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/ILBSTRACT , e equivalent sand-grain roughness heighi_
e_ roughness Reynolds number, e + = (e/dl)vt/v

This paper demooe, trates that the heabtransfer e + _ sand-grain roughness Reynolds number,eeg+= (esg/dih_t/v
pertbrmance of sn enhanced tube with transverse, rectangular feg friction factor
disruptions can be predicted with a numerical modeling method, f. plain-tube friction factor
an accomplishment not previously achieved, This computer code 1/ turbulent kinetic energy
is then used to de_rmine ti,e influence of the Prandtt number, Ir diasipathm length scale
The numerical simulatmn demonstrated that six distinct regions lla eddy visc_sity length scale
exist: the three rib surfaces, the upstream and dw,v,lst_,'eam m Prandtl number exponent i
recirculation regions, and tim boundary-layer development zone, n Reynolds number exponent
Three zon,_s dominat.e the thermal performance: the rib top and Nu Nusselt number

downstream faces and !,he downstream recirculatl.m zone. The Nup plain-tabe Nusselt number
thermal performance al the rib region begins to dominate the p pressure
overall performance as the Prandtl number becomez large. The p disruption or rib pitch
contribution from the downstream recirculation _rme becomes Pr Prandtl number
more important and dominates for low Prandtl number fluids r radial distance
such as .air. The Reynolds number dependence at ',he rib region Q total heat added per pitch
and the downstream r_circulation zune is similar _o that for Re Reynolds number based m, tube diameter, _ = Pdil3/_t

reattaching flows with exponents in the 0.65 to 0.75 range. The R_, Turbulent Reynolds .umber, Ry = ykl/2/vlocation off, he maximum in the recirculation moves closer to the Stanton number

rib with increasing Reynolds and Prandtl numbers anti is Stp plain-tube Stanton number -"
bounded upstream by the location of the maxim_ um wall shear T temperature
strc,_s and downstream by the reattachment length. The high u axial velocity
turbulence level ntar the sur,%ce in this region is responsible fbr U ,_verage velocil, y
the heat-transfer enhancement, u* nondimensional velocity, u_ = w'u t
: u t friction velocity, u t = 4Xw/p

v radial velocity
' w disrupt|cn width
NOMENCLATURE W total mass flux

x axial dist nac.,;

Ae constant in dissipation length ocale y+ normal (listance tri'_m_the wall

BAla constant in viscosity length scale wall coordinate, 3,+= yur,'v
y

logarithmic-law cxmstaht,
cl a constant in length scale equations Greek l,et_.ers
Cp specific heat £ turbulent energy dissipation
c turbulence model constant _ Karmaa c_mstant
_i tube diameter la visccx_ity
e rib height v diffusivity
I p density

q efficiency timex, q = (SVStp)/(gli))
xw wal! shear stress
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, m_kes any warranty, express or implied, or
assumcs any legal liability or responsibility for the accuracy, completeness, or use-
fuln_,,s of any information, apparatus, product, or process disclosed, or represents
that its use would riot infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does aet necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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INWIIOI)UU'I'I()N
i.

. Perhaps one .f the len,_t unlcter_t(,(Jcl n_pe('t,_ iii' _inF,h:- ;r,
pl,,aaeenhanced surfllces is the inilluenee ()f lhc Prflntdtl numher, I'..,_,,,<,_,,,r,._.,m.;.,.i.<,f
Pr. The quantity oI'expeHmentld (htl_ _iv_ihd>le Ix_e._phn'e lhc i I
influence of the Prandtl .umber i,q limited anrl nnly n ft:w
publicnti.n_ nth|res+ it,_ iml+(_rlnnce. Am n |'e,mntt, l,he ht.ni- I" _f'
exehn.ger designer. (h_e._ not hnve n('ce,_ h_ Inigh.q._tlily "-": _fl

prediction meth(Itl_ nrel _m,lsI:depend nn e×imr;mentnl (Inln ti,_nllg _" t ql
_ui(Is oi" intererl, l.. select, line hesl enh|m('ed-tulte l_e-.nolr.r lhr --
each l)art,iculnr nl)plieati(m, .,,.

l.-

_.a _a_..muaL(]___.m.__i.r_x 122 I)':

This paper exphlres t,he imlmct (hl"the l'rnndtl lltnnlher (m ,_,;
the thermal pe.rfi)rmanee fi)r a very ihlp[.'lanL (,tnl(,g(.'y (,l'
enhanced tubes. These lubes e_mt,nin disruptinlns wlni(.h rLre _l ..............................................
nearly l,rnnaverse to the llnw direcli(,n m.l wilh n _l)ncing ', i,) r,_ !m I,,,I '_ i,,n ,w,n_; I_I_),_
grenter l,lmn l.he re_tl.l,n('h|tmnll lenRlln. 'l'lli_ laenm_'Iry wn,_
px'opn_o(l and/(." uuo(l F(." runny ,_ingJ[,-l)llnse fi.'('ed ('mlv|,cli_m I:,I'H_:H,'nl _.;,n,lth:m_l',,u_qln,,,;,'l_,,,i_,,l,l,:"_Hg,,'ie
npplicnti.ns, aral I"nll._ in[. n mm'll_llli,_m ('nil'14_,rS' c.li(,(I

_epnv'nliim m.l rPnt.tnchment (llnlm,_, l,qR.9), l_imlre I ,_l._w,_ll., FI(ILIIIE _ li'.11_('ioney-lnd_.xVnlinl, i_.i with the lqquivnh.llt.
sepnrali(m regi(.i,_ nnd lhc 11_w rerillnchnmlll lh;_l, nc('_Ir_ Srilnd-(ll;dn ll(.ighne,m_ lleynmlcl,_ N|iml|er
between (,Ilo (li._rulttir|n._ wilh l lni._ e,m_enlinlly I w.diml,li,_i-nnl l)evPhq_o(l hv llur_'h 1197())
flow field, h square (li,_rnil)li_.i sl.H.' i._ sl._wn; hi_wevor,
e(ml,()ured disrul_li(m sllnl)(,s exist wi(ll c_immercistlly nv.il:d_l(,
heat-excimntzer t.i,l.ms. 13urcl_stated l.hnl,llliscurve ('(_uld he .sed t,_('_il('.uhtle

the honl, Irnn,_lbr f'nr .II lylms .felllmn('ed ,mll'l)l(!e,_if lhc fricli(.i
__et__i_.._!_l.l!t_lJ_l.!_!_u_!t_ hlclnr _it(I the I'rzln(ll,I lll..her ntr, k._)wn, The mRil.'il..v .Film

'rher_. m'e a m|mher o1"e×perimi.'lnlnl inv(,_til_lti(m,_ tln||t. (hlLn .,_ed t.()devehql I,his figure w_t_oittained with clo._ed-spnced
obt.Rined he|d.-t|'m_st'i:|"dntn ft.' n rnnge -r I'rnndtl numl.,I,_ hut trinnguInr gr(.Jve_ (htr (htn) rind tirol, _ff"l lippr_y rind S_dter._ky
for enlmnc_'_nent meclmni._ms _th(,r ll_nn the ,_elmrnli(m nn(I (196;I), II, ia sl._wn innthe Al)pendi× thrlt lhere r.'e sulmtanl, inl

, re_tt.nchmer l. Ll._ing three-dim(.nsinlmi, i|iterll.|lly n_ugl.,n.,d ,.rn'(.,_ I)elwe_,n t,hi,_ i)redictinnn m_,th(.I nnd tlm darn nf Wt.hh et
pass_ge_ (the hnlmdrlry,h_yer t.lni.nil_l_ mec'tnnNi,_ml, ht,ht- _ll. ( 1971 ) h_lte di,_cum_(,d.
tran._fer dnln ,ven'e(|htnined by l)il)l.'ey nnd S;dler,_kv (I Iii;iii nnd

(]owen nnd Smith (1913P.twith wuter til diii'etch! leml)(,rnturl , There at'(: five i)uhlieal, i()ns that pre,_enled Ine_t- ,w ml_,_s-
levels. Also, using three-dimensi(mnl ruu_lnness s.rlhc'es, mn:_s- transfer datn I'or n rnnge (ni" lh'nndt.I n||mlhers t,aken with
l.rnnsfer data were _il)lained iW l)nws(m and 'l'rnss (1972) willl enlmn('[,me01t (ulm ge|m|elry chm'n('lerislie .F lhc _elmrnlinn nrel
Schmiltt. wumhev's vnvyinl_ fl'|.n Ill(H) t(i 7()()(). (Isinlz nn. renllnelnmevnl, mec,hnnism.
inl_erlmlly thremted pipe (the see|italic.| and rec.'in'n.,|nlnli|m
mechaniam), Smith and (](lwen (I,9f_5) Cn|nnl)n|'edthe lhev'mnl l__x_yt_lile,an(l .Mye!:'s_(!.96.;l}. Snvn_e mhd Myers (196;Ii
perF(wmmice ohlnined with water rind ()c;.i (_t i).lynlkyh.tm c(.|du(,ted Inen(-lrnn,_fb|' rm(I prermlre-(h'(q) eXlterimPnt_ with
glyc.I, Pr = 349). ('.nrnnv(m (19Rl), 1979) ohtnined e×perimenlnl 'reet,nngulllr dim'_,lnl,i(ms inn n cir(,ulnr pipe with wnter i_s the le,_t
heat-lrnn._fer data using internnlly finned t.uh_,,_(11., _.,_lended- Iluid, The wnler leml)ernt.ure wn,_ varied to inve._tigate the
_'ur['nee enhance.mn( mech_lni._ml /hs l_(dh ntr nn(I writer, N[_ Prnmlll n..nhor _.l'l'_.(,tIbr n limilPrl rnr_.e (2 < .lh' < _I,L The he;lt,-
further reference will he mt.h, t_ the,_eI)llhli('nti_,ns lle(,ml,_(,line), l rnnsfi, r exlmrimenl,_ were e_tn(l||ct(,d with italy n single
pre._ent (hlt_ ft.'me('In;ini,_m,_ _,lher lhnn ._,.llnrnli_.i n,nd di,_rupl,i_m heing (hermnlly _iclive, h,_ n result, lhc wnler
real.hlchmenL, aPl)r_tched lh(., llenled di._rulfl,i_m willl n unill.'m r_H.Imr lhnn n

mm-unilhrm Iempernlure dislribuliim; lhc l_dler, of" cour._e,
Burek (197l)i, heing ;_wnre ill" lhc itnl..'imlc_, _f' (he would exist if' tlm. Ulmlrenm (li._rul)li(m,_ were (ht, stonily _iclive.

Pran(ltl numher, prP,_enle(! n very e(.nlm, l.,n,.,iw, (,vnlll:di(m _,l' lh.(.nu,_e ,if(ml,v li., In,('nl henling, lhc nutl..'s ,_t,nted tlmt their
the i, xi._ling dntn nt thnl time nltl.,ug]l he nim n.t m;tlw n he;H-Irnn,_li.rdnln_lle_d'limite(Ivnlueli.,predicti|ngthethemnnl
distinclinn hetweev| lhc vllri(,us eniln;Ivwe,nen( nl(.chavli:_m._ lh, Iterfhr.|nvlc'e wheel henfilu_ (i(.c(nr,_lhr lhc etvlire l lvhe lemelh.
coucluded that inllu_.m"_ _f't,he Pv'nndII can I)e displn)'ed wilh line
e_cien(.v_ in(le×, tl ---Igl/Sll_I/If/C)), n_ n l',n,l('li_.n _,I"lh(. e(llliv_dvnl !!ali!._in. eL..id,_(.19_7.0.}.An exleli._ive nnnl)',_is (iF lhc l;ent-
_and-grain roughne:_s Revnoh!s numller, e_s,. a,_ ,_l.lwn in l.rnnsFer m.1 l)resmlre-(Irrq_ Imr/brm_i.('e ,rf' Ir_In,_verae, _n',.i_'_._lo - . , , , , _ 0
];Igure 2. N_lt,e thaL the efliclency in(h'tx inr'senses wllh tlm tuhes was e(mducted in the t]SfSIl inntlm 19(;()s nnd summnrized
Prandtl nurnb(_r and values gre_Her thnn unity ('nn (.lly he hy i(nlinin et fll, (197(I), M.,_t (if"lh(, (hl(n were tnken wilh nif ns
obtnined wilh the hil_her Pr ll.i(l._, the le,_l flui(l hul n limile(l numher .I' writer (hltn _q)penrs t_i Imve

heen tnk(,n nltl..udl n()t I.'e,_enh:d iii lhe paper, (_nrrelntinn,_
were l.'e._enled in the fi.'m Nu/Nu_.- illle, e/di, it/el wilh rm

t-bwd,_lion , l','nndll nnumher c,.'rl,ctiun It will hlisl;_lwn thnt thi,_ findi.g is

." ,- n,;l,in ,ngreemelll wilh lhc _dher (inln l(,hi. dim,ll,_m.d A I.;,m_ild,'

,.lp " , "_ 1 - " --- OX lllflllflti(lll iR thai( illlIV iirnlitod wnlor _l;llll I','ore nvnilllllle Ibr

#;,,,<,_,o_,._,.oo.,_,_.1,,,o..) ,..
.....(/ ,_." iii '' ), I lvi,_ e(,rn'einl i(In el]ilrt,

...._._-.--_--_-_.,"( ..( , -:_._-..-,-

I" " ' ")"-:_"-._"""_"m""r_l_'"i'_i_'_"_i ' _ ,,I,I;,il,,.,iIi,,',,I,,,,,,,iI'rn,,,lll,,n,,,lll(.,',':,,,tW,,'iii,,t,n,,,it,,i,i,',,<l_q

..... SPp_laI,o,I fJOtl'ldatl'I_)"' t iii)e gel,inl('l ril,,_ ('hnril('lP ri._l i(, (,1 tile ._,'._,1);irll| i,lii llllll
huli_il, ll#v_,lnp._.,l IT'litl;If'illlll,nt Iltl,('llfllli._nl, They nl._r,d('lllll' dilli, rlull I]niids I Ilil" -

i'lr _ (I.71, ,,Vlltl,l" - ]'1"- 5. I, li:lllll)'l ;ll('llh_ll - Ill • - _1.7, riiid h.tyl
F'I(II!IIE I _chPlilrttil' nfttl_,, 'l'llrltlllPill Fh,w _trlin'lllll, Williili <_lll_'_llilll- |ii' -- :lT,I'll iii tli(,il' li(,li('hllll/rl( (,xlll,l'illlellt.ll I0"i_o_,

11111Elillflr_ced Tllllv with the ,_t'lllll'illir_ll ;illll (lilTi,r(ult lllhl, l l,('lllli('tl'il'._ willl II'llll,qV('l'.ql', i't,('lillll_lllllr
Jlf'tlltfteJtlilenl Ml,l'jililli._lll IJi._rlltliillll,_ I.' rit,,_ w_,l_,tl,._t(._lI._1,t,'J'llllh, Ii,
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Figure :i,qlmws the men.qured l_,nt-lrnv:_li,ret_h'_,_cemea_l n_ mi i)llllttll

valm:._ lilnLl('dn_ n fl.llclil.i'II"lho rmuzllnr,,_._lh,','i_d_l,_nllvnl.,r ._ n_, n_, ._
wit.l'l tlm l_'rnvldll vluwiltev' ru_ n lmrf'lvnl, lev' fiw llu, 111/111 t_ll., _ . l in,,K,,__(|l_'llll ",, I'lai,

_.hown in 'I'al)l_t I. There i_ I1 very itr(_ll(uin('od Ivinximttvvl iX. • I:vlh:mc,,d 7,
evlhmlcenmnt Irwel rind lhc I_v(,I im'n.,',_se._ rls th(, I'rnndll ._ . . i_ ". ,,.. ,-_

nu::_lmr inev'ea_ The vnaxivvluvn _t'_.'_lv'_rlCn Im:'er _,* nn(I flu, _ n_ ..
e + r_mge decv'eal_es n_ the I'randLi nurvll_er _,ncr(,nm,._. t.'.urv(,._ ni' >, - _- %,'.\ a.

the data Gtr t,he (fl,lmv- t,ul)e,q nv'e w.ry ,_ivnilnv" irl rhnlt(t with Ilu, _, r,,_ --:. _"-'>>._._
mrdnr differmlce beinl_ lhc h..'alinvl._ ,lvld Ihe mn_nitlvde _tf' Ill_, _ _.t........mn.n_
enhrmcerwent }evel_. 'l'hi._ehnrn(t_,ri_lic_ff lhc evnhnlwc,mevll _t.,i
level mvgl_i_._tsn ge(trnetry-._ele.cli(mIn'ueed_Ir_,Imsed (_v_lli_, n,_
rmtl_!tlien_l}e.vn.hl._nulnller nn de._erilmd hy Wr,lill(i.q7,ql.

ljowew.r, there i_ lm sRli,_Fncim'yeXlilnnnli_mwhy lhc lh'nvldll l':,,_,.,,_i.,lh,_N.Hd_Nmnhel
r,umber lind t,his effel't _tvl lho r'ulhnvlcelnevll, levol.

I I I ..... _..................................... _................................... I I. I,

Figures 4 and 5 llrr, sent the l{eynohls v_unlller nnd i In I_
Prmul[I numl)er r exp_ment,_ wilh lira Ih, yn(lhl,_ n_lrnlmr n._: n Ihnmlll Nmnhev. I'i
pnranu, ter fnr rho I),l/lO tlli(i Ill/ii} I.iilles, v'_,_ll('ct.iv_'.lv.. 'l'ht'._('
exl}onoillN wt?ro (ihlfliliOd frtliii t_o('lin(i-ltl'di_r l)_llvqllllliilil CUl'VO til,_ FIIILIIIE 4 Ileyn_lld,_ lind llrlilil.lll Nillillior I_,×lllllit, iit.._ a_i li
of tTit_ o.xpl_riilit_nt.rtl dlltn iii t.h(_ f_ti'ni Iri INul wi/ll In Ill_,i lin' I _ ivlt'ti(ni i_l' llit, Ihniidll |'qr tho, I1,1/1(} TilllO
fixnd Pr, lan(I Ill #Hill wilh 111Illl'J Ibr fixed lh,. All_n ._h_lwii iii Ih,(lnlolry'l'l,._ll,d llv %Vt,ltlll,! nl. ll!lTII
t110,_o, I_ll_tlrog ,_i1'o Ihl_ ii lind iii vlllllp,_ lill' Ii I_lnin llill(, llllnt,(I llli

tho i'ltnlill(inl)" ill, Oil I_+,lukh_ , nllli I)'llmv ,.'(irrellililnl I I'[,tul_hllv,
1970). ll(ltll Ilgiirl,l_ _llow llinl I ll_, "¢llrilll hul,_ _tf'llle t_×li_liiluitg liu' Nu .- t'liilSlalll (Rejli(l>i }iii

Lhe t.wn elltlflll('l,(I (llhos are vorv dill],rl, nt I'l'lllll 11 Itlnill tliltl, lllliI , ) _-., ................................ _-........................ 2.

ttl,_cl [i'oln t_nch othf, i', lhn' the ,_ln<)nlh llillo._ and lily' n li×cd I.i,,,KeyI'faln
Prandtl ntilnbfq', ilnth iii anll ii iil(,rlui_ _vilh tht, Ileynnl(I,_ l:nh,_nr,,,I
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iiUiliil_,l'. _,-_,il"llio Iuilinnct,(t liilm._, lililHi._l lh(, o×ll('l illlll_h_ilO J._
FiIIiII(E [1 llent 'l'rallMbr I']nhllll('l,nitult fl_ n Ii'iiill'lhul _ll tlll, lilltninl,d, thr, _li_l.v q,x('l,lllitlll ll(,iiil_ lilt, lh:lllllll Ilililllll,l' i,×llCllil,ilt

ll_ltl_tliit'._,_ ltoyil_lld._ .Nlililll(,r Ill'l_r, iI _lil Iii(, llnl;t,d iii i'r _il,lllq,r ill|in lihltlil !"1 Tli_, t:lilgliiludo _ll lll_, 'lrniidll
Wi,l,qj oi al. 1197! t Ililillllt,l" I,Xli_llil,iitl [_flt' l.ho Iw_l I,It}lfllll'!,ll tllhl,g ;llld Ibr gllllllllh
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'.llheAre not tc_ dil'Fereni.;tlre,.,,,esselilinllydeere:',sewith an ..... _ " i- f , i , ,w,.... , .-_-._....., ,Ivl
. i__erea_eofthe lh'nmltlnumher and hre hmln(h,diLval_(_ut(LH5

[','_ri'r-- 0.7 to al)m_t 0.35 rra. very la_lw t'r ,,,nl_ms, 2.4 <._ I', - Is1

• ljJ_[k_:,''_, lI I'I-- )_1,,'l'lle most d,.'amaLieva,'intiml is wilh til,, Ile.vllt,l!l,_ nu,nlu, r I "

_xl_)neuts, especially ftu' l.he ()I/I() tube R_;tHnelry. N_)I(, t.hnI the 2,2 _I l.u_i_II/\ \ \ () I',-- l l..l

_exp,onentchanges from lacy'easing to det,rensiwg with a fixed l'v'
a,s _I,he Re.vn(lids ro|miler iwer:,ases, l_'of lhc h)wer lle values, H I '" *"- _
th_ee is a sil_nifienl_t thervnal-pet'fiwvtlanee iml)rov_ment with u *-, I',-.7

ine',."easing l_randi, l number; Imwev_r, this impr(ivenm|it (_c('uv',_ u_ 2.() _,I_, _d_t_ vO_
with tile 01110 tube aL low Re values hut i_(It,fbr life lH/10 tr, be. _i
For the 04110 tube, there is a _eneral (.leerease (if n with l"r and ._ ¢'x

_'!,..r,,ir_--"'it n/lllenr_ m reneh diii'cleat, asymllt()iie v_llu(m which nrc n _ I.X j9

lunch'.ion (.lr tile Ro value. For tile Iru'l_er lie value,q, n is ill the ,_ "_ rqf.l

0.65 t,o0.72 ranRe. 'rhe maEnitude (_rn fi')l' the lat't_e,'disrt,l)l.i()ll _, r_ t') ...... L?.-._or riband the it_rf_esllleyn(ddsnunlber raug,,i_rillilnpmtnlll. F_ c:_
findil,g tlmt will be diseu,_sed later. In mhliti(_lt, file som(!tinles _ I.(3 _.

used Wilson plot n|etlmd Ibr (i,'ata re(lueti(ul eun I_, qu,p.gii(ulp(I _ x:_ _' _u'_r_-"A -D'"_x _ r_beeatu:_etile lleat.-transrer e(lel'fieient is a_.gtlllle(l t(_hslv(, slrixe(l-

expire.mt, depell(lenee (III tile vel(_eity (lr Ih, yn()l(l.r ,_t;nlher. I.,l "_'

_.l.___er____-_..qLll_llriLL!.__7._._,l]e,'ger and llau (1979) used 1.2 ..... ,.... , .......,.--,---..,._]J..].............,.... _....._.....,...,_J.,.L
the electroeheulieal :,l}alogue technique hl nletlsure the h)eal tuld Ii) I()(_ l(l(l(l
mean ro.as,s-transfer performance iii a pipe wi_h ir_ulsverse,
square disrut)t,ion_, with a height t.()diamet.er ratio ld" (1.03(_and I_t,liJ!lllleSr i_e)'tltfl(Is Nllllllwr, e'
with different pitch I..(t ileight, rati()s. The ,qehmi(it numlmr
varied over a wide range from I000 t.()7()U(). The majtu' fin(livlt_S VI(IllITE (} I_]llhllll('(,lllelll, l,e,,,(:l Vnv'il_l.i(H|at_a IPllll('|.i()ll (If' tlm
for tile 036110 t.ul)e were a9 r()lll_ws:, ]toughness ilpylmlds Nt, mher Ilnsed on til(, l)ala t_r

'l'Itll _:llld Xiti() (19B,())
1) The Prand{,i nunll)er exponent (lid n()t vary rrulu a value

of _]l)out (} _]3.

(]elllOllStr(ite that the i}ral)dtl lltHIII)el' _l/IB ali imp(u't.ant impact
2,t The exponent on the l_eynolds was 0.695, which i,_ ()n the i)err(lrHi/lllCe (If ellhaneed tulles with i_eometries

subsl,antiaily lower than that obtained with smooth-tube ci}aracteris[ie ()_ tile separation and ,'eattaehnlent nlechllllism,

preCietion metho(ls (al)()ut 0.85) tor high Pr fluids. Irl addition, the correlation reel)rumen(led l)y Kalinin el. al. (! 970)
that doer licit, include the Prandtl Illlllli)er eert.ainly Cmlll(lt I)e

8) The ,_l'iatioll_ betweell til(, IllP, xilnl.lln |111(1 lllillillltllll h)('nl eiwre('t.
mas_..tranrrer vnl,ies and the menn value (lecrei_,q(,(! wilh

inert:a_inR l{eyn()lds nunll)e,'; in other w(ir(ls, tlw m{_ss- The purpose (lr _,his tlaper is to explain this lh'an(Iii
tran,,_l'e,r distxil.)uti_ln became m(,'e unit(win. The numher efle.et. The h)eal heat-trnnst_r perrorn}anee was
max| _urn values are li)eater1 at tile till) or tim rill and considered ns essential t._, td)lain this I'un(lnmental
near lie reatt,q(.'hment ])(_i;it and the nlillit|lUn] value.r nl'e un(lerstalldilll_, l_-Jxpel'inleilt_l i.ecllni(lues sv.eh ns tile transient,
loeat._.(ddireetly in trent, and I)eilin(! the rill. liquid-tryst(ii met,h(id (llaughn and Yml, 1991) or the

4) The ;)(,inr of maximum Ileal transfiu' ml)yes el()s(,r tu the nnphthale,|e-sublimntion me(he(! (Mendel nnd Mnurieio, 19/_7)are effective Inet.h(IdS eurrerltly for jt, st a single Prandtl lltlml.)er,

rib a_sI lhc Reyn(lltis illlmber increases. Eleetroehemienl anah)gue teehni(iue (]:}erger all(] |lau, 1979) is
efT'ectlveft)ra ranl_e or ,qchulidt numbers (lO00 < _qe< 7000)but

The til'st tw ,, ()bservati(ms ('(lr the (13(]/1() tulle are (.'flllsiNlrellt this r[ui_e, far exceeds tile Prandtl nurni)er valises r(lr ali
with the (lat:_ or Webh et al. (1971) I})r (!le 04/10 (lille sh(iwll iii e(llnnlollly used Ilt,ids in Jleat-egt,.ill-illge applications. As a
Figure 4. Th, local data, which were u,rc,(!til (_l)lain the Inst tw_l result, a numerical ale(Icl|ag approach was selected to expl(u'e
observations, are useful irl (li)raining a ft, ndament_l tllis Prandtl nun)l)er eft'eel.
understandin, _f h(lw the l)randtl nunlller il_ll_wn('es t}le

perfilrmance; unfi}rtui}ately, they were ohtained With Inrl._,e A hrief(les(:rillti(,I iif'lhe turl)lllenee in()(lel, lhc numeric;li
8eilr_,i(It numl._,,r values, nletho(l, anti (,(mu)nris(,)s with experin)enlal resulLs are

lllesenle(l next. The last part. will e×plnin ll_)w the Ib'm)dtl
_]_II.II___I_L_.t.qj..o....(_l__), FiRure 6, l)rese_i(ed ILy 'l'ml and numl)(:r inlltwlWe,q the thermal l)erfiwmnnee.Xaio (1989), nl_,,, slmws [he enhnn('emenl level._ sls n l'll_Wli_,l _d'

the roughness I_c,yn(d(ls numher wilh IllePrandtl nl,,nb(,r ns r_

pRr_n)eter. ']'}l,'se I'eStJ]ts nrc I'br il lulle wilh a (,(,nl(ulre(I 'i'Uil]iUI,I_,NCie, I_I()I)EI,, NUMI":IIi(,'AI, METII()I), ANl)
disrup(.inl_ sllnl_,' 'l'h:, tube is lhc ._inf_le-._larl, _l)iv':dly ivl(h,nlpd (:()IHPAIII,q()N,q
type with e/di _, _(Iy/e vallws _itil)l)r_,xinlnlely 0.()53 sllld ill.R,

tell)el'lively. The ;n(](,ntilll_ i)r(_.'ess pr_)t]ll('es inlernal This sect|()li (_[':lie |)Sll)er ilrielly (]es('ril)es the m(l(lelin_
disr'uFt.{ol)B that ;tre r(,in(h,(! (lr ('(ml(lured wilh_l_t nny slls_rI) ni)l)r_meh 1hat, was seleete(i; however, a (ielld]e(i deReril)iiol_ is
cOrllel'_, Nol.p I _e simil;iri(y I)et.weell these (In((; IiIl(i till.le given i)y Arn,an allti I{al)ns (],992). 'rim sslnle lll()(lelinl_ apt)ron('l_
r.)l)taine(i I)y Webl, _.'l_1, (1971) s]l_wn in F'if_urp 3. i;'(u' air {I)r __ (Armar, all(] Rabas, 1991) w,'ts sucees.rrui!y use(t 1(_l)re(liet, the
().7L the el)i}tlrl¢'_n Plll level ili('l('rlses wilh ('_ llnlil :l vn:Ixirn_llVl ft'|eli(m-fat,(tw vIll'iali(ul with (he lhLyn(d(Is Vltlmlmr r{)l. lhc tulle
is obtained. Y(wli,!ui_Is(1)r> ILnma×ivnulw('lll_rulcenle_Itlevel _e(,netries slmwn ill 'l'silde I. A(hlili(,)al v'efivlenlen!.s have
i_ obl._ined; h()wew-r; the vna×imuln (wcuv'._a! s_m111ere _ values reeev)tly hee_l m_ule that lr'uv'|.her improved the ]_,dit'ti(in
(e . _20) and is h;,_sPrandll llurnher del)e_(l('nl lhan_dflaivlt, d

_, for re('Inn_ulnr (list ,I)ti()llS _,' rih_ accuracy al,! ;ire (lis('u_sed in del'iii lly Arma,i and Ilal)ns ( 1992t.

'rhp l_lvernillg ('{)ll,r('rV_lt.i(lll InW, _" supply (he ('(mti|llli(y
'_'}_i_eXpel'l til_ Illitl (lrlt;I slI(IWll iii F'ifflll'p._3 HII{I (; ('h,rlrly

-_



equntion, tile mmumltu111 _:lunii_ll.% a,ld l.hc ctwr/x,y _,qt,fltit_ll. _u.!!!_.r_i_tt! _l_.t!.tq.d
' The transport, equations fiw k nnd r nrc. used fi.,r cll_suro _ll' th_ The aurae.rica1 nmtlmd u.red fi)r {.his study is the finile.

equation set. These governi,lg eqtmti(ms arc pFvscht.o.d ill mmLv w}lum[: met lind based ct1 the algorit.hm of Patankar and
publications and therefore _ nrc n(}t ret}cttlcd hore, The Spalding (197';.) (tint, solves the steady, two.dimensional
conservation equations c(,ul)led wiih the k-r O(lUat,iml.r art, the axisymmetric, inc.mpresnil}le c(inscrvnt.ion equntloJ|,_ fill" the
common Starting point fi}r.almost ali lhc current ollBim, eriltg vc,h}city varinbh,.r,t} _lnd v,,md rortJmscalnrvarinlflc_ p,k, nnd
numerical modeling efforts. The l.uri)tilnll(!o ni(l{h,I cmphLvcd is n r. The sc_tlnr wlrinblos m'o c_mlputed and st(wed nt the, main grid
two-layer t urbulevace model which is I}.-i,.,lly (Ios(wil_l;d I)el.w. Iocnti(}t_s while the v(,I,_city varinhles ave computed awd ntov'ed in

their respe('live s_n_on'od hlcnli(mn.
_L_ ba3__e,x_T..t_r b_u_!._,n__e. _IV!.o_!._|

The two-layer model of Cheil avid l_alol (1,()88)dividt, n thc The II|_mH_wI,Hll_, energy, tilv'btllen,"e Idneti(' energy, and

flow ¢toyt, ain int() two rolzhms: (11 n ,oar-wall v't'l-;i_m thai, ,.li.rsil)al,i_m tr'nrl.Sl)lift (,qunl.i(_vls nrc di._¢'rcl.izod llsivlg the fill(le.
includes the sublayer, the hilfl'cr layel', mid ii small llnrt _lf"the volume ni)lira}Iu!h. The (lift'tisive It, l'm,_ nrc discl'ctizcd I}y st, c_llld-
turbulent co-e, avid (2) the remai,d,,r of lhc fully thw_,l(}pl, d m'¢ler c,cnt.rnl diff'er(,llcing while tta(: cre}vi,clive tev'ms nv'e
turbulent core res(un. The standard k-c" model is used irl the disci'eiizod I)y two, dif]br(_nt sclmlnl,s; 11) hybrid upwivl(I, (irnt,-
core region while a oae-e(luatiovl n|c}del is used iii Ihe m_nr-wnll (wrier central st'ht)iii(, (Bcc I>ainuknr, 1,(.)8(}1and 121 qundratic-
region. The advantages oi'the near-wall ,vm-e(itmt, lml m(_del nrc Ul)St.rerlm sl'ill, two ((_lJi(',l(} ()t' l,o(}nar(1 (1979} Inis(} see Pbillil)s
that the tuv'bulent kinetic-energy.equaL(cre is solved irr tile lmar- avid Schmidl, 1985}. Mo.st (_f the in(llnl runs were made I)y the
wall region and that the vmar-wall tv'ent.mellt is depetldent (}_l th6, hybrid schc, mo due 1o its st.nl)ilil, y anti good c(mvergevace
Iocaltuv'bulenceintellsityawd'rmt(hewallshonrslrcss. ll(qlavi_w. 'l'ho _,_)[iI(:E s_chomo w_ts used tr)chin(vi the finnl

rl_sillls.

The energy dissipntioll in the ,(,ns-wall ro_i(,n is
specified by 'l'ho vch,city-prcssuro ct,upling i,_ nchio, vcd thl'ough the

use _)f the ¢'mliinuity equlil,i(m applyin14 the SIMPI,E(', niger(thin

t'= k2/:l//t (Vnn I)()(wvnnal avid I{aithl}y, 198,I). The rcsultii}g alg(q)raic
¢,quali(ms wet(, s_dv(,ll lly usivlg n lilm-I}y-liile, (hror,-diagl}nnl

where the eddy visc()sity is ()bin(ned fi'ovu matrix alF..Hthm I llnl, swi,(_i)s iii br}til direct(ims,

The llmlndav'y ('(m_lili(}as al (,lm wall ;ire (,lie usunl }m-slip
lit = ctlkl/2llt ' t,_mdili(ms; i,o, tt = v .- k .-- (), 'l'horo is vl_, He{_(I t_} specify (.lie wall

The length scales, Iu avid I_, c(,itain the }lecer, sav'v (l_vill)i}_l_ t}_}tlvatlai'y ('_.l(liti.tl fbr r. The wall b(}undnry ci}ncliti(m Ibr the
effects in the near-wa'll regi(m (w " ten}l}ev'ature in a ct};l_l,avlt wall Imat I]ux. Tlm ax symmetry

('ml(lit ions nrc used I'_w I.he s.vmmetry li×is.

/li = c/yll - OXll(- llsJAtt)l
l_twiq}dicity t'(lii(lilil}llS iii'[' ilSOd at lhc inh, t Itn(I the oul.let

I r ----('/yl I--cxl}( I1JArll of t.llo Ii(}w (llilillliil iii (lr(lcr |ii rl,lll'f,.rl, nta fully devol(lllo(I flow
• [icl(l. The (hllilnili Iont_lh i_ t'_tlinl Iii IHiC rib liilch. Fully

ily---, ykliVpIll dovell}tio,(I fl(iw rl,qi}iros i(hmtica! iv}Icl niid i)ullet lli'ofiion Ibr tile
veh}cilios, t.tii'l}ulcnt, l_inelic (_i}fw14.v, ali(! {tirbtllOllt eiier14y

Noi.e that both lr and / i hl.,c(nno Iillollv' mid lil)l)r<in('li flY with dilsit}lltiml. The driving lbl'CO ibr the flow is li crni.gilt(it l)i'e.gsilre
increashl_ itistrlnce fr(lill t.ho wnll. c/ is f.(ivlul I}y Iliilre.rence thai, oxist,_ lietwol;ii lhc inlet and cutler t)i'e,_siire

(li,_trillulii}n._. An with tlm lirt,ssilr(, llrl}filos, the teliitl(_i'nltire

('1 --' K/('ti'q/4 til'ill/los lnu_t he i(lo.nticnl sl( tlm nx(ni inci'enienlr4 or one pitch
excel)i, for I1 c(inf4tnnt value, disphlce(1 by ,,iii ftlnotint (if AT =

to ensure a silllilltii eddy-visco,_il.y di._ti'il)ut.i_ln at tile jillit, tilHi iii' qlWt',. For iilnre ilifiirlnlltiilll iii( the i)crio(licity limlnilnr.7
the uear-wall and fully-turl)ulent cl)i'e rol_il)ii. In a(ldilbln, A r .-- condi[i(_iis and t.he fully dovel_ll)Cd Ilmr c(liistrnini, nee Palanl_,ltr
Ic I or in assll_ilOd n vnluc t.(i reciivor t.hc iii'(}i)l,r ll._ynll)t_}t.ic si. ni. (1977).
behavior (if the kinetic oiler_.v iii lhc sill;Inyor

The Iii'sl nonr-wall 14ridl)_)ilit is l()c/tlell well within lhc
r = 2vk/y2 ]alninflr ,rlil)lnyer (.v t -- (). I ) r_}r nii _)f Iii(, iieralhni_. The nliinl}er

(if il_}n-uliifllrin r-i_ritls li(ld ii()il-ullif_lrm ×-ITri(Is woio lllwll.vs

The parnnlete'_' Ali = 70 is dotcrnliiil,d frllnl nllnlericnl i'l,.rlilln t_i Ini'ger thiin r)(). The it.erlltion (IO.l)enilencv tosl, s wei'l_ llerlili'ine(I
rec()ver the a(Idit,ive const.nlit, II .-- 5.,1,6, iii vcl{icily I.t_ Inw filr Ill_: nnd the iil_rat, ioils were contiliue(l lillti! the nornlalized lllliss

case (if a nenr-wall li(lun(lriry-tnycr tl()w riold. The K rliid ('li residual it(ii(li mass ,'e_idtialsl divided by the t,_lt.lil Inriss flow
const,'tnft.s are eilunl (_} 0.41 bl lth(1 ().()9, resi)eclivt, ly. rate) fell below !()n . The nuinl)er (if iii, rations ranf_e(i het.ween

3000 - 7()00; t}owover, the re(luired lltllllber of itev'atil)ns r(}r the
The wall sllear sl, l't_,_._di(es ii(it <'ltll)(,nr iii ihis filrinulllli(in tenil)erature field were inuch hlrl_or (I)ctwecn 8000 - 151)()()).

an(l, iii l)articular, iri t.lie tui'l)lll(_iit Ilovn()l(I,_ iiulnllor, Itv. !t v , _ , , ,varies _lowl.v along lilief_ l)nrall( I ttl thl, "wall, dl_(,s lilll VllViiSll nt __on_lpi!_r_!_.i/l!_t_.w_ilJ!_Xlle.r..i!!!!_!!ttt!_!.l_Jl_
the separation poivit, ali(] Foli'laillf4 wl_ll.(ll, fincd ii} tim }'(,l_hlllS (){' The dnta (if Wel)b et al. (1,(}71) av'o used f(ir these
the flow reversal. As n ro.suit, dalnlliiil_ ollbcis (h,('ny rnt)i(tly c'(inlllnris_)ns. Fi14ure 7 l)rescnts a (;llnlparis()n of tile nleasiire(t
with the distance frnln t!'e w_lll r(,/_llr(llcss (if the :l_nl_i__ilti(tt., (d' ali(! prcdicted Nlls,_elt nunll)ers an a functi(}il of the lleyn_ii(is
the wall ,_ltle{tr ,qt.r(2.sif_. lllllnber f(ir different l)ran(itl illinll)el's. The i)ltl'l.it'tilal' 140Oilietry

selected tilt this c_inii)arison is the 0'2d21) tube I,_ee Table ii. Noie

The nlatchiiil4 I)et.wo(,il the ()ill,-i,qll'liimi nolir-wnll the very |'nvorrl[)lo. at_roeinelit.
treatment and the t.w(i-e(itiliti(in ._l,and,grd k-': lli_l(il,I iii 1.he Iw,)-
layer approach can t)o c<'trri_,ll ()lit rihln_ l)ro-solc('tod _,'i(I lille_, 'rllllle 2 i)re,_ents a c()Inllnrisl)n (if the inelttllre(1 data
even for complex flow._ wiih s(#illir_tlinn. F()r thi._ alillli('_t;i(iil, l.ho ol_t,_tino(i I)y Woi)l) el al. (19711 lllld lhc nlilTlcricnl l)redicti_}ns Ibr
match bouil(lnry wns ,_elocio(i nh,r_14a t4,i(! Iin(, wilh y'_ "¢n!ti('_ irl Iii(, five t.ul}c,_ iin(! Ibm' l>rnndll iiiinll)ei't (,<lnsidore(t iii til(gr
tim rall_e ()r !(1/) t(i 2(11),whicl; i_ flir fi'_lni tlw iioll_'-wnll i'(,l_illli t(i rosl, arch. Ni}l,, thP l_l_l(! li_i'(,CiilOlit, wilh nn nvei'n_e OiTi}r (}f_lnly
eritaure ii blmo(i#.h eddy-vinc(_siiy (!i_t.rillu(i(in aci'(_ss Ilil_ li{iiln<inry 1,_ l)eri_olit. Iii I_l,lmilll, llio llillil¢_i'i('nl iilolh_l(! ulill(,rt}r('_li_'tia lhc
ortho two rPt_i,lils, oxl}oriinolittll i'(,riill._ witli liinxiiiiiiin (,rr(irs i}('('lirrinl_ Iqt lhc lii_h

II(' I'flll_l> hut iiovt>r ox('lq;'(till_ ;ll)(illl. 31 lIOl'('OIl| V(li'V I'nv(irlil}}(,
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'J'his nutuerh'nl rm_d,fl will m_xL he used t, understand

Table 2 - Comparison Between lhc Measured aral f'rcdicled Nusselt how the l'v'm_d(.I ,,umho.r iullue,i(.os the tlie,',nal t_e,'lb,'mn,lrO.
Numbers for the l:ivc Tubes 'l'cslcd by Wchh ct al, (1971)

No. Re t)evinlt,,n Re i)eviolitu, tzc I_(:,i,,i,,,, Re ue,.i,,t., INli LLJI'.;N(,I_ (iF 'i'ilE PIIANI)'I'i, NUMi]EI{

oo/Io r,oo_ .,__o ,u_ i_o_ r,,_._ ,:, _1. ,,,a,, _'_ This st;ctioo, nf the Imi)e,' ',viii exl)lnin Imw the I'rnndl.I
o._t:_ 4a,_ wt_ ir,m ,,_.l_ Ir_ ,_,_ ,,I_ nutnbeu" a|Tt';cts l.he cabaL|ecn|exit-level data iii Lhc manner
o_r_, ,_r,r. _t_,_ _ _,,_;, _l.,. _,.ll, ,.,;7 ,_hown in Figures 3 and 6. An imlmrtnnL concept, for Lhi_
4271;' .l_1.21 420_15 17.111 _;,t_ '_ _? ';""' '`i"_ t,n(h;,'st.ni_ding is t.haL (.hero are six discrete reRions (lr z(_nes that

02/111 6_45 II.q6 fi._l_ 27,111 fl_Nr 71,FI'_ f,121 11.55 II|IISL he consitlered:

971il 1'_rR11 _17511 77.1fi q71_q IRfdl 'IIR? 15ti_

70T4_ In._ 71111_1 175R 7_U_o I _(p_ ,m_l_i I,l ¢,_ I ) tll),qLrealll recirculation zone,

_;_ _,,_ 44_,n ,_,,_ ,,,_u_ r, ,,., ,,,,m ,,,Tc, 2,3,,t) Lhc rib upstream, t.cp, and downstream faces,
5) t.he downsl, remu recirculat.inn zone, and

Ill/III f.,.t6_ /.'ii (.11_0 71_ rut;,, ?_,_ 6) Lhc boun(lary-layer develol)menL zone,

lOt'irl RHl II1}1_ Iq ,I) I(17111 ?5 I

,_,,_ _,,, .,_;_, p'i_,_ .,_;,? _, .r l.ewis (1975a, 1975h) llraL p,'.pcmed thie multiple-region
approach Lo correlate the l)erformnnce of enhanced tuhe_ with

(12/7(I 6_'il .,1 _,.'rt _r m _,.',," it,? LI'to _ollaratioll anti l.oaLLa(,hll}enL lnechanislll, lhlwevo.r, this
'_'i_' '"' '_' _"_ '_"_ '" _'_ lhrsighted at)pronch line n.L been further developed hy

I_xl_ _ ,11 ;_(xr,7 ?un_ ?_l ;; ,l'i subseqtlent reFleai'cllors.
d2l_l I_ Iq ,t;_ttt 7271 4,Ut! _r_I17

,_._,, ;,, ,,) ,_,,_ x,,_. ,:,,_c, _"_ The mt)sL important finding of this study is that the
o_/a, r,_,,_ ,_;_ _,_r, . t, ,,_. ,,,, _,?, ,.,,_ Prandtl number has a dramatic impact on the t.hermal

,,,-,_ r,,_ ,_,s_ ,,_,'i ',,,'_ ,,"_ ,,'_,,_ ,_,_ performance at the disruption or rib, Figures 9a and 911 show
,,_,0 .r,r ,,,r,_,, ,_ ,., ,_,,,_ ,,, ,,, ,,,r,,., _,,r,, the normalized Nusselt number ratios. Nu/Nu o, as a fui_ct.i(m of
x,r,_, a,_ _,,_1, ,r,,_'i .,,,., _??, _""'"' '"" the axial location with five differr.nt lteynold's ,_t,,nhers fi)r Pr
7r-,'i r,,_ '""_" ?_"_ values of 0.71 and 21.7, respectiw;iy. The perlbrmance at. Imf.h

rib sides is also shown by "opening up" or e._tending the x axis.
Average% I)eviatiou.- 1_.]5 The vertical lines are used Losepta'aLe the flow field into tile six

(lilTerent zones. The four lines aL the rib region are local.icl aL

agreement was als. ohtained between the. uuenstn,'ed hud each of the Gmr earners. Wil.h t.he Pr inert;ase fr(ml 0,71 to 21.7,
predicted frier,ion factors IArman and llnhns, I,t},q2, 1991) fi)r' all note the following chnnges In the enhancement levels:
five tubes Lest.ed hy Wehl) mLal, ( 1971 ).

I) h_wer iu Lhr. fvmit v'ec'iv'culnl,im= z_me tilt,' most. of the l{e

An adclili.nnl c.,l_llnri_.,! is i;,'(,se,,lt,(I t,si,l_ t li, I.ral ,'nn_;lzo,w I),
heat..transfer data of 13augh,, avid llody (19921. Figure. _ 2) suhsta,ltially higho,' aL the ,'iii (z(mes 2, 3, avid ,1},
compares these experimental results with ,iu,nii'teal i),'etlicthms ;3) almost ,m chin,ge i,_ the dmv,_stv'eaw_ rec:iv'cula_i.va zm_e
using air as t,he Lost fluid (l"r .--:().711, N.le the I_(mdagreevuez_t (zone 5k nvxi
I_Lwee,_ the exlmrivvw,_lnl nrel I.'edicted v'o._ults. Those mul 4) I,rwo,' iu t.he !mt,,,dnry-lny,,r dm.,ohqmw,ll, z_,,,,, (z,.m ll) lh,'
oLhe," experimental results of ITn_,ghn n,,dYn,,(I 992., 1991)nrel m,_,,al,of t.he lh. v'nwt;o,
Berger and llau (19791 have devTmnstrated thnL the most
si._nificanL cont.rihutiows to the henL.t_'a_mfb.r i)erfiwmnvlco with This pattern was ulmf:_'ved fiw nii !ivo Luhe ge(.neLrieR c.vmid(,v'od
the separation aid reattaclament mechanism occur nt the. lep fiw this study and descrihod in Tnhle 1,
surface of the rih and in the dow,mL,'eam ,'oci,'rulati(m zone.
'Phe_etwo maximum_ arechmrlydi_i)layediuFie.ire_I. 'I'horenrc I.wunthe.rmnximumR that.occuronlywhen lhc
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A_iall)i._mm'e,x/e FI(ILIIIE I() Maxivvltiiu I'hlllllilcemel_(. I,ev(,l,_at lhc I{il_ fi)v'lb'-
(I.?l nvld:]1.7 _lii(I lily' I.he 'l'l,,'ee 'l'_lh(;_ wil.h ;, pie

FI(,L RI:.,9a l.,_.'al Nu,_selt Number ",]ariatiov_ wilh Axial Value (ft' I()
I]ist.ance for the 02/4(_ 'l'uhc wii.h lh" ---(),71

Figure Ii) were plotted with e+ awd Ibr a single tul)e geometry,

• Ile-5.t.t(i would not be altered. But this variation is i(ler,,_tical t,o that
8 I(c_tHi91 shown in Figures 3 and 6 f(_r the rnea_l e||ha||cement-level

• re-,l_m variation with e +, Another important finding iu that the
' vav'iat.i(Jns of I.he sear1 enhancement levels and t,11(:maximum

• ev]hant'ement levels al, the rib Iblh)w identical pal, i.ervls with
fi changes of the I'randtl numl)er awd the roughness Reynolds

_. VlUV]Vbel+.

The acl,uai mechanisms that av'e resp(msib]e for this
Z 4 ' enhancement-level variation with the lh'an(Itl number at the rib

v,egi(m are vev'y complicated and merit fi_rther investigation, Iv)
• part,i(,t_lar, the ability of the numerical model to capture the

was somewlvat successfifl iri predicting the local heat,-trav)sfer-
''\: ": ::::::::::::::::::::::::::::::::::: . coefficient vav'ial.i,)l,s for air. |lowever, a possible explanaI.io,1 is

2 im

.... _ ......... ns fifllows. The flow fieldat the l.}vv'eerib surf'aces consists of

0 -,-------" __ ........... .,, ...... Selvav'ativ_g and reall, achiwg flows. For these flows, it has been
estal)lished that the heat-tv'av)sf'er-c(_eilicient dependewce (m the

-I(1 lp 10 20 311 ,1[_ l{eyn(fltis nt=vnl_er is iv) Live (.I.65 to 0.75 range. Some flow
Axial IHsl[mce, ,x/e 'conditions that supl)(wt this statement are cross flow lo a single

tube and iml)ingiv|g je.t flows. Another example is lhc measured
FIGURE 9b l,ocal Nusselt Number V[lrial.ion with Axial mean mass-translbr c()ellicients obtained with the naphthalene

l)islan(:e fi)r the 02/40 Tube with I'v' = 21.7 met,hod (Pr '_ 5..... ) for the thr'ce faces of a wall-vnouwted cube
((_hyu and Natav'_jan, 1991). The exp(menls v'av;ge(1 [i'(Jm 0.626

Reyrml(ls aural+es, (_v' more correclly ii;e rr_ughvwss ih,yvudd,_ I.o (L661. F'w i.mv;dary-layev' Ilow.% Figures 4 and 5 show that
number or e +, exceed a I,ransii.hm value _,hat (lepcvlds (m _he the exp(ment on the I{eyw{dcls v_t;vwl)ev'is ivvthe 0.65 tr) 0.75 range
Prandtl number and the disrupti(m geometry. Figure 9 shows Ibr air and in !.he ().80 t(_ 0.85 rawge fiw walev" and higher I'randll
these two other maximun|s iv) the v'ih ro'en' one is Ioeaie(i in lhc nt_ml)e.v'fluids.
upstream sepav'ati(m regi(m (zmm lh ew(! live (flheris I(wnled (m
the vertical downstream fac,_ of the rib (zone 31. The autl,m's are (',(msid,_r now the ell'ect vi' an increasing flow I'[_ltef)|l the
not aware of any experimental evi(lewc'e that st, pp_)rt,_ the ev_hawcei|ient level at the rib. Ii, first iwereases with i||creasinF
existence of these addilhmal marimuvns. Re or e + due tt_ lhc tttv'l)ulewt,e cm;sr, d by the rib pevvetv'ati()vl (_

I.he. laminm" sulflayev'. Witl= a fi=rther iwt'v'eas_,, the SelmV'ntiv_
l_asLnll!nLE._n!_l _a¢_m_n_]__L_e,_.v_J__ar|t_.ti._Lak¢_b__Bib and reat.tachiw_ flow characteristics be_in to dorv_inat.e, lqw air,

Because the maj(,v" l)r ivlfluewt'e iRc(mcentv'ated at the v'il), the ewhat_cevnent level c(ml,inues t(_ inor'ease and v'each an
it was decided Lt, delermivm the vav'iat.i(m _f the vwaximum asympt,fl.;c vrflue I)e(,ause of" the coral)sv'attic exix,wewts.

enhanvcement level at this hwalim_ in an at.i err+pl lt; explain Ih;wever Ibr higher I'v' Ilullls, (.he euhavwemel;t leve! hegin._ q.o
Figures 3 and 6. lriguve I0 shows the wm×imutu v_lues, (lecv'ea._e hecause t.h:: exp(_vw-wis fi_v'Sel)av'liv)l_ awd v'eattacl'_in_

(NtdNuplma x, aL the rib a.,aa ful|cti_m (_f"the iIeyvmhls numlvev' Ih_ws are less I.Imv_llw Imun,lary-hayer flows.
fi)r Pr = 0.71 and ?,I,7 awd fiw lhr'ce tubes wilh lhc p/e vnlwe _d"
10. For air, tim vnaxivnuvn ev_ham'tunewt, ievels in('vense (o _!_-_g_L_.¢._`Lf-_|_Pj_.._L_J_t-_]_e---_j_.h_!!_|._|_¢_r_!_q_¢
asymptotic values wilh iv_creasi.ng ih,.yn¢)lds nuvnl)(,r. I'_(, the The maximum enhanceme|)t level at the rib decreases
higher Pr tluids, the _naximun_ (.,nhantew)e;)l. levels First with an increase of the pitch or spacing of l,hedisv'upti(ms;
increase, reach m_ximums, nnd then decrease. The I{e v_ll_c, fi_v' however, the vnagnitude of this de(,rease depends on the Prandtl
the maximums (lel)_,nd_,uthe ,/'( ('qvnlue; tlm hi/_herthe (,/lii at=tuber. Figure 11 shows tl,.e maximum enhancement h,vels as
value, the lower the i{e)'vmI(ls nuvut)ev' rr,q_irr, d lhr' lhc a f'uv)(qi(m oFthe Reynohls v]umlmr fi_r tw() l)randtl wumher fluids
maximum, if the ,unxivw;fm e=_lmv:¢:_me_l-I(,vel vial:) simwvv {1_ avid the 02/1(;, 02/20, and 02/40 tube geometries. Nole lhc

.i
,1!_ ,
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FIGURE l l Maximum Evthancenlen!, I,evels'ilt. t,'le IA{!l fiw I'v'= FIGUI_E 12 Maxinlum i lent-'rrnolslbr Enhrtwcenlent iii the
0,71 and <,'.1,7 and for the Three Tubes with e/d i i)ownsl, renm llecirculati(in Regitln as a Functiml of

VabJ_._ of 0.()2 the Reyni,lds Nun:,ber I'm' Pr= 0.71 avid 21.7 mid
, the Three 'i'til)es with e/d i Value ;5 0,()2

almost identical enhancement-level valueea lhr all' bill ali

r_li .increased departure for the larger Pi' (iiiig. I I.e explnlial.lon is lt 'l'h_ _. thiclolesa _11" the I.hernlrtl llounctary liver
that the impact. (if the Iljliail'ealli rill dl_cren_e.t with lhc tlecro.lllar#s and tile telllll(_.rliLili'e, gl,_ldll_iil, iil('vetl,,i,,_
separation or elongrli,ed lloundary-layer devi!hlllnlenL' _'ogi(llt, due Iii, the Ilmr. iinllilt!t.inf4 t._',e Stll'['fico ilear tlm <_
tlowever, t,he sentitivlty to the ilerLuPbnti(ins lit the I](iw crll.i_ell reattnchnlent lluin{,
by the Ull_ti'_llin rib incl'ell,,:les with ali increrlsod i"rnndtl 2) The teliillei'ill.llre. 14rllilielit, is<hlcre,",se(! lille Iii t.ho.
number. . high levei_ (li °ttlr|lutlellt, e ileal" the ,.qtll'l'aCO. :_

For lower Pr fluids, the nlean the.rnlal perl'orinance is Exiiei4nlen!.nl evidence has been presenl.o.d by M()l'i and l)aikoku
dept3ildent ()ii Lhc pitch, although it has a sinnll ofTecl, lill lhc 11972) tlltaL delilOlistratol the lat, ter i_ the correct real_iln, 'l'hi_
thermal performance at the i'll), For all' and, t(i a lesser extent, point Call be furtller subsLant, iated with results from the
water, the contributions of the downstv'eanl recirculalitln z(ine numerical model. Figu,'e 13 shows the turbulent-kinetic-ei_ergy '
and the boundary.layer (level(qlnlent zones vvlnlte ii significant variation iii l,lie radia! direct, illn at varimis locat, iolls downstream
eontl41iution t() the nlelln l.hernlal lierfi)rnlance, 'l'ho inlluence (ii" frlilil the rib air the ()?_d20 tube get)nil;try, Note t,h.a very high
the Prandtl number iii file dinvnstreani rec'irculati(in zmlo is volues (if k + iii rthe x/e = 2.6 and 5,3 l'ltlllgo that is within tllO_
discussed next, downstream rech'culatio[I zone, lt will next be shown that the

hlcati(in ill the n laxin,:_m turllulent kinetic energy is near the
_lgr_m. al Perfo.r_r_!!!_!!_c ._j_!!_th@__D__O_l_.vl_LeLtrcl!!!!_!L¢._!rcll|_t_)_! Iocatii)n _)f the nlaxiinuvvl heat transferl
lie¢io_n

The second most ilnparlant contriliution to the tot.[li heat, (_omllarisons (ii" the lilcati(llis (if the inaxilntiln heat
transfer comes from the clownstream recirculaticln l'e_i,in, oi' transfer, tile rntaxhnum wall shear stress, the l'eatt.achlnent,

zone 5. For low Pr fluids, this c(inirihution is'dclmilmnt as shmvli point, anti the lnaximum turbulent kinetic energy _u'e now

in Figure 9a. This section discussed the nlngnitude and Iocati(m presented. The locati(ins of the maximum heat transfer iii the
of the maximum heat transfer iii the dmvnsLream recirculatilln recirculation region were obtained ft'ore plots siniii_lr to Figures
region, 9a and 9b. The I(icatiml,_ or l.ii_; nlaxinluni wall sllefti' stl'e_ and

the re_ttachnlent, lillints were (ibtnine.(i |'r(lin plots (if t.lie wall
Figtlre 12 shows (Nu/Nu,,) ..... ,'is ii funelimi _)l" the shear stl'ess similar til Figure 14, The wall she_tr stress is equal

Reynolds number for Pr= 0,71 t_ilClI'l_l'l ' ': 21,7 and the 02/i0, to zero at the ree.tlttchnlentil(lint.
02/20, and 02/40 tube gelinleli-ios, For Iiir (Pr -- (),71), the

enhancement level increases wh, h Lhc lieyniil(ls iltllllliel'; [i)!' Pr : Ji_igul'e. 15 shows these characteristic iengLhl_ eXl_i'essell ns
21,7, a definite maxinltlln again exists ns Ibr the lll.'?lln multiples of the rib height for the 02/20 tube ge(imetry, Note the
enhancement level and for I.he lnaxiiTluxn i_.ilhllllt!enlent level at location (if the it311ximuin heat trllnsl'er 1) is between the
the rib, This finding _h(lu _! ii;it lie ,q Slli'1)rise. Ali o×Leiisive reaL|achm_nt-p_lint It)tsl.ion and the Ii)cation lit the; inaxiniu!ll
review of reattaclling flows Ii)tit a_ld Nishiynnin, 1987) shear s_i'ef_s, 2J inovps t(iwards tlm tll)stroani rib as the lleynold_
established that the maxinlum iocrtl-heat-transfer-c(le|]]cieilt nuTliber aiid l_randtl lltllllber are incrertsed, alld 3) is iii tile
dependency as expressed by the exll(inents oil the ileyl_(llds nnd regit)n ofthe rnaxilnunl tLir|)ulerit kinetic energy ,_lhown iii Figlire
Prandtl ilumll'ers are ab(lut 0,67 lind 0.li3, rest)octively. As li 13 (#de in the '2.11 to 13,3 l'allge), l_revi(iuR exl)eriinent sttidies
re,_ult, the inl]ut_nc, o. of the I)i'antll[ liliiiilier i)ii _lie t.herinlil (il_iik,'ltn el. al,, 19_7 aiid liijikata and Mori, i9_17) lllSc)
perlbrmance in the ctown_treanl i'ec'ircllhlLi_l:l _(111oIs identical t.ll suggested that lhe lee.art(in (if' the ITlflXillllllTI heat transfer it_ iii
that at {he rib. The major finding _lf tlii,_ il;ve.stil4al.iml i,_ t.h_t, front (if Lhc re,ql.t_chil_o.nt plliliL find llerger l-liid lieu (19791
the mean tt,.ernlal |)erf()rlllanco, as (lislllnyed iiy Figures 3 liild (i, disc(ivered that the I(icati(in lli(ivot filrward with incr(?a_iilg
is tlm manifestati,,in (if i,he perf(irni_ulee characteristics l.hnt, lteyilo!(ls nuniber, ihlwt_ f:r, these si.tldies dici nel investigat.e
occur aL the two) points of iriaxiniuin heat transferr at the i'i!) find the inl]uence lit the l)randtl nunil)er _lti this hlciql.ion.
within the d(iwnRtreatrl reeircu}_t.imi z(ine.

Figure 16 is a similar p_()L (If the c hara_'Leristic lengths for
Two posslble reasons c,,uhl account fbr lhc I,elit-t.rlln,_lbr the 02/i0 tube geometry, The COlTinlon feature_ _lf Figures 15

enhancement iii the(lr)wll._i.reaill l'o('ircl_ll.'.tilln 7.rillO'. _llld 18 are the m(iverne_lt ()f the lllaXillltllli heitt-trrl;Isfer
h)cati(liil_ tllwartls Lhc ut)sLreain rib 'with iilci-ea,,tilig Pr aiid lie
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and these h)cal, ions being Ix)u,_ded li'()m below by the locations of
,,_ ' "- the maximim_ wall shear st,'es_, Ft),' the tubes with p/e = lO,

i ..................... ;" "_ the;'e were n(: real.tschment points, or the local shear-stress
() _':..'.....,I .(.,.., ._ ,,.: :-:

-= '_ value,_ did not I)ecome positive after the rib. Tlm authors weret,O

I uv;al)le to find any experimental data lo confirm or contr_,dicti¢ this fincli.*,g. The common belief was '_hat the reatt,achme)fl.
-(1.1)5 J l)oint always exists ,,mar the point of maximum heat transfer,

even fi)r pie values g,'eater tlm,, about eight.

Ali the i,nl)o,'tant findings regarding the intluence of the

.11.{ ....................................................................... _.................. Pra,)dt{ number o,, the thermal peril)finance of enhanced tubes
¢', _ _ _) I(1 I,I la with the sepa,'atio,)and reattachme,,t mecha,fism are now

/\xi;li I)i';l',u,,.',t..'.lt' Stlllllllarized.

FIGURE 14 Local Wall Shear Stress as a Fu,wti(),,,)fI,Itc, Axial CONCLUSIONS

l,c_ati,),_ft),"the 02120 'l'ttl)e(_eomel.)'y Some fl,nada,,,entalfix_tlingsah,)ut the influence of the
l),'a,,dl,l,,,,,,,l)e,',),,the the,'mnl l)ei'fi))'ma,,ce,)l'e,,ha,wed tul)es

with the SOl)aV'a'tio,_ and v'eatl, achmev,t ,nechn,fi_m nrc as fi)lh)ws:



r

1) Six diFI,Ltnf.(. _,,tln_ in._t, I., _.,on_idered IJll,h_ulzh Fl.me ni'r, ,!/( '(Jtlvei'Hl'u //_'_#r mir//I/ro, V, 71rm,_/er, ,'X,_MI _. _yJlll._._illll_ V_,111111(',
° fnr ni(:Ioiml,lrl,_nl,l,hmlulher_ it,ft.,lre.nlrilmli1.1,_l.u pl_.27-3.S.

: £he henL-l,rljli_Ibrl_erlllrmmi(!(,,

_t the fop _ui'Ibeeor uie rih nrel iiiLhe d,_wn_l.r_;n.il Ni_.4, i_i_.'32.._.7.
roeirculrlt.lml _,(lllo iii rv'nnl ,iPt+ll,; rt,ill.inehiill,,ll llllillt..

t'iilliliv(i,_, 'l',t' IU/(j, "t'ltldiiil; Ai) iii 'l'ulhllJc_iil I;lt_w wilh ililt'liillJJ_'
, _) Ali lilcrelltlll t llrnll(ll.] iltlllilJl:l' letlll_ li) ii l_ilJl,_illiit.hl] I:hlli('ii 'l'llJle,_,"//+'<11 '1#</#1,!I7.'##{/UTi/l<trtJi#lAi, Vial, I, NIi. 2, 1ill, 41.,16. "

illel'eft80 lit tlil_ hoilL%l'l, nAI}l ° Inlhr!n('e.lllelil. lit, tll_ rill. li')lr

high Pr Illli(i_, i,he menn Lhornllll I..rik.'llIlll.'e i_ Clle I, I1,(',, llll(I 'V,k.', I'lllt'll 1114,_, Neilr-Wt$11 'llurh'illelwe B,lu(lel,_ r_lr
(loinil_f_Le(t by'whnt, llrtplleli__ll, l.he rib, t.'(_lllliie;.'. I;hlw._ 'Including., _ellill_lli_.l," AIAA ,Ir_i_r#ifg,, V(ll 2.'ii pl l,

('vl I -(_,114.
4) The lneiln t,hernlltJ l}Oi'lilrinnllee _×llihil,_ I.he. lililil,

vrirlrll,iilll n_ t,ho illlllillltllll e.lihl!n(,(Uil(,iii..l(w_.,I Iii. iii(,, i'lil ('hvII, I%1.1(. ill)li V, Nllilllli.illn, li1!)1, "J,(It'lit !1(,;11/1%111#_.f'l'llin.<ller
wilton lllllt.lt_ll n,_ n I'llll+'lilln lip thl,. I'lnll!J_ll(',_ Ill,ylll,hl,_ l)J._llillulJ_ltl,_ (iii Ille _lilJtll.'et iii'li \i_'ltlJ _Jilllilli'lJ (!lille," A,S'klI'.',IrHIIIIIII

IltllllJler, 0 t . f![ Ii#'ul 'i'_(In,_/7'#, \sid. I 1.1, lip, 14,_i t_._'#.
.

iS) 'rhe )i_.lll,-t.rtln_|i_/'. liiitxiilltinl i1', .thl_ d_lWll,_ll'{_llili JJlw,_llll, lJ.A., .tj)Iii () 'J'lllf4_, J077, "PvlllS_ 'l'rlln._J'er 111 l_lliil_hI 0 ,

rt_.Cil'elllli'_.illll _,(tl_ illiIVt_.l IIiWIlI'II I,li(' rill wil,ll Ili('l'l'll_llll_ _lllJ'llt't'S." IIllPlllllli, lllfl/,l#lllllllll ,!lllr'_ll ,"lll(I _1¢.!,1',1" "/'Ill'LI:li'l, Vi,I. I._,

IIo._n(lld,_ rn'_d lilnnlll! ii111111,1,1_.'i'he htel_llnil i,_ hl, lwl,l,n i!11. I tl?..13.tfi. '
t,llo reltl,!.lleh!lll, lit, llill_ll Iii)ii t.lll_ Illli!ll. lit" thl, IIIIIXiilllllll <
wedl i_Jlt.'itl' _tl'e.,_l,

IJil_llre) ,, li,ii., iii)ii R,II, Si_lieisk)', I!Hl._, "llelil _lit(I Mlilnteiliilll,
8} 'l'h_ iilllll(}lllJ( _. Iii" ii,, J'rlul(ltJ iillilllll,r iii) li)t, IJll'riiil!J 'J'lllll_lt'r III _lllit(lili Iii1(I Jl{ttugJi 'l'llJit'_ 111 Villillll._ I_lllll(llI,NiililllCl._, '

])err(lrlllnll(.,.o iii t.ht_ (JilWli_l.l'lHlin il,('ii('illlllllni ?,llllO i_ Jtlll'tllllll+l/Ifll,,lrJtllttrllrf[llf'(ll (lll(//l/(I.,;,I "l'lilll,![7't, ¥11l. lr;, Iii l, .1ZI,I "t,5.1,

idml[i('.i_l Iii l,hlll. til, {,li_.Hl:, (lllwon, li,A,, Iii)ii .I.\V; Sl)Jill), 19614, '"l'urhulenl lie)ii "J'lllli,_ler Iiillil

7) 'rho ('llll_O (lP ' t.he henl..l.rnll,_li, r ilil!lrlivt'llll"lll ill th(' _lllllt.)lh li)iii Rilll_h ,_illli'lll.'t'f," hllf'llltifJfHIfll ,/rlllrllrll rf/lit'iii I111<£ i_ffl,f.l

(|(iWil_l.ro<'lni lot'ii'(llilllti(lll _llll! i,_ tJit_ llit;h turhulelit'(, 'l'r(lll,if_fr, V_I. II, Iii I, I(G7-1(i73,

leveln neRr tile ._llrlh('e, I Ii.iiklllll, K,, Ii. I._lli_lli_l, _lliil 't'.. I%1(.)1i, 1_)I47, "llelll 'l'lltlisfer

8) Two :.thlil, i_tn_il ;lillxiniliin,_ (l('(,ilr Ill, llllf_e rmil_llile_!_ Aii_lilenll!li(rln iii ii I'ille I;lllw wilh ,_lill,ulh {"lilt'li(le 'llll'hllJence
I'i!_lt_,.llel_ ill)ii il_ Atlllliclilitlil lit _.11('1t_,(._lllivel._ittli," tle_h 'l'rcll!,lf'e,, iiille)'il(ll(I._ iillliiJ)i_l'_ iii Ilie f'l'lllit, i(_('.iit'tillllinn l.lllll, nll(i iii) ....

t,ho l'eflr I'nee'lfl'l/l_ rill. Ili_h "/'ei'/lll<llrl_.l' lIHf/ P_L'il'p/' I;,'II_iII(_CVJII,i_, l_(i,_, W,.I, 'l'ltll t lllliJ ¥,
I%l(lli, ! lelili,_llh('ie i"ultlisliiiil_ ('iil_., Wll,_liilil_l_ln, I),(I,, lip..t6_t..J79.

9) The hietili(in Irl" t.he rotl|.llli,.hlllOli|, li(li)ii, iliiiVt,R i,lll._l,l' Iii
t.tlo rih wilh in(,r_n,_inl_ ll_yli(il(i,_ iililnhor. I Iijiklila, K,, lind Y, I%hlri, l l.l,_7, "J;uIIdllllleitlliJ ,_,lillly _lf ! le!ii 'l'ilill._l'_'r

. Ai'll_nleltllilillii iii '!!11i(, lllsi(te Siil l'.lce Jiy (.'.ll._t'li(le ,igllllilllll _llllrll(,e.
Tlillluh, ncl, I'll_lli_ll(li,_," It'r'/;llilf.lmr/ ,_'li!/._/fihf'rfr<l_lln_l, Viii. ?l, llll.

, 115- 12,1.

IiI",i;I_IfiI_INt'I_S Klllil_in, I{.i(., (I,/\. I)iiel._t,r, S,A, 'l'lllkJi(I, li)iii V,A, Kil,_lliilill,.,
197|}, "'llie lixlleliiiieilliil ,_lli{l_' ld lhc !le_ll 'l'ili_isler IlilCl,_silit'iili(lil
I.Illllt'r ('lm(lili(ln._ iii i:(lict'(I ()lie Iii)ii 'l'wl_. I'llii'4e I;hlw iii ('hliniiel_,"

Jrlllllli, [1, lllld "1',.1, I_lllllis,. J99211, Jll_lllilie NIIliliilliJ J,llJlllllll(iry AIl_lll(,lll(lli<lll (!f('_tlll't_('li,_'#.! iii'til iitl<t itllfl,l',l 'F/IIIi,IJYI', A_gl_|li

Rel)llil, liilltlil:lli_lielJ hil'lll iniilhlil. _),iiitlll._ilml \qiluille, lit ;, lt_t-ql).

Arn)nii i1,, li)ld 'l'.J, l_lillllf, 1991, "lhedicliun uf )he I'les_ille i)lllll iii l_e(inill(I, il P., 1979, "A _llllJJe Iii)ii .Ac¢liriile, (.;'tlilet'live _l(l(It'liilt_
)'l'rnnsver_e, Rellelllel.l-I_ih "rillte,_ wiih Nullieli('lll Pil_l(lelhig," Fr_u/i#l_7 i'lllcedule Jlili,_e(I (;ii I,)iililh'liliC-(ll)._llelilii lilleil.I)llillllii, ('rully_tfer

ii/Iii I _'llll(lll('(flll(_lll IIIl<'tll('lirUl,t, A_h.lli I I'1 I.)-Vul, 16,1, pt I. q.t.0tl. Ill#'lllr_(I,s in Alipli('d kt(,f'hrlnic,s cird i_.'ll_lll('erill)4, 71ii, J(_, lip 59-I;14.

lliili_lili, J,W. lind J. I_l:d),, 1792, "l_i,llhi|nc_(I 'l'urllulenl I lelii "l'llUi,_lt'i
iii (.;ii cilhir lille.lt wilh 'l'illii,_vei,_e Rihs," ll:'.ller i(_ lie llle._(,iilell iii lhc i,e_vis, M,,I., 1{17.51i "An I._.leiilenlllr) , Alililv._J._ llll' lhe(lit'liill_ lhcPi|(tllie'iililiii- li)iii I lelil-'l'llin_trer ('.hlirii('leli_lJt:.s'lll" i ly(hniiliciillv l_(:li_ll
Niililililil I le_ll 'l'liil,k_i"er ( '(mlelellc'e, _tlil I )iel_(_,AIl_11,_l !7-12, 1992. ,_111Illt'el," A3"/llli lr_mnrH rf/lh, ni 7'rr_n,!/i_r, V_I. 9'7, lip, 2,1!1-254,

lliili_hn, ,I.W. li)iii _. Yltti, 1902, "l,llt'lll I lelil 'I'll)liSle) I_lt, li._l_lt,liituil._
iii _(lliliie [)tit!Is, wilh 'i'liiliSVei._e linll I)ililyinill RiI%" llliltel ' Iii ll_ i.ewis, P,i..I,. It_7.511,"()llliiliiZiii_ lhc Tht'linolIv(hllllli¢ l_eri"lilliilince (ii"l_(iti_ll _liii"ltc0,_,' #,lllertl<llJ+_lllll ,#_lfllll<ll ,:)/' Ii'e<ll (I#1(tMll,l,l 7'Yrl#l,lJTr,
llre._eiile(I ill Ihe Niili(lillll I Ii, Iii 'l'i illiller ("l-ii(,le)ii'e, _iili I lie_t_, Ali[tu_il
9-12, i992, V(_I. 114.(lp. 12,13-12414,

0 _

Bnul4hli, J.W. linll X. 'i'lln, 1991. "An l,i,_eiik.i'l'ecl.litlue llsi,il., llle Mendes, I'.14,S., illltl M.II.I', Nl;lurici_h 19117, llei, i 'l'illnsler,
'l'i,'In._ienl l_lell.ld wilh l.i_luid (.'i._'sllds I_. llelll 'l'imlsler l_leli_ult'iilenls lhesslile l)roll, lllltl linlillncelnenl ('liilr_Iclelil;lics t_f llle "l'llrhulenl
iii l)ucls," l;(_di_ culd li_lhum_'m('_r hlr_._(u'li_i_i,,,, A_Ikll!, 11'11_ Vi,l. "l'lli_.ujh Inlelnlill), ll_il_l_e(l 'l'ulles," ("r_m',_'_'lil,e "l'rm_,V_r_rl, ASMI:. 11'11)-
164, pl i, 77-114, Vi)l, 142, i_ii, 15-22.

Berger, F,P,, mid K,I:, I:,-I_, lhlu, lqli4, "l._,c_il l_II_,_,_/llc._il 'li_iii_i"i'r l%h.i, Y llli_l 'I', lJllikllkll. Iu?2, "F.llecl i_f 2-1)inlensi(.llll l_lu!lhnes,,;
l)isllihuli_in _.i Silrl;ices l_._lupllened wilh Siillill ,'_tllllllt' Ril,s," (.I l'_',.ed ('_.iveclive llelll "i'i[in,_er," ll:Ul_:li,,i r!f',l,_klF., V',:I, 15, N_i,
hilermili_irfl ,h_lu mU _!f lh'rll _mrl _I_,',._ "l'_r_.',/i',, \q,l. 2;, Ill i, I (_,15 9(I, (lp, 1514i ! f_i)(l.
165(L

()lh, 'I'. li)iii II, NiSlli)'lllil}l, 19141, 'A t'_til(_lilli_lil ii! I_llixiililini
l]uic'k, I-., 1071), '"l'he Inlluence _il I"iiliilhl Null)lie) iii) Ih,_il '! ,,iui_ll', 'l'uiltulen_, Ilelil 'l'ilin._|'er (.',.leflicieiil _;ii I_,elilllit'hnielil I;hlw l_ellJllii,"
81111 J>le't_llfe I.)111I) _lf Allilichilly I_!iil_helit'll ('hill)Iii, is,"/_ll_l'l('lll(lli_lll hllPllHIljilll(ll ,/<llllllrl# if[ /#r'lll <li)l#' kf;ll,l '/Tr_l,_fi'r, Vnl. t(I, Nii. ii,
ii/('.'f._lli,_Clii,_ Iie(ll rlll(I Jtll.l,l '/l,lll,_fi,r, ASMI! ,_),liilllt_illili Villi)iii),, lip, I 1!)3-I 21it).
pl ) . 27-.'15,



, ,,i,,,,lh. ,,illl,, iii

Palankar, S.V., lqI_(l,"Nuluclical lie:ii'Il_m,_Icland Iluid I';h_w._:' tested flyWebb i',Ial. (IRTIl we_e u,_:,dlo cnlculnte the t!i/e_
" Mrc(iraw-llilI.New Y,,k. with IhP'nl,w_,_.qlml.i_mu_inf_a llhll-n,ld._,r,or procedure, l,_e._t,

lhc mgnd.i_rnin r,ughli_,,_,rI{eymdd._,lulnh_,rwa._ cnlcldaled,c,"

" Pah'tnkar, S.V., C'.II. l.iu, and I{.M. Sl_;UlOV,', Iq77. "t.ully I)evehqwd e._ _ --- _%ffMillte _lJ_

Flow and Ileal Transfer iii l)uc't,_ Ilaving Su_,allnvi_¢ Peii_tliv 'l'ahle 3 ellmllari_,_ tlm elliciPncv-iildt"x valuP_ .blrlivlod
Variations of Crors-Seclional Area,_'A.SME.tommd <,/lh'al 17,m.#_'l. with the ni,lye metl|_d, qB,uet_, with tIle vnlue_ obtained fl',mi
vol. 99, pp. 180-Ig6. l.he exi)erime||tal dnla ,rf" W,,hh et al. (1971) qEx-. Note that•' I:

_.dmtnntint t.rt_._ l.xlrt, ft||' somP ca,_,e,_by nlmo._t _ t'Rct()r oF t,w_.
Patankar S., and D.B. Spalding, 1972, "A ('alcuhlli,,n I'l_,,cedulc li,[
Ileal.Mas.rtoldMommllum Trallsfelin "lhree-I)inlen._ionalP:ilaI_olic

FIow._,"/,wrn_,iffomd.hm_md,.¢I/em am/k/_i._ /_,mqiv. V_,I.15.i_p.
IgI_7-|9(F6. 'lahle.I-t'¢,n|l,a|is,,n_,fthel;xl,eliule,11al(\Vehh el_lJ..197 I)aral

l'ledi_:led (Iiulck, 19/{l} Ellicie,|cy hldex Value._
Peiukov, B.S., ItHl). "lle;il Tr;In,,;fer ;lilll l'lielioll F;icl,, iii 'lulllulcul

Pipe Fh,w wilh Variable l)hv_ical l'¢_qu:ilie._. '' Ad_mni'.s i_i lh',it ......l-',............. i-i; .......... i ...............(-.,I/T_........... _ ............ '-lli-,,[k......... '-lli,j, ......
Tran._,fer,Vol.6, pl_,5(LL564. I.i,e ,l:u,

71 f,INlll III l,i II.12l,'2 _ I 71 11147 nlll

11 llX llill (1161 il?q Ill I I )2 1_t _'_i
Phillips, R.E., and F.W. Schmidt. lqlilS, "Muliigrid 'l'et'hniqu_ l_,i the ._i .,,,,, ,i?,,;_, iv_12 _lgu_ q:,s _._
Solulion tr.i" Pr,;si,,'e ScalarAdveclion-l)illu_ilm F.Hu;:lil,i'i." ll';,rlGi_If'lifH/ 5 III f_i!ill lll.lil lIi214.;_ 21111 I I_I 1411

ll_at Tratl._[er. Vo[. R. pp. 25 .l.l. ._i,, i=-,,, ,ill| ,iz<,_ tl ,,,, l lllv rll

71 ! ,. f,l_i_ Iii lo I11._II? 2,1 II ; Irl/ I ci114
Rabas. T.J., Itltl_ "Seleulion of lhc l_nelfjv-l:.iIi¢it'nl Fnhan¢'elilenl 21 Ill _,lililiO OI6i 1170114 ;t: 22 I .Till l lilq

GeOlllelrv for Singh'-Ph;Ise "l'ulbulenl l,h_w IVSlde l til_t',,." lh'dl :t ;_i _,,_,i i,:io l_Pl',. _l,li_ m_,_ _,s_
TFfllL_f_'r" Fqllip/tl('ltl Ftlli(h_l_N"/tlal._. ,_)_'.si,l_:t. ,'l[Y_l'_ dH,,t_ _lml #'l/_¢"l(llillk, 1! ¢._1 t;lii.I Ii# Ill lH?R2 20 ;i I l_tl I H(i'Ul I 60 lliil;ll fill': I il IU III 71 ?_ I ,_R_ ! _2 1

=_r<.dp/t'l_;.%ASMI- ll'l'i)-\qfl l(Itl, pp 11.1%-2III. 3lx,l.i _¢,ilill .lieu2 .12912 .'<i19.0/ .R,lll .72,1
I lihr il;l,lll

.... , f,ilii_ I |l?(ll IOltl 1.11146 r_ll '_711SIIVA_C. l.)t.\\:., allt] .}Jt'{.. ril.vt.'!S. Iti6:_ "lhe l:flc_'l of .'\ilili_-ial Sulk_ce _ u,,,,, i _,,, 2n,,_ _l a._ ,,,ll .i_i
rOtlglllleSs (111lle;iI alitl [',l, llllellltlill, '['lO,ll'_(('r." ._;l( "J;l .h,m,,,fl, V_d. q. _, _,.,., ,,_ ,i_ ,,_I_,,, i,_ _,,i
pl._. 69,1-7112. . ., ,,i ,,,,_, i,.,,_, ,,,_i_ ,i,, .i, ,,_<, rl,_

.t, Ill ]llltlill lilll2 _/lllli I I ] 1112 _'iff (i,il 7
_I ill ¢/li_l Ill'LO lqill I_.II it, I 121 I (W_q

Slllilll, J.%Id., alitl i_.A. (Jt,wen. 1965. "lle;ll ila_i!_fC'i I(llit'it'lit')' iii 21 su ,*,,_ *I_,2 ,',mn_ _i I_ ,_6 ltll
R.otith Pipes III tlil._il lllallllll NIIHI]:cI +' .'l/If'li/; ' ./,li/;lllHi I. \'tri II pi , _i niii._' ill';li IU!t7 I)'14l, I it'll I 12f(
94 1 tid I ' ._)_-#_,i_!........... !i_.t2............ i! {92_........ .ljuLi'....... ___i.___!........... '_JJ1.,i_L..... .ll.____......

• " I lllilP (.Iii.Ill
I I f,lllll I li I_fl ,tll'_ _ ('2 I|ll _fi(t fill Ii

TItlI, Y,K., linll J._,V. Xi:ill. ll,IN*J. "hlliI,cIl['t' i,I I_l;tl,,Ill Nifillltl,i lit 11 liiil_iit i'lL _ i.>,_1,, I.)q 11 ,,'li f'l_,
71 tillll I t 11!ILl _l117') 'tl.I Ill q;l! -_?I

Phli(i Ileal 'l'ransfer (711alac'.'eli_lic'_ i_I ,Slfil:llly ('_,iiulZ;tlt, d Iubt, c.'" 1Tw _ 1_ 6,,,o , .tin itltl_l ,..:..m l il_2 lU16
Flilll"lh A,I/II/I ('lHl_ltf'S.l ¢ff.[/ltigt Jttsf'Jlf!t|lt .ll. '_[llll!_. I"_.ltlt_2 _; iii litllll lll2tl 2 I?'112 I.>O "¢ _llll l¢,1

f iii _lflftlll lt;lilt '_1 :_,l .li,t ¢,f, f I 2 _ll._

V_ll Doornial. J.! _, ;I.qd (;.l). R;lillliiy, fq_l,l, "Iillll311ccliiClll_; ill lilt" 21 ;ii <._.., ltir6 i_,re/ i,?<vJ I _:r, I ll'i
• ,. 21 Ill liilill I,_I12 ,17_I: 12tt 11 1.122 .9;I

SIMPI.F. Melhod For l_rcdicling Invlulg_c,._il,le l:lllid Fh_v,.,_. ..................................... T;iTiT-iT77iii.......................
Niunerical l/ear 7#,ii,i.#i'_. Vnl. 7. iq_ 147.16;1 _l +.,,,_ ,ii _l ,I,,_ t _,_._! r<,,_ ca_

tl tiel4,1 (ll!l iII 1¢.1 ti,I 61 iRI # t';1!I

Webb, R.l... I tiTti.. "'lo,.Vald ;i ('Itllllllllil I }llllel,.lilllllill_ {ii _Jlt, !itl i_lllltlilllllll IiI1._llll'q it_i.Nlltll_itllltllqll'lillll_'ll 611f._O t22r'21
I:lelf{trlllallCe ;111(I,_elei:ii_lll l!f i_llt.l[._hlit'kc I_tl l:(tlt¢d ("_ll_t't';i_lll." _ll_ _#_!l nl_l itt,d;I 21,1i I It'_ 1111o
•.¢tlllt't#e,f irl Heal ]#atl.iJ_'#. /l /:¢'_1f¢111Ill #_l_ /. [¢ (; [. ¢.1¢.#t. t't] .I I' s,iii lli41,_ l!l_;i ,llt_;i lr 61 I lIR9 92fi• 4, Iii tillitl lilGi_ I1_iI1_.II1 llli It,_ ttil #,1,%
tii_rint'il. Ilemi_;id_ei¢, _lftt;t_;lii_lltZl_(_ii.PI" __ 17_ ,'3 1114 , if li..... •c _ll ,ill f,ltlll II[ 1 I ilil:, t .l<i I .

_1 111 llltllt III1_ I ltllr_l II (l'_ I _1_1 I .ll_ i

Wehb, R.[ .... E.R,(;.i!ckell, liiid 141. (hlhlcleiil. t_HI. "lit'iii ll;lli_Jql 21 1ti t!ll!ell li.trit; t!lli_tt It11#,I 7 U,%iI (_lfl
f,,lll'lli (lr(|| (1t_',fl _1 |l I 4.1f I _IHI

and Fricli.u in "l_,t,e_ ,,,,lth Ret>c;tted Itit, Ri,_Ud,,ic_,.' /,,n.,,,a,,,,,,/ ',',',3: ,,,,,, ,,,,, ,,,,,, ,14,_; _,,,, i,li
Jollrnal ,!f/leal ¢llld M_I._.I7111,_',,. %'1,1 1.1, pi > 6111.o17 . )_IA_ ........ .]i_ _!;._7 ........... (!¢t}L_i ...... .2i_:!_j __f !. {:_.7 ........ I _ll : ._,;>_

I it|tC !tt +111
! 1 r_. _ 0 _'._2 ¢,_Ir,II i _I ii I.u '_I I _IV_
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APPENDIX _ Ill i,,,,, ,i<,u : ',,2 ,ii I:li ,,i t',u .,.iii,
_I ,_.ll 4,1111) t1_,_._,_ /,'l";E.i I[I 1 Idilt_ .%.21

Thitl aplnendix explains tilt, In_thli, I u.,;ed ti_ in;tk_, lilt,
COl'I'IpFlriR(lll Oi" the efl'ieienc)'-illd_,x vltiur,! llr+,lliclvd l_v liiP
eorrP]lllion of" Iturck (I.q?f;, with I]u, r'xll_,riliiPli|rll dlll:! iii W,,lil_
et al. II97_).

The eorrelati,n prop,,,w,d Ii>. lhlick is ;l_ t;,il_,ws_

I1 = 1.25 - 0.32x lO'_ln_Ps_ + ) -, h,i_i_ |'_P :¢_"'"stz _ :' _t*_t

In order Lo calculate the pf|]cit.nc) indt, x. ii,, _:liill 17r;lill
l'OLll_'hill_ll,q _iPyllO]dt IltllT_|I_-,r, e_¢ 4 , i._ rig,iii r,'ll 'l'hi._ _.lii_llililv i!

obl._I1tnedwith tbp tr_)lhtwintil cnh:'tllalilln lllllcv.(]llr+ , Thr l]i_t _ll'll
iw h'_CMcul_le lhP ._m.lcl-_ninr-u_hno._ u_ii1_thf I_Ilv1,11Lflt
frictlon-raclor equati_llt

f --- 1/12 h,p.tdi,'t,_l _ _ , I 7,11:_

The mea,_ured lrriction-{aet,,r vnl,.it,._ fi,r :til ,,f Iii,, lui,e i.,,,,,,l-t,il io,_
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