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Dimensionless centreline \C10Clty 

Dimensionles$ distance from the l1a11 y+"= y Us 
Constan t of cqu . (1 4) 
Constan t of equ . (12 ) 
Edd~ diffu9Ivlty o f mo~entum 
Eddy diffuslvlly uf heal 
Kinemal .ic vi SCOSity 
Demn ty 
P randU e null\be r , 
Turbulen t p randtl 

Radial shear s tress 
~Iall ~hear st ress 

0 = ~ Cp Ike 
nUlnhe I' 0 l -

DlInl:nsi on loas radi<l l 5hear ~tn::: ss . • T = TIT'.j 

I . iN' RODUC T\ ON 

I·\ost of heol t ransfe r sludles , 'iO for , have been carned (Jut .. "H ~ . 

Nel·,tO/' I ,m fluids , ond most orten the rlIJid IlelS been \fater Il r :1!\' . 111 I::.. 
LhlS represent the most imlneciiate inlrest i n pvpry day lHe 05 well os 
Indust rI al processes . However , \·'Ith the lncrease ul" tlu r tedlnoltJq~ SOph l S
tH:ati on , il great need for lhe ~tudy of non Nc,·, lonlan flUids Incrf'a:;es O/Irj 

becomes essentIaL One of lhe non Newtlnl1}n rlUH.J types is l hat of drnrJ 
rcduc"ln!) >ldditivcs or the vJscodast ic fl uids. Ihey tlave l'cce)\ed ( 1~C1r.S

pread attentIon due to Lhe lrernendUI/S l'€'ductlOn of the ftl c llUmd o.i r,:u:j l h;", l 
~SsOl~I:lteg. thf.'lr t urbulent flo w comrmrcd '-"IILh the I>:ewtonlilll ont' o fI 1('1t 
par ts pe r million of some po lymers :"ldded to lurbuh:nl \~Qtcr 110'/ ('<In r\'d
uce thr: Fnctiol1al drog by alrnost OU~ [1,2]. [n racL, lI,allY indu:.lrjaJ 
procasses involve rluid f lows inherently have draq redUCIng charactrlslj c~ 
such DS food proces::nng , paper' s productIon and mal1uraclurin(] of chemi cals. 
Natunl1 ly , primary sttentlon has been l]lven Lo sludy the nOll\&nlum lrun:lfe r 
~Ihich detern'lnc s the drag rcduc:ior\ and the ch,mqcs In the fl(IW :;lrucllll'e 
~lhlCh oSSOclate dr ag redUCIng flUId flm·/S cOlnpared vdth those of Ne .. tonlijn 
one [ l -J] . later on, the Inlere5t In heat and mass transfer In these rt o\"lS 
inCrC1J3C , clnd 0 \lumuer of sludit,:s 15 IIU'·' i:lvililoJule . ' he e:>:pefll!ll."ntlll ' la rk 
of Gupta et tlJ [lIJ. Hetme r and frlfond [ 5], Dehru Jp and Sober Gkv [61 
Sl~ith et 81 [ 7 ] I·!e- ~o ll y ( a l , ;:ond Kwac:k et :11 . ( 9 J st"1tl\"l la l'ge 
reduct.lon in heat tr<lnsfer simi lor to ~hat of frictional drag . l-lost of 
these s t udi es were carried out at c(Jn~t01nt waJl flu x condllion. lh" ~c r;;u
lts e ven show conslderabl~ 3catter due to shear and thermal de~radatlon. 
Some nna lytical ond numerJ cal studies hav e been rnode t o prcd.ict heat lrans
fer in drag reducmg fIui d3 [ 11 - ISJ . V<1rious 3ssumplionB and approxi
mations have been Introduced in lhc d:fferen t model s to sulve th!! boundary 
layer l!1\crgy ~qtJ.1tl lln . li l\;)Jar ami Ilcul!I'IU;lI ' [11 ] USC!] t he eddy ,Jirr \,:; I_ 
vl t y of Cessf1!J ] together lV ilh Lile cxpcrlll!enlol dala o f fncllOn to pr('!dict 
heat transfer coeffic ien t , Diwant .. nn Poreh [ 12J uses a roodefied van Driesl 
I17 ] eddy dirrusivit y model to integrate the ener gy equation nume r ictllly. 
Kale [ 13 J uses the 'ildd y diffus~vlty of DClsolo r to formulate ;:on fH"mlytJcol 
expressi.on for Nu. SmI th ct 011. ( 14) use fou r 1I1fferenloodeis fo r eddy 
diffusivit y to predi.ct hea l transFer in drag reducing flot/s . Thei r result s 
sho~! tha t e ddy di f fuSl vity mode ls of )·liwsh i na et 01 . [ l13 J lind V,)n Dnest 
on ha ve betlt::r per forma nce cmopa rcd wi t h the ot he r cOllsidercd model s . 
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Yoon find GhaJar [l S]u"I ::l recent tfOrk used lh(' eody dlrru~p..i l Y UUI! 10 Cess 
(16) for n:;lInentua"' and l hrf'e dIf ferent model:J fo r heat. fhev rc'"ol''I1II'f1<i(·(j 
Reyno l ds ilnalOQ, ro r dllutl! solul l ons . Ib zu::;hlrllJ and U:;U\' [ l~q ,II,'lnl <I t 

~' 1I11mUJll hpat trllnsf"" r.ondll:on lor IhR l:ase or conC'E'lltrnlrd no!.",,,rr :;nlut-
1011 ,'1 . (act,jr the Ilropol>ed ~(jcl$ C(lrn~J:j~~s o;ati,,-,laclotJ Iv :-;0I!lI: l.elS 01 
dato and falls to :lqr"'e with othP r :o;ets . [\1'0 though , th", , nillilly m(l 
hm\ tall ons of I.hest' ''IOoc!s ;holli ll be l"valuilll!d fur~her tl lth mnr .. ·~J,.aule 

ellpe rur,entai dill .. ~1111!;h raven:: hath consUmt tlall l l:lmper"lult' ... "oj ron"ltnnt 
heat tlull r(:r·dLllon5 •• 11dc r anqe of polymer conc entrallon cllffLlcnl . flOI' 
coodi tIons .nd dlf f el"ClIt polymer l"Pl! s . IJnfor lunatel y tl119 hp" II Iflta 15 
nol available 'J~ d l ::lI::u:.lscd 1)boY~ , (ffor t!'; ;;houl d I)e 1II'l\J,~ to fJ,;nr-rnla th",~ 
data . 

In ll"113 1'f1.llk ;)11 F" Xpe rllll l!lHill ,m(! .. nnlvtlc<ll !>ludv nrc prps(>n tcd l en 
t he hea l t ran5 fe r In tlJ lly dc\'elnnpd rllpe Ilotl.,l COII SU.lI!t \1<111 t(!mpt.!f;:]tlHL! 

condition. !:\Pt'r\lllf'l1lu Hrp' "01rrlPd IllJt With dilute '30JulHln!l of poh i:l t'f\ I~ 
(ImIde at dIffer,!,., flow COndlllons ill1d Polpnt"r ' oneenlrat lc n. A" '!nahl . 
ca l exprc~s""n tor {Julel"l!;lonj(''>5 IIp.al trnll~ f er coeffICient {StOlltUIl nUlfIOcr' 
mung ttle ~(Jdy IhrtllSHll v mncicl oj \,111 I)rlcst l!l g iv en . 

2 . lHEOR[ 11 C.\l A,'\n:Gr.()J~.U 

Ih". <In;,l11'; .l :3 presented ,pre lS <;lInil" r lo thn t drveJ"lwd hv HaIJlc [ZOl 
for hea t lransre r II I non ~!""tonlan ,jr;;!Q r t?dut:1I1g flU I d I lu~I:I , :" lulh 
de ... e lopcd plpe (lori n l :'In Inco-.prcsslo le flU I d, nw" I~"" .. nil' U',,. IOIOfIClli>.J'II 
on.:! cnt;rqy ecuatlOns as: , elf' , , , ' ~. t >u • • • •• ( 1 J T ~= , " ~i 
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Hosl of prevIous heal t rans fer modl! i s ",,~umf> that ltlt'''" - 1. \'11111 
thls assumption , lhere I s no di ffe rence bet~.f'erJ l:onslant h("ut rlu:.: alld ron ~ 
stanl wall lcPlleralllr(' modes of heal transfer . In ordf!r to f)ol"d lI,t! p'<act , t· 
rc .~ 1011 , the energy lind momentum equatlons lIrt'! lnteqralcd to QL VC the 1'0 1-
iowlnq ror the ea5£' 01" can sl~n l ~1;jJl t~leratur c condllion . 
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f or: 111,1" and heal lransfer pr ed ictions , the IllfferclltHl1 rQl,lallonfi n r 
II'Ir;W!IenlU'lI and I!'nco)y ( cQ')a t IOns 1 and 2 ) a rc :;01 ved by aSsurnlnq C'l(p reS9 10n~ 
for eddy d.i!" f"Vii 1VJtit:·1 of .aO'lwmtllm and hea l ( t &t\) respeclively. I t l S 



H. 7" Rabie . i. .H., 1 0108. , I'\,A .• J. rQid . ~ , F . , ~ Awaa X,I': . 

ve r y conron to relale both heat and 1I'ClI .. ~nlUJ! eddy tJ.Hru:H "lli~!:j LhroutJh the 
turbulent Prandlle nuTbe r 'n', 5' t " tf t h . 'it'fll:tl . onJ;, rll'lP ~'pre'3s lon fo r 
eddy di ffushity c~ , tt:t:U~d fo r !Juth ""JIIPn l ull "nd 1"Wlll. In thl!:; work ~he 
eddy di rf<.lshil y of VRn Or ulst i s uglild. I t lS fccornonc8' d by 1I:6ny )nve:sll
I)a l ortl (Il t.. 18 1 fo\' 11001 and h!lat tr3nsfltf prcdict lors i n dn l9 reducin(,l 
Ilu \d I lo~ ou well o31\.cwtOnlOn ,me3 . It U (,liven u [17] 

," 

: ( I< y .. ) 2 ( 1 _ l?"P ( _ Y· /.I.", )2 > r:lU: 
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lhia nodd cont!lino bID oa rometcr ll k i.lIlli A+ . lhf.! rmr;'l,,"*"'C>I· k IS ;, 
conut.ant and ha :s 11 volut: u f U.4 fnr 110th Nl'wtonlan Md dr:)9 rO'duclng fl Ui d 
r!Olf8 . .I." is tloe V ISCLlU~ ri<;lI'Ipl nf) coe tl l Clent whICh hOIl 0 voluc c(~ 2u for 
i\"wton HIn !"lUlU tluOI& . I t5 "duu l ' OC'UO:;'C:l 111 dru9 Icdul.llIl,I ",dd,l l'·C f"\uw-:; 
OM depends m:lI nly upon lhe l~,e l o f d rog n:ductiUrl . t.: i~ r e l atpf! to ttl!> 
upwllrd :)I'tirt In ~eluclly distnuu Li[ln CI A AS [1 1:1 . 
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tnfl I~o lntE!c;t rll ls C and Ii WO f C c o.rri t:d ll\ll nUrlel' \ col ly I)!llnq !.,~ 
eddy dlfru!ll.\' l ty oode1 of ven Dri est . the I'tlUl)llS Cull Lc eppro)(jm<ll ed AS 
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f o r pipe r i o .... ~t [! ntOll llu~iJcr HI "orlf\dlly Imr-cd on )u lk tt:l.p(!fllt.ure lb' 
Kade r lind Ya!1JOIL ( 10) :;; llggested :10 !>~rr e1l$ H.lO fo r ~hc rtbllOllIlhlO bHfcen 
Sl W\rl St , tla'ied on t he Qsst.rrpti on ~hat tho tCI~crot L..rI"e d i3 tnbution In 
lurr11lientOthermai layer ic 0') l ogonlhllic one . 03 
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In II 'I,IO . I" r ""'.' r • anl>-.J " 1l :NU t 'l~ · t fl: ..... ule "e l oc l ty ,,,,,(,1 ... ,,, .J, 
redur .og tluul ,'" 1n lh. for,.. 

• t.. P -/R' ) , 
1.1 - k ln y .. 1I - ~8' k ll- c')'1 )'1. Y 

the folllJ"l ng t .. l ulon~h l" bebaotO bu1~ C .... ll fliljOll _e loc l t)' u; ;on(! l IP 

tre llM ..,... u~ I, ~e~l""d , 

u; ~u:. ~ 

\ohe re " : ....!...:1.... .. ...!.... , , 

. ... . . 1\ 

for (ully lle~o:I~a ttler ... ' ;>"d ,yutOClyna.IC layers. ", (f" .. , M,! 
a ,,"_u to t)1 0 . 1I,0.1\5 .na U. 1 r "llec:llvely . ~B n re,ult." and.a, 
fcn.nd t o b. 4.07 and J .J7 ~ t .. spec: t l ~lIly . HencD eqllO t l on (H) fit" tI" \" • . " 

0 . 706 { Tif • C fr - C. . 8 H II _ 0 . 115 
...... l/ 

1hl s. expr ell8l Dn ql "''''' U,.. <I._l on1HS "" at tt_r. r c l)ot rr icu,n l ... t ., 110.· 
~ now ldll ,e Qf the r .. ~tlC.n f ..,l!.>1 'O r" (Iflt.I I' , andt! ~r ~ #" ~ " 

} . £X1'll! IHnH Al. 1£[l1N1QU( 

n . obj ect of t hiS work ii lo nuOy heat tr lln'lh r a t L"Orlllt ll< l ... .,1 
t .. ra t ur ... :oncli tlon In draq reduclnQ lIod itl ... e, , n co ..... r ....... .. I th '<'" 
Lan t ... u r ) 'l00fG . BoU'l "'cat lr_f"r cUli r nclant ond (, " : 11011 '110.101 Hr 
t o be llICuured. "" eoo.ptI r llKnt al " '1 HI "ni..,..d VCI con:s truc te'" lUI t· ... \ 
purPOaI. It II. 9n1 ... 1UtiCNI I lip"" flo,", !il Yl t.~ . ~ :;cI"le:M lu::" I~riY> nr 
thl lI Yl t Ul II 11>0"" In fi llUre (1). I t ""101, ~ cn(11 8 l l1 of h o :ow II' "
... t e r fI_ tInd rorco:n l r'1 tl Cl pa lyne r ~o lu tH'" hne~ . fhe two r l (nt-l ~".1If'h 
• lu,.i f1Q thel\l)~ r ..... r" bolh " ;lto r and ~entnhd pol yTat; f !!olut:o" .. "It~ 
nlxed t t\OCjllll toe r to the n qtJ l rod c:ol1cent r llt ion. Iha d llut a all iu llon , ttl"" 
rIO"1l t o llltl h ilt sec t i on arod (l IIU I I ~ t il tM d l lln th rou!}h :I ttl11 n " 'Q',j 
PUIIp t o ;uoi de I'e(;NIn l ~;,rl ~fCtdll tl on o r pol y .. u Mid l l u "es tle ro re t"" r ,, ' 
"etlon . 
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As sho"lo ill fiQurc (I ,. ~Ialcr 19 :;uppl ied rroll! a cnn:Jll,JlIl ~ ,c:Jd over-
fl ow tonk uf capaclly U. 6 !11 · .nelher one nr r aooci ty 0. U5 In I:; u!';l' d 
for concenlrated polYlll6 r solutions . ijo th tanl(a ore placed ill .. lcvf> 1 r •. <;r: 
tllqher than thaL o f tile test section and 7.0 III hlQtml' !1 11m lhp ,h"'l'ha fqe 
level. Ihls ensures reasona ble flo>'l rate under Ul/" gravity arllon . IfoHeYCr, 
lhe pu'~ ~s sometimes used for hiqher r10>'l rales. Ih~ tea l !H'cll0n in ;, 
16 II1II cJ I8111!!ter copper tulle of 100 em il.:ll()lh. I t IS l'IIClo!il'cJ hy illl ! . .., II!a
IIlt'ter s hel l of IOU Cl'T'I length. Ihe stu: 1 1 IS suppl ied wi th !:Dturaterl steam 
a t 1000 to heat the flo w in l he lest <;ectlon . Ihe use of salurated steam 
ensures constan t wall lelll'e rotu ('e conditton . J h~ condenuolc I:J collected 
and the ral e or condensa ti on IS me.i!lu red. 1\ 11 e l ectriC :lteal!! ql!lll'lalor l!i 
used to tlcneratc the s t eam roqulred . 10 aVOI d aXial fluw uf ~lf':!t . Ihe 
test sec t ion 1~1 enclosed bet wp.en b1U tube :lecllOfiS mouo of 1Il!H119tlng nn l e
r illl (Ter lon) . 

\~ fl ler Bnd "'nnc:cntl'oted pol"mer :;olu ti on nOli rates ~m meoGur[!d uSlnq 
cnll beruted or lf 1l'c ;lnd f l ool meler s . Culltrol \'alV I:!S ::I re used to cunt rol t he 
ra te or Ifiller and concentrated ~olution f l ol,ts to the requl(ed rI 01' fnlc <lllll 
aYRraqc c:onccnlr"tlon Qr t he JiJutc solullOn . IIw tC~ll :"P:('tIUH I:. pruvllJr.lI 
wi th two pressure t ops 9S LI."I appar l t o measure the pressure urofJ U!;;U 'CI ., U 
tube ',lllnrnreter . The rIlOoo"leter':J liQUid lIseo 15 C( J4 of '.~}9' ";peClrle 
cJrav ltv . The lIl1et and outlet flow tempe ra t ures tlere measured bv two cupper 
- r onstentan thermocouples rllced ol the inlet and outlet o~ th(, leot ~ect lOr,. 
The tllst [lection IS also prOVIded "11th roul' cupper - COI1:5tcnLOI1 thcrQ)coVI)
leg to mensvre t he averaqe ora!l tempernlure . The tetnperalurl' 13 measured 
r ... latl ve to the lee pol nl (0 C) bv elec triC potenl l o l (/e\'t!iollf'tl :)cross the 
ltll!I"IIIOCOUples te r mi nal!::i u61ng 8 (h glta l voltmeter With O. U1 mv reso l ution . 
Ihe heat transfer rate IS then colculated f r om the f low rat~ lind the tem
peru t ur e dirrercncc between inlet and oullet as ; 

- I I I, , 
Heal tr:)ns fer coer fi cient, friction factor and Reynolds nuntl"r :lre cah:ula
t ed at mean bul k temperature (t

b 
= t l b + t

b
.) /2) . 

o , 
6. R[SIJUS 

Il 'm~ been demonst rated that the add ltiOIl o f Iltlnute C]u.1nlili t's o f 
hl qh I~olp.cu l er wciqht po l yme rs to lurbulent r l ows dl'rHl ti C:llly redl!r~ hulll 
mollentum and h(!at t ronsrt'r [ I J. ItIlS \lurk p rescnt ·; a Bl udy IIf Iwol lra ns
rcr at constant wall tCrl1pe ( oture condItion In a pipe flol-l of dl'iCJ redvclnq 
addit i ve flu i ds . Iho l"eslJ lts a rc Stlot.n In rigures ~Z ,\ J), M1Nt' the rrlt:
lion end hoo t t r ans f e r c;:oefriClcn t s o f wate r and dt Ju t e polyacrylamide sol
utiOns are pl otled as funct i on o f Rev I10 1ds nurrber . Ihrollqhout thLS work 
three polymer concentrations tlrt! used 10 . 20 and SO wppm l'e~cctl\,l"lv . 
Expcdrnen t!J wcre car r ied out wilh a r lui d t C~lI)eralul'l' o f 22 r ;. l IIlIf't r:Lnd 
outlet t c-nvera t ure rallQe of 27. :;.uC to }O. Sue In purt· water nuw. lhls 
corresponds to an ave rag6 Prandtle number of 6.2 to ~ . ~. In dilule so lu
tion fl ows . outlet t~erature is 10 the r anqc of 2J .S t o 21.1 gl Vln<] /t il 

a verage Prand tle nu~r \'aluro of 6 . SS t o 6 .0 . 

Fiqure (2) shD .... s the fnc ti on ractol: "f" as runction of Re . 11ate r 
now resu lt o show :; lighll y h lrJhe r va l ues or r ricti on factor cOClfl ... r !!d 1l1lh 
Ii tc rulu r's dola r epresent ed by OJ asius ro rmu l a : 
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IhlS m.1 y be du~ to the fect lIrat 'he pjne I::> 1TI1 "Imno t h ioough . I lowc,-c r 
" ster fluw dilta IICJS I.Jet:n ~Ilven for ~ ~f!!'t'CflI.'e c;u rpose onlv . In dlhlte 1'<'11· 
Vl"'1: 1" sol ulJ o', .I I" 10 •• f.j'lln . povpetlnl.'nul resul t £ .,how leducefl "C11 Jc" I.l f v·, 
(nctwn factor CQIIllIlrpd wl t h Utn.,c 0: ... aler fl ow dabl. rllt: l I!Ulli: l lOl ' .I f ' 
f r l rt l on he lor L,cre3ses "Ith PI! "p to l5 ,(XXJ arnJ dl;:tr iora tt."s. ;"It lll gt'f'r 
v'I lu f!' s o f Re. lhl S frotul"t' IS ~moWf) previl)Usly by Ot'brv l e flnfl '51"f'r~ky '<; 

r1;1. ta 6 but :lt hl gner vu .lwes o f ft c rRI'. -== 150 ,0(0) . lhi9 d<;>t r)oratl(")l' IS 
thovgllt to ho <Jvt' to she~r Ck;\l r ;..II,J! ,on o (Jonl""'r "(llpcu l ':!I. . III ... :·,~.", .r · 
~Qb J e 101< vo luc or" n~::.l ... 1111.;11 :ill€a r df'f} I' ;ld;Jt ion rJ(;('U I ~ i :: elr:m \\" .md • .ay 
be ove to ene_Hclil u!:griluiUon If t he rol i"~r bec;rusc o f l ong :lL"rel!~ 
{c t>olJ t ~ ye8r~) , lont) "l l nr:lq!' pe riod .1 (:\1 :11 1", fflOJcc ll1c 6ver !l(l t" JI"Iol ~cu l ;n 
',~i9hl uf the po ly ~ I"I' :lnO roducu ~ It:: "'((Jr:tl'C"fleS3 a~ i:I I.lr:uJ ' 1'IIuc~r . lI t 
Poe ~ finno , ~n .. ppr~ ~o"lt::Hn tra ll on 'I\C'l J'l~ r!'do;cl lUII III r l"l d lnll . 11 11"; 
l l lr l"' ~flP9 t o 63~ nt li e 3U ,U\J\ .. ro r dilu L~ brJiulllJf\,<; o r iO ,11".1 '·0 o;"I)'n 
[oncent r::.tlOn~. lhr I ' e!l u l t:~ \J.1ve s l ightly dlff!!rell l p .l.ctu r e '"' Jt ll,,, , \1 0 
range of RC)'nold:l nvrnbcr of ltn' PX11PT)r<l'nt'l. Ih~ rad.tclion j. n f r 'ctlJrJ 
foetor iocrea~e~ l"I , l h RcynOlrls o\lmbar '11Lh a relaXll1(j efrcct et 1:\' n . OJO 
- il{) , GOO , QIIllll,j 0 r m X IIIII)'O! r(!Oo..rcllOn vI 75~ . Dnd 7lr, (or 20 <lnd ;'0 'IJI.lII 
re5pCcti .. ,t'ly . l hl !] I:: In ~grCQmef"ll "Ith hh~~i1:.ures UcJta ( 1- 1] . 

He:.' t r =lnsf "r r c:::" lt:; a rl: s.hown in (iyure (1) "her!.' p. ~uel"lll'E'f1l .. 1 ,.,,! ' JIt~ 
of d lr"\Orn;ionlc~l) t-cat transit'll c;Jt't rtcl('nt IStan tOn nU'lDOr ~ t ' re cOl'\(lorc:I 
WIth tno:IC pl"ec t cb:d bv l hp [lr/?s ent m::uccl. !n genorlll. hello.. trOll!i t"q .e Ju· 
Il::! afe -...ell 'SHli ll a r In lho~e III ' o ctlOn f:tdor rur 'li l ulc lA.1I~IOIC'r Jol'JJ 
Ion., . AIUl(JU(jll L1l1 l rlr' 110'" ,·~1; 1J11. 1l '41·1' ~ l l1.l"n I"r Ihn ri!lr·!'t.'I 1(;I· 1.11 1"1 '(''"0'' '''I I " 
tll.t!y :i!10,. V('I'Y good 'l lJr~il"lCnl "Ilh ilv'Hl ah l c h!!at tr8113rer tlaln r "' !' rl'~l." n ed 
b, 

Q U, 1.3 ( 0 / ~ ) U. 2> 

" 
;:;~ s ho"n t n fil)Ufli! 0). lh '" 'I'''u lt~ "l l llo ~1 'O'" excc l h :nt all rcJ'I1. ·"t "Ill! "r,.
ulcte(1 VII lues. 0:lut.& pol yoc t" .. I ':'''IJu ::.elu l lOn rC!lull5 C't il IOIl J\.IlJ'. t:lnl lo11 
reducti.on in hCl \lt tr ilno; reT cocrf u:itmt. f or 10 "1-'111'1 po lVac r ylMlI( 'p ,'onClltll t 
r::.l llJn , t hfl rerlu~tLon 10 hCtll lra n:-;fc r UlC rtlaSF~ "11 t h IOCfp, :;!,>!! In Heynn hJll 
rl\l!I/Jer up to ~e -:=- }O,OCIU Olnd lhen dce T"ase'" wi th fu r ther I ncr!!""JSC In R .. 
rh l!! hah."l" J'lll[" I ;' ~ll"lIJr Lt. U),1L of [I 1'--1 1u",,1 r "~l\t:t"nf""r. ;o,l llJ>~ ".uUO . 
\h" I!"Ie3!1l1 r cd value J r I}eu l fr':;n <;r (' r ," ' IJuc;tll>ll '\ nlJUut 411';> CIIU'[lHCU I'l ll (I 

prool.ctad \iBl ue Qr JnoL Ihls l/~rcase:; t o 6Cf.O ill. 1'" .,j O, OO(l ~n 'J t'\ffi rlrrre· 
;]l)cG lo 4~~ <l L Re~ ~(),OUO. Fo r 20 (lnd SO "/!"lprn COl Ll; I<IIIt"<lt l flll . l tl" radv l.. t
lOn In heat 1. ~ :1r.r. ' c r l::coc lnt.cs Lhe u<.h.ilI..H'" or p.r ")'lCry l am l de t(J U"IC f ll,)11 
HlC r~ lISt:S If!~h I~eynnld, . r , e. r) . ~O~ r erlllCtlCln IS l ound::lt P. •• 8 .1OO 
i nCre<l5eS to :lboul Oo~ II I Ile ~ LrO;noo . [11 yenero l, ! he lle r~:llJlt:l ~h(HY 
excf'Ucnt ilgrecnent wi t h :If;?(1id ,>(l ~ :l JU (l1> a~ fnetl Reyno1<.ls I .... Lllbll r . "'lut 1t 
J" .. r~eynoJds number, ~r !l r1 'rte<J henl lt ~n"for rC:Jul t.s art· "l.IuliL 2(J~~ 1'lflI .... I· 
t han lhopc e:<pcrll:lffil n il v <Jalc f nl illed. Ihl::; Ul rferencu Iruy 1m ,\I f r JOutt)t1 
to ~OJM e"tll;;'l' j ml:n lil \ !"rroro In .'Cm':u ri ng the tl:'l'JI:l ("at urf' Of or ;;.g rcdIJ~I' '9 
rlows as that t ound <Jll h Pilot tu\.Jc .)1,,1 tHJ t ,. i re 'rt tllll :I (Wi1()/II('tCJ' OlCOOl)rc 
..... ....nh [ l l . 
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S. DISCUSSiON 

The a bo ve mentioned resu l ls shown i" fiqures (2 and } ) confirm the 
fnet that dUute po l yme r s olu l ions e:dl1bil large reduc lions In both heat 
and mo ntu'1l t ransfer in turbu l ent rIOIIS . Milny physical moue Is have been 
proposed to unde rstand the phensmenon Vlrlr ( 2 1 . Non 18 cap<Jb le of expl :l 
intng its dif fe rent aspecLs . In a lr u l t o do so, we have La under3tand 
t he n-.echanl sm by Wil ich loomen tum and heat a rc t r ansfered from thp l~a l1 t.o 
lilt? core o f the fl ow and pos sible influence of drag redUCing addill\les 
upon such mechanis~ . 

Recent a t udlCS [ 21 - 2J ) s hol'l lhat Lhe fJOl1 in the fll:;Jr '.11111 rcqllln 
I S charac ter 12ed by 11 st r uctu re o f cuuntre - rotating vorli ce:; l.mich has 
aquas}. - cyc liC ralure . It g rows In ii Slmlla r ~'ay to that o r t he lallllllo( 
boul1du ry layer OW! I' a fl at plate . unt i l it rcache:> cer t alll th ickness. 
Then , It ,tarls to OSC Ill a t e and finall y detaches froHl lhe wall and e J"cls 
out to t he coru o f t he [1 011 , Such phase is follo· ... cd by a sweep (IctlOn 01 
the fiull.! I ncoming from the core to the "a! I region to !'(!jlJace the c Jc CL(-d 
one ;)nd start <t new cycle . The ITIOllIen lUl ~ a nd enerqy tran~lered by IIIO lc:cu !a r 
dlfruslVlly lllJung the de vcl op~lcnt pilose a r e transfered to Lite i1crn dUring 
the ejection - s h'eep phase of lhe qrlp . The frequency of OCCUrCflCl' 01 
such Innces:> IS ac tua ll y il measure 1)1' tlw r ate o r trans fe r 10 l u r bu limt 
flows [ 22 J. I t has bee n , e ~pcrilncr'l()ll y, foun d t.hat tht> pl'CS!'n!'!' 111 
mac romolecu l es Increase s t he resistoncc ur Lhe fln w to eiongallol1~ i deror
mation and vorl e :.: s tre tc hlmJ. The rcfore, Il ls thought thnt tlolY1ll1'f adl.IJ
t l ve s decrease t he rate o f de vci oprllCnt o f Lhe fl ov, :-;tructlln! nl';jrb\ he 
sllr flJ Cc . Ilence , a subslanll a l II1CI'C;;Jtw II I the l ime bctWr:t)11 UUI':':L l~ we t Ions 
I S e ~perllrcntally found [J J i n d r ag reuuClnq <.IddlLivl3 flows COIIl!w r cd ilith 
Newt onian unec . Ti l l S resu lt:; In t. he large decre8~e in the r::.ll: II I lr:ms
far o f It'lomcn tum, heal <lOd mas s . Due to the decl'ease In t he frr"quency 01 
the v i s l:oUG la ye r e j ections . <1 11 inc r ease in t he t h.lckness uf t he 'JI!:; cou~ 
laye r 1$ eXIJ Cl'll1!en t a l ly f ound and an lnc r C<JSc in the van Drlest damplr.q 
coefficient i\.+ IS <Js sulned as g i ven in r e l<! lion nO) , 111 ract , experlITief1!::JI 
resu l ts cont 10m Lhe 3f1t1 j O()Y bcl ~leen hr:a t :'lnd mOOlPlllurn t r"ll:-;f,~r 'l:-;;amwU III 
Lho mnth('!m:) ti cal muue l and e xpla Ined I)y Lhe ~hys1 c<JI Illl)d()1 U l::;CI,:i:;!.:I] , .. l.MJv,~ . 

6. CONCLUSIONS 

Th HI work presen ts on cxperunenla l and lheorel lcal :tn::llysi s for con
stan t Nail tempe ratu re heat transfe r In di lute polY(lcrylamldc sol ullons . 
Il1e resu l ts e xlllbt :iubGton tia l reductIOns in both fr ic t ion or.d heat t ran::l
fer compa r ed With waLe I' (New tonIan ) rIm, . It confirm!l thp. all;.)loc::y between 
ITlOmen lum and hellt l ran51er i n drag r educi ng addi ti ve flu id flo ws . Ihls 
actually tends t o substantia t e t he t hought that drag redUCing rHI(lJli\es 
da mp t he Lu rbu len l motion nea r the wa J I r educing tIle f requBncy o f flo .. 
ejection:; to Lhe co r e . As a resul t, a I'eduction In til ... r .. h-- o f t r::tnsror 
or 1IlOI1ICli t urll 0111.1 hcot uccun •. 

R[r[R[NC[S 

Hoyt, J.11., "l he (rrecl l)! J\drl l ll vc3 111 1 I' lu ld Frit:llOn", rr;]I\~, 
ASl-IE , 941) . 2:' 0, ( 1';172). 

2 Vnk, P. S. , "D rag Reducti on rundamen l ;) l ~ " AIchE J. , 21, 625 (1 9 75 ) . 



_ ...... ,., .. ". .. " .... 1 • - .. ' 
, 
• 
, 

_ ......... ,.- ... ·' ... _.i .. 4' ., ... .. -.,.- ........... . ............ " ....... ,." ..... ' u.'. ,,,. 
' ......... '. __ .~ . .. ,,-to. "t ......... ' 

.... ~, ... , ' ..... ' '. ' ..... _ .. " • ..-' .... J, --""-, ' .. "", " .. " . 
.... , ... , '1 ...... ,,, ...... ' ..• --_., ... . ..... , ,_ ...... 

...... cr-. 

• • -, 

• Do .. ~' .. r,O •• _. i"i. """ _oil ............ ", .... ,-'''" ..... ,"-,._.- - .,' "'" 
"''-' _, ... '_', 1.1 ,...... _ """'" 
n , >:/' . ''''' , 

I -""'" •. A" ......... ,"" ', ;'.11 •• "'" '.'" • ..., ...... '1 t.w, ...... ' 

• 

• 

'_t., t, "" ... _",,' "oL, .. , .. , .... "", "," 
J .• 'I . .... to .. ... 

.. "'J., .,' ........ , _~_ .. ~ "", ... , .... L/,j,." .. " .. ,~ , .... 

_.,1' 

,~,.. .. ... "'. "-'" ... ,-._" -..... . 
" .~ .... * ..... , ,', ,

~ _ .... , .. _." '-'L , U. :,.,,.., 
, ...... ', ... ". ,.-., .... ". 

' .. "- -'- ,,-' .. _ ... , 
", ...... ,...' ... , _' "". 1,_ 
) •• '''. ..W - .,-

" CO"j •• _.J."" _..-........ ..,,_, ..... _ ,. .., 

.. .. -. ' . 
r_"" , ... , " ..... _,~ .''''00' • .. ... 
• It .. J" ,JU, ", 

_ " .. , .. "v",,, , •• _ • ., ............. . 
' •••••• ,,, ..... ,., .... , ... " 11, .. _"' .. '. 
'- -. ,,,'''. 

" •• 1 •• 0 ,1 ...... _',.-t •. " ..... ' ....... , •• " .. " .... 'I., '''i 
...... , ... "" ..... , ... J. "'., _ ".~, ,, •. ". 

I"" 
" '~'" t., .... 1_. ". "., • "_ . ' .... ,., ' .... , , .... " I'~ ... 

"''' _" •. I ..... 0" " ..... , .. , "~ .. 'r ~ '"I. ,. -.- '.--"'. ". "~'. '.' 
" ,'-"', ...... _ 'JIo ...... J ...... , .. ~ •• ,',"",'" '",,,,,",,,_ 

" .. ~, .. '. ,,",- :., ................ ,'- ..... ... 
_ ...... ..--._ •• , .... .1 .. , ...... - "._ 
.................... '''' . . '6. _' .... , _ .. , -. '-' ~.-. -

" _ ••. 0 .. • .... _.' .. ,,, •• _ •• _ " ... , ........ ' "-

''''''-''~''~' ..... --.'~ '-' . ...... _ "'po'" <e' .... ,_' ..... , '" ...... 

" ... O' ..... I., . ...,..' ... ,"." .... _, •• " •• J .. ,..0;." 
II. IlL. I .... ,· . 



I. 82 R'Jble , L. !! . , Telba, I~ . A . • Anu" . 

•• Hizutlhina, I., and lAjlOO, r . • "(dLlv V,":':osily and Un i'lers:.l Velocity 
Profil e In lurbulcnl r lUI, III " Strlllght P ipe" , J. CheIJ. 
(ngog . Japan, J, 166 ( 1970) . 

19 IHzu~l1na, I. , and USU!, Ii. " RedtH: t l on ur [ddv Dlrrusion fo (' HQnenl um 
and Heat In Viscoela~lli c F'lu Jd 1"10'" 10 r: ircular fUDe" . 
I ho PIlY~I CS nr nUl(i:1, 20 , ~'UU . ( 19n). 

20 Rabie , L.U., ",\n .c.nlJlyt.lcal Hodel ( or ll1rbul o;!nt Heat and Hass Irans r"r 
i n Non Newton i an fluid r!()\'js". To be Plrbl i shed . 

21 Cor ino, C.R . , and Brodka y. R.S. , J . rtu l d '·:ech. , n , 1 , ( 196'J) . 

ZZ Kim, H. T. , Kl ine, S.J., and RcY'lo lds , li.C., J. rhllu n"Ch;illL "' '' ' ~O, 
D J, (1')71). • 

2} Rabie , l.H. , " (he per iodic lIiscoml s lIlJloyel' In rurIJul cn l n ow of 
Dr<lg Re.duc lng I\ddllive~" . Pruc l!l!dIOl)$ of ti ll! 4.!Jl Inl . 
Confe r ence for Power 11{'chB ll lCtli [t'l:,I lfHlerl n q . Hcnfll 
Uni Ver:l ll y. [ 9ypt r 1902). 


