695 76 1.25 , 0. 1 2.5:'<104 770) 7.6 1.36 
5 0. 1 5l< I 0" 7_130 7 .• 1.7 l 

5 0. 1 7 5x 104 7.681 ?. 1.07 
j 0. 1 105 7.685 7. 1./2 

5 0 1 2.5x1OS 7. 702 7.6 1.34 

5 0. 1 5x l05 7.664 7 .• 0.84 
; 0. 1 7 S:dO) 7.666 7 .• 0 ,87 

5 0. 1 I.- 7.6<19 7.6 0 .64 

figure 2 shows [he dependencc of the thelm"! cntrance length 0 11 'I' for O!W$SOOO 
~nd 10)SB5103 for botl, CWT and lJHF. n, e entr:lnce length for B=coost. is exactly Ihe 
s:lme fo r both the two bOllnd~ry co nditions CWT altd UHF which vn lid:ltes th e presented 

",odel. With the increllse or 'I' the entr;ll1 ce length decreases beclluse of the illcrellse of 
Re. Table 2 shows the decrease ill the thennar entr:lncc length due to Ih e inCTe;,se of If' 
for 8 = 10". An incrC:lSC of ' V to 250 which corresponds for lin ex~mple to lin addition of 
0.25 wppm o f poly:'lcryl~mide callses redllclion of tile elllrallce length from 17 to 9 67. 
This meRns <l red uction of43.1%. while;,n incre~se of'll to 500 which meMS C= I wppm 
of polyacryl~lOicle cau~s :'I decfea$e of the entrance length of61.2% ~nd an jncre3sc of'lI 
from 3000 to 5000 causes., reduction ill Xrof2 .Zo;. pig\Jre 2 3nd tlbre 2 show 1113t th e 
entr:lllce reJlglI, decre:lses with the incre;'l~e of 'I' and its bch~vio r {likeS 3 fOnTIs : i.c. 

sudden dccre;'lse of XI for 'I' ~500. lr:lllsieill decrease fOf 5005:I\I~jOOO and nearly 
const311\ (very sm31l effect of'l/) fo r ' I' 2;3000. 
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Table 2 nlC inOlielice of IV on the Ihenml c!Ur~nce length (~[ B '"' 106). Nu 
(at Re" SO. X-o 01) IIl1d fill1y dcveloped Nnssell nllmber Nu{(al Re "' 100) 

Reo- SO. X-o 01 Re-IOO 

c 
XI' % Nu % Nu % Nu( % Nul' % 

Figure 3 pel1~il1s ~ hcat tr:msfcr reSII!! of eng in cering l11lcreS1 , n~mely. the dependen ce 
of the thelm:d entrnl1ce leng!!l Xf ol1 Reynolds number. All the cases presented on Fig, 2 

wilich luesent the two boundary condition" for 0 ~ \11 ~ SOOO, lOS ~ 8 S 108 and O.SS ReS 
hIO) , .'Ire represellled in Fig. J. All Ihese pOUltS col1l1Pse on one curve giving Ihe linear 
relation in the logllrithmic gr~pb of X ~11fJ Re ;IS follows: 

XI ,: 0 I Re ( IO) 

De6uing G r .. et;~. !lumber based on the pipe diameter Gz '" {O/l().Pr.Re. this relation will 
be tran SfOnllCd 10 give the reciprocal ofGr~etz No. at the entrance length lyrOr Ihe flow 
as fo llows: 

Gz -I=oos (II ) 

Eqll~tions 10 and II me~n thnt Ihe filily developed condi tions Me tetlched for 
((.'<iDYRe. Prj • 0.05 , which is also ol,,"ll1eo by EIK aoy (IS) for Ihe Newtonian fluid flow 
in the PO(OliS Illedia ;md call tle obtailled ITom the results ofKays et al (261 for the pure 
I"minar fluid flow, i.e. this rel~tlOll is Jlso v~lid for thc lion · Newtonian drag reducing l1uid 
flow III Ihe {lorOliS nlcdia. 

<1.3 Ocvclopnlent or H c:!! Tr~"~ fcr 

The development of hen 1 tr~l1sfer of dr~ g reducing nuid now in a porous medium 
is investig~ted by plotting local values o rN\lsse1t number as a filllClion of X according 10 
Eq. (9). nle fcsu hs for Ihe thennal cIIIIY region and lhe full y developed region are shoWl] 
in Figs. 4 to 7 for differcnt VII Illes ofRe:-molds nllilloer lind pressure gradients B for both 
the two bounoary conditions CWT ll1ld UHF As it was expected. Nu decreases wilh the 
incre:lse of X in the elllrance region to dleir asymptotic fu lly developed value Because 
Ihe Iherrnal bOlllldary byer thickness is urn aI Ihe tube entr~lIce , Ih e convection 
coefficient is extremely large ~nd Ihc Nuss.elt numher He in principle. infinite al X"'O. 
However. Nu decrea)'.ts rapidly as the t/lennlll bnundary layer develops, Ul1lil the COIiSlanl 
va lue associaled ~Ih the fu lly developed COnditions. is reached. 
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fi gure 4 rep resentS the Nusselt nu mber varintion i" the developing and fully developert 
regions for different 'lni ues of II' r~ngll\g from a to 5000 nnd Re '" 50 TIle cases (3) and 
(b) nrc for UHF :lnd CWT re~pect ivcly. Botli Fig. 4 and table 2 show that the increase of 
'V to SOD cnuses nn increase of Nu nt X-O.O 1 of nboul 18% for the case of CWT :md 
about 20% fo r Ul-fF, while the illcrease or 'I' frO ln )000 to 5000 incre3 SCS the elltr1lnce 
length by only 3.4% for CWT and ~bout 4.9% for VHF. It is observed that the local 
Nussell number in the entire develop ing and developed region s increases witll the Increase 
of 'II ulltil '11..03000. For const:mt Re. iocrensili S II' incre~ses 9 and increases the 
chn!lI\ eling effect (23 J, which in turns yields 10 higher values of Nusselt number 
throughout the developing ~nd fully developed regions. However, for 1\1 ?! 3000 uo 
sigruficnut iuOuence fo r IV ~ppe~rs. 

Figure 5 repn:~ellts th e Nussclt number va ri~tion in th e th ermal entry and the fully 
developed region s for different vn lucs of'lI at 8=106. Th e c~ses (a) and (b) are for UHF 
~nd CWT respectively. For B=..:on51. increasing '1/ (ieereases Re whieh means slower flow 
and increases the cJulI\neli,lg effect 12J) yieldi-ug 10 lower values ofNu throug.hout the 
thermal enlry region ~lId higher v~ lues ofNllrin the fully developed region. 

TIle fillly developed v~llI es of NUl Jre represented in Figs. 6 and 7 for both the 
bouncl ~ry co ndition s, for OS'11$5000 ,1nd Re""50. 100. 500 Jnd 1000 in fig. 6 and for 
8""105. 106. 107and 108 ill Fig. 7. Table 2 shows for the case of UHF that the increase of 
III to 500 wh ich cOlTesponds fo r an example to I wppm of pOlyacrylamide causes an 
increase ofNly--of abou t 15%, while the increa se of 'II from 500 to 1000 (C"" 1 to 4 \.\'Ppm) 
gives an increllse of NUl of 3bout 4.4% and th e increase from 3000 to 5000 (C""37-IOO 
WpPlll) en uses lin incre~se ofNufofonly \.7%. Figwes 6 and 7 and Table 2 observe thaI 
in nil the represemed Cases three twes of behavior for Nufwi th the increase O(IV are 
exhibited. nAmely, sharp increase in NUl fo r II' :::;500 due to the sharp decrea se of the 
channeling velocity, tr~nsien t in cren~e for 500$ IIIS::;OOO due to the lower rate of the 
ch:mneling velocity increJse and ne!lriy co nstant for III ~3000 for the vcry low rate of 
ch nnneling velocity iucrells<: (2J). For '!""'const. Nllfdecreases \Vith the inc rc3se of either 
Re or B NUf fo r the case of CWT is as expected less than it at the UJ:fF casco 

4.4 Temp crn ture Vari n lion 

Figure 8 shows the nondimellsional lemrcrnwre distribution across the pipe half 
width 31 sever:!.1 downstream loc3tions X == 0.1. 2. 3.5.5, 7.5. 10,15,20 and 25 where 
the entr:tu ce Icngth Xf"" 5, 'V'" 500. Re'" 50 aud B '" 106 The cases (a) and (b) are for 
UHF nlld CWT re~peclively . Typicnl tcmperilture profiles are shown and characterized by 
J steep 8radieol ~t the w~11 owing to the effects Of w3i1 channeling. 

Figure Q presentS the vllrlation of the lemper:l\ure across the pipe halfwi dth .11 a 
loca(iOll X ... 5. Re==50 and 0 $IV S 5000 for both cases of UHF and CWT. As presen ted 
in table 3, 69 (the differe nce between the W:l11 temperAtu re and the core temperature) 
decrenses witll the i1!cre~se Ofl\l, which me:lns f.1sle r p fopJg~tion oflhe heallng effect o f 
the w:llls. ·nis is because o( the increase of the channeling effect s wit h the increase of ' \I 
fo r constant Re [23]. 
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T~ble J DCl'endence of 69 (the difference between the w:.11 temper:lIure 

,IUd the corc temper3ture) And 69 n1 011 'II for Re- 50, X-X, "" 5. 

4' C T ~ 0 •. -' o. ~ T ~ 

66 % 66 % 66 % 66 % 

~ . . - ___ 0_ .9.,1747. _ •. JQQ.. 0.4004 _ __ .1.9.9.. _ J2~~. _ '!'9.Q_ J.JJ.Ql. j..-l90 
500 I 0.3958 93 .2 0382 95.4 1.7764 ~~:-~ U8S1 102.2 _ ... - -_ .. _- ...• _ ._---. -_ .. -.. --- ... -.. ~-. --_ .- -- ...• -
1000 --~ 0.3<)09 92.0 0.3768 94 . 1 1.7887 103. 1 1 . .5948 101.9 cc=--- ...• -_. __ . _._ ... _._-- ._----_._ . ._---- _._--_._ .. .---_.- .- .-
JOOO 17 0.379 , 89.3 0.37 11 92.7 1.8038 104.2 1.6073 103.7 - ... ,:- - .. - .... - •• - •• 0 ..... '. ' _ -..•. ----- •... . __ .•. _ . _ ... _- .--_ .. . -" .. _ .- ---. 
5000 100 0 .3763 SS .6 0 .3691 92.2 1.80S7 104 . .5 1. 6 113 103.9 

Figures 10 lind I ' present the temperature v:1rialion of acroSS th e pipe half width at 
X=- 5. 10 ~ nd 15. B.., 106 ~l1d OS\VSSOOO. rigllre 10 ~ltows the case of UHF while Fig. II 

shows th e case of CWT. With the inerCSIse of 'V Reyn olds number decreases sharply but 
the channeling effect increases [23 ) and ~9 (the difference between the w:l1I temperalure 
and the core temperature) decreas.es wh ich means f:lSler propag~tion of th e healing effect 
of the w:ans, this is mainly because of lhe incrt.:lsc o f tile channeling effectS (2J ). 

TIle innuence o ftne " Oil-Newtonian drag reducing H\lids on the (nixed mean fiuid 
temperature am is shown in Fig. 12 for Re-50 and X'"'5 . From the pro files shown . it is 
evident that the increase of \II leads to an incre~se of9m near the wall and in the core 
region for 111<)000. However, for IF ~ 3000 no remarkable change in th e protiles of am 
which indic~ tes negligible inOuen.;e aller Iy-JOOO Table::; present s 68m (the dilTerence 
of Bn, between the co re and the wa ll) l"';lh th e ch::lI1ge ofll/. ~em increases with the 
increase o f It I tUltil '1,=3000 nnd no remtlrka"'e changes for 'V>3000. Fig. 12 shows also 
thai 8m nellr the willl for the UHF is hig.her than it for ute CWT. while it is less in the core 
legion for tbe UHF than it for the CWT_ 

5: Concl usio ns 

The effects of th e e longation~ 1 visco!'iry of the non-Newtoni~n dng reducing fluids 
on th e rorcen. convection heilt tr;l11 sfer p~ rflmeters SI.Ich as the the rmal entrance length. 
temper~tnre profi les anrl heat transfer Nl1sselt nllmber were studied for CWT and UHF 
boun d:l ry conditions. llu~ present conciusiOllS was obtained: 
• For constant B nuids with very low vnlues of th e drag par-linter 'II can CAUse high 

reduction in the entrance tcngth. The enlrance lenglh decrease. .. with Ihe increase of 
non·NeW(lIIi:l1l dr,,! parnmelcr 'I' ~nd ils hchA vior ukes 3 forms . sudden decrease of 
XI for IV ,5 500. trlln sient decre:l~ fnr 500S1VSJOOO and nC:l rl y const~nt for IV ~ )OOO 

• Xl increases line.1fly with Re and gives the s.,me correluion {hat obta ined for the pure 
nuid now and Newtonian fluid now in porous media as; 

XI =' 0. 1 Re . Gz -I = 0.05 

.. Fluids with very low values of the drAg pAramte r ~I cause a high ch:mge in the 'ocal 
NUS$e lt number in the enti re developin g and developed regions. 
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• Lo the developing region. increasing 'V at constant R.e increases B wh.ich gi"ves higher 
va lues of Nu. For coustant B. ;ucreasing 'II detreases I\e which yields to lower values 
ofNu U1It il 'V -- 3000. However, for IV ~ 3000 no significant io.Oueoce for 'V appears. 

• In lhe fully developed region. three types ofbebavior for Nu[ with the iocrease of IV are 
exhibited, shUll increase for WS:500, (1""ao sient increase for 500S:14/S::3OOO and nearly 
const:mt for W~3000. For IV :: canst. Nu[ decreases witb tbe increase of eitber Re or B 

• with Ihe increase of ,".69 (tbe difference belWeco tbe waU temperature and tbe core 
teooperarure) decreases, wbjch means faster propagation oflhe heating e lfect oft.lJe 
wa Us to me core region due to the increase of tbe cbanneliog effects. 

• The ulGreasc ofo/ leads to an increase of w e mixed mean Quid temp erature em Dear the 
waU aud in tbe core ,eglon for IV < 3000 . However, for IV 2: 3000 no remar.kabte 
change in the profiles oEem wh.ich indicates neglig;ible in.fJutnce after \\F3000. em Ilear 
the waU for the UHF is lUgher than il for lue CWT, while it is less in the core region for 
Ihe UHF tb ::IO it for the CWT. 

6. No menclature 

A forscb.heimer inertia codficient o f the porous medium., equat ion ('2). oo' t 
b. c coustants, equalioo (6) 
B nOlldimeoskonal pressure grndieDi. equatioD (8) 
C conceDiratiOn o ftbe polymer molecules equatioD (5); in wppm 
C l dimensionless coefficients. equation (8) 
d. D spbere: diameter, Ill. dimensionless sphere diamett:r - dl ro 
Gz Graetz number based on the pipe diameter Gz. '" (O/x).Pr.Rc 
~ effective tbermaJ conductiviry, kW/m I< 
0, N numerical constants. equation (5) 
Nu Nusselt number, equation (9) 
Nu[ Nussell number at the thermal entr:wce leogth 
P pressure, Pa 
Pc Praodtle number '" u/(Xe 

qw mea)) wall beat flux. kW/ co.2 

Udi31 coordinate, m 
' 0 pipe radius, co. 
It dimensionless radi .. 1 coordinate 
Re Reynolds number based on the tube diameter '" 2 um.rolv 
T temperature, }( 
T j lemperature at the i.nIet section x'" Xl ,K 

TI"I\ mean temperature. Tm '" (01'0 p uT rdr) I [01' 0 pu r dr] 

Tw wa U tempt:rarure, K 
u 6eld velocrties in the x direction. mls 
un, local averaged fluid velocity including the solid and fluid regions, mls 
U non-dimensional field velociry in the X directioo 
:< a:oai coo, dinate 
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channel inlet aKia! diSt3uce 
dimensioruess distances iu the x axis '" (x - xJ I (ro.Pr) 
t.berrnal entry length 
effective thermal diffusiviry of the porous medium, m1ls 

non-Newtonian drag parameter, equation (2). 

permeability of the porous layer, equation (2), 00.2 

dimensiouless coefficients, equation (8) 
drag parameter, equation (4). 
porosity of the porous medium 
free-Stream porosity 

lion-dimensional temperature '" (T - TiY e¢ 
characteristic tempe raru.re 

inva riant mixed mean tcmperacure .. (T w-T ) I (Tw-T m) 
lJIuinsic viscosity 
kinem3lic viscosity of the fluid, m2ls 

fluid density, kglm1 
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