
Mansoura Engineering Journal Mansoura Engineering Journal 

Volume 31 Issue 4 Article 17 

11-23-2021 

Enhancing Mixed Convection Heat Transfer from Multiple Enhancing Mixed Convection Heat Transfer from Multiple 

Protruding Heat Sources Using Inclined Obstacles. Protruding Heat Sources Using Inclined Obstacles. 

Mahmoud Awad 
Mechanical Power Engineering Department, Faculty of E Engineering, Mansoura 35516 University, 
Mansoura 35516, Egypt., profawad@mans.edu.eg 

Gamal Sultan 
Professor of Mechanical Power Engineering Department, Mansoura University, Mansoura 35516, Egypt, 
gisultan@mans.edu.eg 

Waleed A. El-Awady 
Mechanical Power Engineering Department, Faculty of E Engineering, Mansoura 35516 University, 
Mansoura 35516, Egypt. 

Follow this and additional works at: https://mej.researchcommons.org/home 

Recommended Citation Recommended Citation 
Awad, Mahmoud; Sultan, Gamal; and A. El-Awady, Waleed (2021) "Enhancing Mixed Convection Heat 
Transfer from Multiple Protruding Heat Sources Using Inclined Obstacles.," Mansoura Engineering 
Journal: Vol. 31 : Iss. 4 , Article 17. 
Available at: https://doi.org/10.21608/bfemu.2021.206159 

This Original Study is brought to you for free and open access by Mansoura Engineering Journal. It has been 
accepted for inclusion in Mansoura Engineering Journal by an authorized editor of Mansoura Engineering Journal. 
For more information, please contact mej@mans.edu.eg. 

https://mej.researchcommons.org/home
https://mej.researchcommons.org/home/vol31
https://mej.researchcommons.org/home/vol31/iss4
https://mej.researchcommons.org/home/vol31/iss4/17
https://mej.researchcommons.org/home?utm_source=mej.researchcommons.org%2Fhome%2Fvol31%2Fiss4%2F17&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.21608/bfemu.2021.206159
mailto:mej@mans.edu.eg


M:JnSOUI~1 EnS'llccn ng Journal, (MEJ), Vol. 31, No. 4, Otccmbcr 2006 M. 69 

ENHANCI NG MIXED CONVECfION HEAT TIIANSFER FROM 
MULTIPLE PROTRUD I G HEAT SOURCES 

USI NG INCLINED OBSTACLES 
4u..tia)$- f'~t,. ijh~)p. j J,..,a...s. v-~, ~i.J~~ ~ 

MaJlltlflllJ M. AWe/d. GUlI/uJ. t. Su/Ilm. (/11</ Wult't!J A. £1-A " 'UlIi 

Mechanical (>O .... '(:T Engineering DcpiU1mcnl. 
Mansour.! Univcl"$ily. Man50LlrA 3551(1. r~pt 

I:m .. il. sisultan@miln~.cdu .c;; 

:~ 
o.,.J....-l ~ ~ ~ . I~ '++.,.~.;.& ..... J~\ . I~;j.....-J~""""""'" ........ , l.,..1- W ... ..I-oo> ~ 
.A , 1,HllH-;~ ,eJ-WIJIlo:..-~~ oJ .*'.,..I ~'.i).I <.u .... ~ ~ "",;.L'tl .I..o+'tIl..I..,oA.~ ~ .~J 
..,;w,W~~~J .oJ)"" ~J.I.,...i .IHl oJ .......-loJ,JoJ ~~ ~~ ... ~~~J;"j..,..,~ 
UfI ......... JtUlj r-' . J.t.Io __ I • .;.~,.... , . ..... :.,;~ ~ AA,' • Fluent 6.1 ~ . .... \.fJ' e-"~ ..... ;~ 
, \ ,.' .;.fo!.:At ... """,;,,"-tJJ ":'''''''H'':''' ,-. \ ...... ' .<1 .;.., "w <I J+O t I.CJ ~J d) ~ ..........., J':' <1 --' ;,,)~, .~ 
.u~.:.!...o! .uJ . 2.10' ",.l~ w. ~ ~ "'.,..lI.It .-lJ~ .Iof', • ..,J u, vH-- .;.J,;~ ,..i) ...,.l:J . • , .r · _ , •• _ n .,0_ 
l.i..l..'..,I..wJ )j~ J.lil~",.» 36 .• - ..... ..:..;;~ '-tJj~ oJ j~ """"""tI.C.Jvl ~ t ...... ; ;",....:,...,.~ 

.t...:o.;'~.)',ol UW .IJtl ~"'J:"J,-J: ~ JJ.Jf ...... 

J.oI..a.o.,..l L:........: ~J -"I.Il ~ ~ 0J""'- ~,)A,jU t V;.) ~ J .'J+'~,.. Jt....1./-}j '~j.t o..l ~ ~.u, 
~ ;)J-AI JlO.l Jola...,.1 ~d ~,~~.uJ .~"""'.,J o..U.' ..,j.tJ 153.14%,,;... .Io...,u 1; ....,jll..I 
J.O,a..I v.;.....'1 ~ ~ N ~ l..lU.Io uo.L:.I ~.,...:t i J..,j ~;'),....u Jll.' ..... ~ V" ~ . 'W'~"" ~ 
"~Jvl""' ''~ tU;j ~t': ",,... ..:I.f+ .... J,..y,i.,. w-';':':") ,J)~ .... .o1 ~ ~'1"""',w I;~ J.W 

36 5 w "w ~ ... ,J,o ... Jj ~t-",, )...w ~.,s ,JAO.' t\O;j ........ JW"'~H.l J ..... ;.U 

ABSTRACT 
ul'u, __ ' ",.n "'_~-' ,,""\I~(>I ' ''''' or~ ~", .. "",kJ,<> ~, ... h· ,I ... ,_, "_wr ot.m-¥""It',fj of t l .... ·,'f)not 

COO"pnM'IIJ fly r~-rt< '"«t'"1l IN ... ,. flOt~ '" I~ ~,"".,~ of IIJ:. :W(lf lit .. .,. ... . ,,,oJ U" "W~ hot" ...... '. ,rW',. J'Iht >I,,J,o 

S;IIw/Owt lilt tl«l~ <VJ"'PfJntlllS IU (> ,''' e,' Mill ._.·u~ .. -htrlt ... ,-.,,0#01 '" " 10 ... , : .. ",,,1 ~<"rI""l('oI< .. ",_,,~/ 
'I'M flOV' # ,.,-di~«"d ,o lilt Ik.Vlf .wJIII'I.·t~ 1O" 1g "v« It.d.""" oh .• lu.-l~, ,.".. .... II,.. Ior1Jf ......... t . '" ",-.J,." It> .... ~,., 

"ilt /lOtI 10 ~" lilt cloMe/ """1/), I'I:JlIOtU cuwJ ~,., _"'s "''')(0,.'(' J".. ""lltrI't(Y,/ ". .... '''11'''''''' '.' ''OI''/''<r.trJ " .... '.11 
o ro_rtlul pDfluj; .. ~F'.( I";JO·I1/-. TIll! ~tll .• OW<"eJ ,/".~"lWIU "',. I S .~~ ... ,ohlo. J . .... /f";.:,1t ",oJ} , . .,. "",~II' 
,.,j,1t "lPO''m,IIl'T/wll ,II, Itc, • • "","(' .. ",,,,,11 -.J dtt"/lfl:IItc«k,; pry. If} 1 J 10 " ""tI J.'. lit " h"~ , I,.. "Jo.<U'/:!~' 
i"c/j,,,,,iOlf UOI}1k. "'1! 16.S". J6"' . .JT . UI'Id S/ 1'. fJ.: Ht}~!IlIr6. ... ,IIIk ... I .• ""'j.;~ ,,,., ~j" '10 IIJJO , .... 1 G.mJt~ 
__ Ilwr is f Ind III uIoolli 1 0 JC f(1' ""4 ""'/), ;, rnrlf<lt:d ' f! ""'t.\lq:.,., .. IIIe r/ko.~ .., t;1ta"""I MIJl.N ," fi..nI i~lwtd 
ob>4K'W ' III!l.t .. of )(0 9" QII 1t<:uf ,rurt4w1' clwoncNrlU". Ifftik 110.: 1rl:4M .\QfI' h" /w,t;.:111 I. nllm • .." 110; pt"(u ...... Jrop 
til ... ,,, lit,." sc>urn~ /1'01"_ wJ,1t.. ~lIlNd ob.Jj«/~~ Is " /SI' Ht l'rIl'I!,,«:rl 1"Iw IC~""" III, .... ,Iwf o~ t/Iu.orlot 
oo.,1r 'Of(;n!(OCWI .... "M_I M;J/.'" Wntua'A (hf lltltt ~I";" ; .... ~"'w.II"" 1,,:uJ "(1' .,.-('''' r~' I/t(' Ihlt.~ ~(" l Cff.rt.f 

ill"'~"."" 1111</ I! ' "" . 0" ,.."11(_,·" .. ·.,, on II", """1."." .\.".,.,,../, ",,,,,,,.., " I' I .. I JJ 1'Jf. I, .~. " "/It\:.I I"''' N.I''''' ,.nlllA·/ot 
;''''/''ou/lOl1 ""Id~ II. 1"1'., ... , lho.' , ... -"',,'1 .... " ~,,,."l' ''' .'01'/0, '" I~,,~ • • /ro.' ,,,):,,,',, 1"·/,, mJl/IN" "O/(lfid .. ,1U ~. ''''.''llI'lr 
IIIIj!fI: or lId~hll'u/1(O '''''''''llh!a. Ihr pr<fU' " ( " .... " " ....... ".,., " /.""1") II ... · •• ·,uI .... I", .''''''' ,1,,,,. the ""'"'' I4.·rI''~''' "I 
,lit OWl'lIIt l'f!Ouch ",,/ftbu,br: 10 IIJ1n, ob.1I«bt\ (n.):ltl;3 ..... -.. .Ita .. , I.,,/(ue· ,,, " ... · .~uw.j/ Hr.I" I) /th /tum"," (01 
"it I(l/!W co/uu",1d p_,Ii. potter 1>00 o!"'p"INH <C(Jlrdal;01U /0. " "'<llJ«' N''''>tII, ."OIHfo'I, ~ I' jo'n<'I/OI' of 
Nldlwd.101' ,,,,,0lIl<, Imd u/IJIlldr "It·/lttell,,,,, UIIllk III" "..,s:IM "If'" ",'( ,JJt"j, .... II;~ ,.,.", /,.llIl '''H' "'. 

Kf)""onll : EI~ l rQIIlc cDoIi" l: . poOt • ..,dll>l~" 1OU.e.;,. ''''''1 Ifan,rt. 

1. INTRODUCTION 
l)uronr, 1M hilt ckt adU . the t'tnd '" d",,' runK: .".1 "01<)" 
hal bf:(n 1O",."h ,Mm"hr, .ut'o .. . .... hieh It;r~ k:;MJ II) an 
iK/'CU( in p$hac·Ic~~1 hel' fllll.t~ .. hil~ tbe 
'~mpc"'''~ Ii,MI 1la>'C rc,..." noed uoc:hanFoJ. A~ 
....... ndi on lhe ~MCC "nd pM:~a!l'n. of 
~10( ' roDic ~blin conlilluilly .IICK....,. 'he p-ob/011 
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ofthc. " ... 1 ",~ ,,,,!>~,,, .. ,t hC\.onou tl lf'l~ ~h ,'" r",i,,;,:. ",~ 
.mpa<.1 ..,1 thc "·"' I"" . H" r~· lUI ~y.t~'I\l , di~ h "lty "a~ 
Ih" ... " ill . ",Wl"\ " "' ~' 'l:I~d hy th .. · VI,it~,tI St~tn Ai, 
f""Qf(C: . .. I, i~h IC(K>Ill:1llhal l~,,, pl""\lre is ~c nlributtd t" 
n.Oft t~" so~ •. ,r all d~l'unic: r~ll .. rt t S (.;cn t ;m~ AI 
K",m 1111 ~""'" 0 '." "'pe .. " .. ,,t)] • • :\1 lIumcricai 
mYnl'Clltll)OU ..... hUI " ","ler c",';IIO<:~" ' '''' IS in 
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Figure 3. Problem Physical d~rrifltlon SInd bound:Jr~' romlillon$.. 

The thermocouples are CQnnecled 10 II digital 
lempualurt recorder (14) wh ich has an accuracy less 
Ihan ± 1% wilh the aid of two multi-switch points ' 
selectors. 

The average flOw velocity is measured by thc help of an 
orifice meIer (15) with Ihe a id or U-Iube manometer 

(16). TIlc pressure drop due 10 Ihe prOlruding heal 
sources and (lie attached inclined obstacles is measured 
by a U-tube manometer which connected 10 pressure 
taps I 17) as shown in Fig. 1. 

The lest sectiOn is covered ~y a ghm wool insulation 
(18) (40 mm ,hick) 10 reduce [he heat loss from 'he IcSI 
section walls to lhe surrollnding.s to 11 negligible value. 
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To study the effecl or channel heighl variation with 
using indined obstaclts. the channel height. H. h:ls the 
values. 9.0. 3.2. 7.4, 6.6. and '.! Clll. and the heat 
source height is fi xed 81 2 em. These channel heighls 
leld 10 heighl ralios. HR. o f 0 .222. 0.244. 0.27. 0 .30), 
:lnd 0.34 5. The angle of the inclin~d obSlacies is fixed 
at )9,6" when sludyinR the ~rrec I of heighl ralio, 
Nearly two hours arc needed to reach Ihe steady Sllle 
condition, which is reco rded IS the temperature reading 
dh:l nOI cMnge wllh time 

The conncctive heal /lux q" is delemlincd from the 
electrical power input 10 each helt soun::e using: 

'" q-& ~~ 
II) 

Reynolds number 3nd CI1l~h() f numbc-r. which based on 
the heal SQun::e length L. are defined as: 

P . " .. 1-
R~,." ----,. 

,pq"ll . • IhtLJ ,. ' Gr " (3) 

TIle (esults a(t presented in terms of the dimensionless 
tenlperalure 0, , averaee Nussclt number. Rich:lrd$on 
number as rollow : 

o o [ T;- T. )cr '" 
I q"ln. I, 

(.) 

The heat transrer coefficient and Nussclt number is 

defined ilS: 

h ., q. 
, (T. T.J 

It .• 1. 
h.~.-- Ih,d, 

1 •• 2h 0 

'" 
(6) 

Where T. is air lemperature above the heal source. "C 

(7) 

(8) 

The friction ractor and powef consumed ar~ ~s fo llow: 

(9) 

I I 0) 

3. NumerIcal model 
All computational (twits preunled in tbis paper are 
obtained with the commerciRI CFD code FLUENT 6.1. 
Th~ now throughout compUI3Iionai domain is 
COnsidered to be steady stale, incontprcssiblc-. turbulent. 
two·dimensional now in the x-y plan, wilh conSlanl 
properties. 

3, 1 Governing equlliions 

Numerical analysis is based on th~ Reynolds·ayeraged 
Navier Stokes equation s. The eOll tinuity. m.omentum . 
and energy equations are used as followed: 

-' II' .. , I ---.. ( I Il . ' , 
(12) 

___ 0_ ' _ . ~,., ,11 .' [ . ," 1' 1 S ' ('I., 'h, ' ,l'j I 

To close the Reynolds'Ryer~ N8yier StOkes 
equations. the Reynolds s tresses u;.', which represent 
Ih~ IUrbutenee etT«ts. Me modeled using Ihe stllndard k· 
t model as lallowed : 

. ' 
", • (l('~, 

(14) 

C1 S) 

( 16) 

e lf' C:.are eonSl~lI1I S, hilve lhe values ns shnwlI in table 
{I t. and C~. is calculated from the relalion. 129J: 

f",. I~II ~ I~ (17) 

T.ble t. The tvrbulCit model eonst.nls 

c" C, 0 , " I p'. C, 
1.44 1.92 1.3 0,9 ( 0.00 

The above governing equations are solved for 
temperature, pressure, veloeily, kinelie en~rgy (kl. and 
di~iplllil1!; mle (E). Funln: rllluri:, the ilvernge Nusr.clt 
nunlber. pressure drop. and Slream runction can be 
IXJnlpuled. 

12 Problem domai. 

The physical dcscriplion or the problem under 
investigation is illustraled in Fie. 1.11. The flow is 
considered I\vo·dimensional now in x-y plan. 
Protnlding heat sources arc represenled by three blocks, 
0 ,04 l( 0.01 x I Ill, wilh a" inlcrnle<li<'lte spacing equals 
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co hUI 5(lUfCC lenglh .,pl tttd on the f\oof o r :to 

rttlan,"I~ r ch .. "c! of I.S m Ion" I m d~~tll ,lid ilS 
hci.ht VJried from 0.1)9 10 0.051 m. The C~II'lW\CC 

clI.ft ~c llcnc;t1l L.,. is 3bolJ I O.Al m ... lle'rt Ill .. u,1 IC'n J lh 
;, U 11 m. Tllm: inclinc:d obSlacklo IIlC ~"loCnk:u abo,·c 
Ihe Iluc ~ hClI WUfCc:I wi lh inclinalion a nIle 1'1I 1II~'" 
({)m O' 10 5 I j" 

J.J no und.1')' ('QlldillOIlJ 

nc .... "01/$ boultd"ria lbot bo"ndW Ihe proOkm 
doII\aill we illillolnlcd in F'I- (l J .".. n_d as (] , 
Oc~~ant variabks have 10 be lfItCifl(d or itS 
dcriYall"'t i onlhc domain bouoda .. ..,., (0110'" 

Ii) At .nlel (UII ' O}.4 5 ulO.y l '" 3.4 ""s«. ~(O,y FCl . 
TtO,,1 • 300 K. 0 1151). 5 O . 1 6~ m. IUrbulen t 
in ten~i ly " I.I S%. 

[u ) 1\1 d. ~ .. alii tOi . i*2 ".6.1. nnc! 10): lI(lIO.,}" 0 . 
rfA yl- O. q -0. k·O I nd t~ 

(iill " Ilhe ... llIs ,Oi. F).S .• nII 71 (hU l wure .. , lOfI a,,.j 
1ide, iU rr,1CU): lI{lI .y)-O. r{ ~ . y J"O . ,, ' • t 2"0 Win.:. 
k..() &nd trO. 

liy) AI Ihe uil tn'l l: ou tlel 1\0100' . Ihe bOllndary 
condi(iQ,-., al the ..... ,t IrC adjuslcd tby lhe CFD 
cod_) suc;h lhal lhe P'OPCnia ,1'1Id0Ctl1 II lhe ,,)I'il 
eqtJill lO ~ro. 

4. Resu lts and disCllssklns 
oj , TC lll ptnl . r~ d i! tribulion 

TI ,t ~ .,ia hon of local 1urra« klnprlllll ie difference 
~Iotta elck hul JOu rcu al diITerenl Rc )'noIds Ilumbtrs 
I'II nlOl nll frutH 156 II) 8HO, <:on~l. nI G,,- 2 Ox l0 ' lIId 
>p~dn~ r. tiv Sit· ' ., , ho ... , in 1'1, t 4) II il not l~d 
Ihat. 1M local wrr.tc tc ... I'C'O'II ~rc d«rt;ue, w ilh 
inl:",MII1l Reynold. IIlIm..... an6 rile wnlet 
IUnpt ,alurc lOr Ike r.m hUI i04>It;:e " leu III,. rIll l of 
JM, iltCOftd 00It ..-dIM s.ctonU heal iOIIfC" is len th .... 
IIIe: Illird 0IIe. ror ail FI. 'JTKlhh numM Cl .nd 1k" ~!lr« 

w"lI .. ilh Sull.lll [ Il). 
figurt (S) JIIoW1 lhe innutnc:c or Rrynolds nu ntbe!' 011 
Ih: mu;nlum k mptl'fllU,C o( Ihc Ih~e hU I sources. 11 is 
t :c. , Ih. ,be ...... m." n lempe",l"", d~Cf'U~ .... ilh 
inelcalina or Reynold:,; nu.nbu and Ih;, ~IV( ~ _ II .... ilk 
Suh. n (12). 

4.2 !lu l lr. nSrtl'r 

fiaurt (6) orntnl~ lilt behhior o f the ft Vl':nu Nu1ldl 
ft umber w'Kfl Rc)'l1ukJs nunlllc/\ fo. t"~ three l .. lIt 
~rte5. As upI!:clcd. as ,bl: Reynol"" nun.OO 
ineralKS. ttlc .~eq,.. HU1Ieh number for !he hOI 
*,rcc1 10 Ihe flu id iN:1~'ln. II is CD Ih:ll Ike fj~ 
he. """".., h" , ... h'ptil .... "'w~ numbt'f Ind lhe ,k ifd 
Ioc .. toII tee liB , ... bWUl 'I'IIIUC,I ro. 1M MUdoal I.ne uI' 
Rq'<ddl n"" ben 

4.3 [ rrn t orobstlCtt inC/i lS lion ftn~ l t 

fi&,,~ 11 1 ~"""',s I~ dTt>:t or no ... d,rcctr:tJ ",,¥Ic (0 ) 

Q:1 Ioul Icn'prnlU«" dlITut,," .lonalhe IInl 10\1'"" . 1 
differ"n . .. a!un ofRcynokb nllmhc~ 
II i~ l'IO(iccll Ih l . w"~n 1M 00 ... ob5lndes IlK lin lltiQll 
~ I1Kk inCf~a~t5. IIIe' kKftl l"lII pn~~~ dlITt~ncc 0( l it(: 

~~Cl;lnd hU I Kllf r<,\, dCC1'C1lt1 III ... Ihll'l o f t~e IitSl hn l 
sourt't as RC)'lIukl. " umber .n"caK' Also fOI 
<»Slides illt itnal'OII '"a'" (11 · 51.1'. tile Ioeal 
Icmllcrahll'C diITercn, .. of the Kcond ... ., MlII'ct ' .' 

1tI'1111 than Ihr Ii", Ind the Ih i,ll (Of all \ludttd Reynol.b 
~ .... o 

To , i ..... Ihc crrn:1 of ob$ladcs ino;linatiol> a" lllt on 
I>clll !flln,f •• • «ffit .c .. l. Ihe ftvt"l'lIlc /'I uuch numbe' i$ 
plo ... d lI1>o1 in\l ub".du il\C hnali ()n ",,~Jt 10 1 ItS sllo"n 
in Fi J. (I). 

II IS notiCed .h~ l. (01' R; c~noIds num!)c,. R;c~NO. Ihe 
.nt el o)f .nch.nl_ ft",lr Inl is 1101 Sicnlflt l nl (or "u~1I 
lI"1;lc 1I :>26 .~ lOt Ibe Ihn:c hclll 1OUfCU. btu for (I>26.j -. 
R VlIIhlabk iur ' caJot' in ""Iyll " umbe. ~ obKlVCd. For 
hiih Rcynol\h. lIun ...... , Ht>J 200 . • S.S'" rK;IIf'I1 inc.rMI: 
of NIIsscli nllnobn ... hb "",rc;l!. nl ."", I;n"ioll ansk is 
obKr~cd fa • • 11 incli nalion : ... gle • . In adelmon. Ihe 
CII'\d show 1"31 lOt IIsJ69 and Re:!l14~. (,m hUI 
lOOMce h;as the hlShul N\tnch nu mber For R! ~ 1.'0 
,,1<1 11<:36.0. Ih .. 1_'~ h. O&1 WltfCe h", lilt be,: IIn I 
ltMsfu. 

Fi,u.c 19\ silo,,,, lilt cnl'3l1Camnl o( II>c ,,~~ 

NUiSCh nu tnbf:r willi ~spt' ~1 10 R~) ... olds nu • •• II i~ 
ob5t; ..... d 'hilI . lol RC<14 BO 3nd OMIlClts I lICli n ~lio" 

;."Slc (0 - 26.5 1. IIle • .: i1 no c.~""c(ment o f Ilic avt ra.:c 
NUlu lt 'lum be . ro. Iht second . nd th Ird II Cltl SOutCtJ 
wh ile lhe .""IlIi!C "" 1I ,,dl number of Ihe (11 $1 heM 
soureo.: il ;mpro~d f or II,.. laon( obslac lu ir~ lina l ion 
an,le:wld R,P I4l0 .• 1I Ihc l.uI Wllf'CU IIat. valuabk 
enl:IIICCnlCnl i" Ihe a~~nr.ic Nusull !'u",bo. A,", for 
III( OIhcr obstacle<; a.n\ll", . ~U hn ! _ "'Ctl h,...., .... 
ImptOVtd heal I .. " '(CI . 

II" observed Ihll\. ' M 1113\in' lIIlI cnh ~lInmcnl in 
Rve" iIC Nundl nnm!lcr occulred ~I Rc- BJ40 and 
u..~ t.j" fOI RII 'he Ih~e h~aI -.ort:eJ : Ihe ",uin.um 
e nh~ncc "'c " l iu nvC"'.»c "IU1KIt nlln.bor ;1 .9 ) or. fat 
Ike r;, .. hr.u WUI~. IO:!. 1 % Ii;w III< Io«ond ... . 1 soun::~ . 

all(J 11 .6 % rOlllle thilll hU I _n:E. 
Fi,1I1'C HO I I nditOll!C~ tht 1I .. .,ndc:n« o r ,,~tooSt 

"' linch nunlbtr 01' Ih.. Ih.ef heal 5(Jur«s wllh 
\(Ie'~. ardson .,u,,,I>,, GI/ Rc ror diIT,",nl ind lnat ion 
""I lu . I" III< mine! ClOI1 01C<:lion dom ina/cd Oow. 
1<C.IRc!< 20 1111. I" ~ .~( f1Il>" N .. nc~ ""mb •• 
deauJc) $hi hllr ..... h I roclnll"l lI: i ch ~.dl.(ltn " li mber 
wh ile for ror;cd conytct io)n dOl~'~lcd n.o.. . 
GRlR .. : <t. til e ave rage /'II/$~dl n~mbc, ""C.UK 
•• mal ic~"y ... i,h jrocrCllSi~C Rithanbon number (II, aU 
.... 1"l1liI0Il I ,,~I,.,. 
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4.4 Erke l or (hl nnel height I I fi xed 
indiu lion angle 

To study Ihe efTetl of chonrtel height " fixed inclinalioo 
lngle, on local surrlCC ICllIperalure and hUI tnnsfer. 
five ~hannel heights IH- 90, I::! . 74 . 66. Ind sa nllll) a~ 

used. Heal SOI.IrtU height is kepI constant III h- 2O mOl , 
which lead) 10 htip ratio (HR.- h/HI or 0.222. 0144 . 
027. 0,)0) . Wid 0.145 . A II heigh IS III'C accompl islu:d by 
irl(:linatic>n angle or J6.<r. F'l,lllfC I II) ~hows the cfTcell 
of (hannel heiShl cn loenl temperature diffCR'lI( alon, 
the hell sources a1 diifercnl values or Reynolds nurnbus. . 
h is not iced Ihill. the IOlal IClIlpcrmurc or all henl 
sources deCrtl5c as (hMnel ~i8h1 dccreases /HR 
ineta.Ks). l'hi~ dccn:OISing m~)' be due \0 the increlSc 
of Ihe now velocity abOve the heal sou rces lIS ch.nnel 
height decreased and the turbulent Iteneraled by the 
ob"adu indiUlItioll ;Ingle v<~n aWlOllches 10 the hc.il l 
sources surfaces. r or HR" 0.222. Ihe rim heal source 
hn Ihe 10wl:$1 su rrllce IClil per.lIurt fe r low Ik)'llokb 
numbers. aod the second he:u SOtlree IO"'!ltds to be the 
10wc~t I ! Rcynolds number ~nd HR ir.c:~Jse. 

To $how Iht effeci or chlnnel heigh' varialiOft on 
heal Iransfer coeffiCient. average Nusselt number is 
plottcd ag.inlol hcight liI' io il5 liho\'n in Fig.. ( 12). rhe 
al'er~f Nusscll nllll'iMr incruses u Reynolds numbel 
inerUse) and l ilt" c!\annel hel!;ht decrcMeS. II is 
not lccd tI ... t. the second hellt SOUf'Ce h.1IS the but helll 
transf!:'1 coefficient. Thai is MC'USC of nlore lurblll~ol 

generated b) the obstACles ansles edges. Figun: (I)) 

shows the enhanc:cmCTIl oflhe :.veral,'<.' l\ussell number 
will. rupeel 10 Reynolds nUlllbcr &1 different height 
l'IIios. It is obsc,..crl lhat. for low Reynolds numbc~ 
IRe$!097) and hei"'t ratil)$ (H R-o.2 ..... 00 0.271. a 
valuable enhlneelnen, in heat transfer ror all hc~t 

"",ret's (rom 12.9"'/, 10 17.J~' is observed. For height 
I'l!Ilios (I-IR-O.l03 aod OJO.). Ihe maxiT11\lm 
enhRl1Ccment oecutred al high ReynOlds number1. the 
mlll;mum enhan~'I:"lI1cnt in IlVerag: Nussell number 
oocuf'1l!d ;\1 ResS164, HR"0.)4~ for 011 ,he 'hree hell 
source). d,e maximum enhancemenl in a~eracc Nusselt 
numbt.r is 70.4 % for the firsl hel\! source. I J 1.7 % for 
1/1( seconcllmll source. SilO 1 S).4 % for the th ird ne~t 
source. 

4.~ Compa rison betwcen presenl cxper imental 
IlAd numeric"1 resu lt s 

4.5, 1 CO llljlllrUoll for obs tAc.les inclination angh': 
varla l ion 

FiBure ( 14) illu~trllle, the \'ariil tion of the avenge 
Nusselt number versus obSls.cles intl inalion all&ic$ ::II 
diffm:nl Reynolds Ilunlbers lur bOlh t'Xptrimenlal and 
oomerical results. 

The comparison is perfOfnled lOr the lVcr.tlr: Nvssck 
!\Umber of the nell sour(:C~ tOp ~lM"fllccS only because 0( 

the now sepanlioA and reauaehmenl 11 he,t 101J1't'('S 

corners and sidcs. II IS obstl'\'N Ihal .1 low Reynolds 
numbers lind small inclination angle. there is • deVIation 
between e~perimt:n,al and numer;c..1 mults. The mlln 
rason of Ihis dtvimion is that. the flow is in the 
trallsition resion {rom laminar flow to turbllient flow. 
which lII:rcCS wcll with Wang and Vafa; I~I. They 
indicated thlll in the prucncr or pr<Itrusions lhe crilit'al 
Re)'ll<»ds Ill)Olbcr, .... here the Ir.Insit ion fronl tIImin::lr 
now to IUlbu!c"'l! Ouw is occurred. is between 500·2000 . 
N(vcn~le1S ~t hiijh Reynolds numbt-rs lind IMGe 
ilicl itllliO/1 an,lcs Ihcte IS 8 iood lircemeot for bolh 
upcrimen"llInd theoretical resulU. for Rei!2J45,lhere 
IS a a:ood lt~rCrIlH!"1 Itt larlle inclin::llion ftngle (u<!:36.9) 
.,~ (Of Rc:2: 4200 there is a ~d aW'ttmenl rer :til 
inclination '"lIle1. 

FiGure t 15) illuslra le ~ Ihe veloc ity profile '" different 
oh.tllclcs indin:at iOIl IIflg l e~. It )5 noticed that. ror 0 0 

\lbstades. Ihe InA\inlUln \lelocil)' proli le occ urs 'WIIY 
f.om tilt hcal sources surrAces bul when usi", dire ~ ILn~ 
ob,ucles. Ihr nl/\lI imUin \'cI('IoC jly moves tOWllrU~ Ihe 
heal sou'(es su rfitee~ as Ihl' obSll'lcles inclination anlll~ 
ill(rrIl1cs. which ~Cfl icl5 " 'USOl1 for Incrensing Ihe 
Nus~lt numl;lcr;lS iroclinatioll anijle in((CI' rs. 

Figule ( 16) sho .... s Ihe crfect of obslaclcJ inclination 
aoSlr ottlhe stream lines. It is nOliced Ihal . in Cllse ofllo 
olntacles. cddles appe.1r between heRt5OUn:cs bat wilh ~ 
large cin:ull1ioll (weak vorticity SlrellGlh ] ... hen 
compared wilh Ihl l when u;.iny obSiadu inclin.tion 
aOl~l e~ wh~rc eddin pre small (lttons ~orticit)' Slrer,glh) 
wluet. cnhan\.'C the helt uansfer fn;lnl Ihe heal SO\l N;C~ 

sides n the indirlliion angle incn=aKS. It IS also 
observed " 'itl. Ihe "orticil), 51R!nglh increu .el liS 
ob)(ac;ha illclil1~I lon angle incrta$ts. 

4.5.2 Cnm pllrison for height ratio VI ri B lion 
Fiaure ( 17) shows Ihe ~Vtrlge NU5SCh nllmber VC1'SU! 

I.ei,ht rll io il t difTercnl Rrynolds numbc!rs for bnlh 
npcrimenl:ll l nnd numericnlresults. 

fhe cvmparison is perfonned for thr .lvl'rage Nusscll 
number of Ihe heal ~t~U lOp surratts. It is noticed 
thai the lI(e5enl elfperimelll~ 1 lind numerical data ho~e 
Ihe SlIme: trend. for the !irs! heal sou n:e. the vanation of 
Nuncl! number Wilh channel height is small for both 
results. The e.xperimenlal results '&ret .... ell with the 
numcri~ ltl rauhs I I low ReynoWls nunlbcrs. Re~234S 
{or the Ors, hut sourcc IIlld I'It Rei!2.1H ror bolh second 
~Ild Ihild hell SOUrtCl. As Reynolds nUlnbcr increases. 
the expcrimcnl~ 1 rnulu ngrre well wilh the numerical 
results f« both second and Ihitd hell sources. but for 
the first hrlll source, tIS Reynolds number and heigh t 
ratio increa$e. the dcviation is nolic::ed. It may be tklc 10 
th~ Kplralion al the hell sourcC'S corners Ihat mcreases 
u Reynolds nllmber incrcasu and ~1U!>5 5tCliona i Itrc.a 
above thc hl.:at $Ouret' decrcasn. Ihis scpflrnlion le:l<h to 
I large enor ;n n\l Il.~ ric.1 r~lIhs . 
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FipolE {Ill ,1lU::SI,."ln Inc vdot rl y prolilr nl d,rrt ~1I1 
tw'I I .. rtlM. h il ck~. 11, . , . ror IlR<U 21, the efrecl of 
( hu,uel height .-arii toOll on .. elocily prClfile Rnd 
onar,niti.>de k .. l lYn rhat II'h~ !1Il>O.21 which ili'" 
... II h Ihe cl<pcrimtfltal rewlls u ptciaUy (Of $Ir1;l1l 
Reynolds n U IfI~. 

f"ip rt ( 19 ) shows rhe ~1TeC:I ur (ha",~1 hfish r on tlot 
Sllum l'nes. II is lIOCic~ !hi\!, ror 5011,,11 I~ ill'" "'liQ~ 
ildd i~ ,,~~., be\\O·ft'n hnt IIW'~' bul~« ~ddoc, .. c 
lalJ¥ (,ocak VOI1ic:ily 11'''"11/1 ) ",h~ oompa",d " ilh Illlt 
Or la'le lMi i,lu , ·~tio •• II ;. ,110 obtenocd 1hnl . 1hcsc 
«hI ,n ' lIoC 'eaw ~I hci!;hl ",/io illCfUKS Rnd Re)nold5 
nu,u~r ,,,crusn. 

4.6 ' rWllrc Drop 

Alli1gu,1I prosu~ drop i. roll~idc,w _ or lhe .no\I 

pI"Oml ncn l and ful1(bO'oe.ual OOIrfigu,"oon, fl'l u ed to the 
t\cc,"",ic cooling.. only • r~ .... ,I ic lel re port ed the 
prtU uA: dlGP c,,~ by the p,," rulli ll i! discrete hell! 
wurc c~, [201. Fi,ures (20) .1Id Il l) depicl the vari.tion 
of 10111 p' c"llfe 10 .. cocfficicnl ... hh Reyno-leh nyn,bet 
II is cl~iV" Ih31 (Of no obllx ln, lire prenurc l o . ~ 
~OI'rr.cicnt ""Cf'Cun JS ReyllOWs "'l1Ikr irKfUSU 
wllich i1IIn wllh Wang Ind Var., lSI. A, in(iinalKl II 
'¥ Qf" /r.o: ,g,1 tal ,!) ,nc.cald Itoc prtJ!iUfl' Ion 
(odHdall lends 10 be conil.nl 1'\"Ilh Me)noki .... ~mber. 

Ir "'8)' 1M lktc 10 Ihe inocrca' '''J .,rcv rbuknl I nd praw I"C 
Io\! whiell ;I'u:n:ues Ii Reynolds number inc",tiCs. 

5.6 COMpa r iso ns bfctwuII enhn nce ment 
bucd on inc rusi-& Reyn olds num~r 

.nd tlt. 1 u lnl oWlnc[es a nl: ll'l> 
Fi,~ 'n 1221 511011' Ihe enllanclfmt nl or .vf' ~IIC Nuutil 
IlUmbcr wi lli rcsp«1 to IItt CQr"l sullr.:d power. 11 is 
ob$lll'Cd \hal. rOf the rrr;r Mill iOUIU. Ihe CI, h."ccnroe nr 
of Ih, ... cra.:, Nussell nllmber Iluc 10 i n cru~; n8 of 
Reynolds nu~ i, bellc. Ih .. .. lren tlSiui obsu.ciu 
anl les for IItt Slimc COft$wmcd 110" '("1 0 .. Ihe OIhcr hand. 
lloe: ~0Jtd and ' ht thi rd Itnl .w~el .... e e .... ,.'cc'nen. 
or lloe avUIICC Huneh numba ... hen ",;nll ob,liOC ln 
..... k • ..an: Ih .. that due 10 i~asin, of Reynold~ 
.... mbc. lOr Rif 2';4200. 
FiJurc (2) dqJiets m.t, as IItt he i ~ 1I 1 ratiQ inclc.Mt!> 
Ichlnr.el bd,"1 I:IeUU5es) Mn d obslie les inclinalion 
"", Ie is tonSIBnI [a")6. 9·~ Tht enhancement or I~e 
ftV(:t~gc Nun cll number dut 10 u'l~ nbslllCl~s BAgia 
is man: tlu n Iltlll d~ c 10 i lloC",.,in~ or Reynolds " u ' nb ~1 

for Ihe same col15umed powcr. 

.. . 8 ~or",l al i n, Ihe upcrimenu l rC$lIlI s 

From tM .bovc discussion. ,I ' J found Ihnl. boIh 
incrcGSin, Ihe Ittl"" " ;;0 [c:ecrtasinl tilt channe l 
!wi;" I) and redireclinG Ihe now lo\O,nd , Iht hc:al 
$OWUS $udlCC"S Ind t"avil ics bel"'een /M.I WIIrt<:$ 

;rw; reue 1M he.lI (f1<15 fer coe rro<: ie nl. For ,ho: incli nalion 
.. ·, Ie Ylfrluiorr e!llSli. icill correlations I I I l ire oblaincd 
II) ",1:\1( avc r~c Nunc ll number ("ul with R,dr ... hon 
number tGr,lRc, 1) 1"'-' obsucies i lK 1in~r\QI' anale [III 
ror clICh be llll.Ou, ct ., rullo," " !! ' 

(IS-b) 

Nu , ... ", 46.1'/ Grit ).JI IH1 (COl(l)t' ..... 
1R~, 

Whtre 5ubsc rion I. 2. In~ 3 I"I!rtr ID lhe he., IWI n 

number. 
The lOO.-e correlal;';"" lIlY .. ~Iid rOf; 85-6 ~Rc!8340. 
O"!O~J.I ~ and HR- 0.221. Com:btion ( I II Plcd 'Clllhc 
upcr inrtnl~l lbla "" Ih :1/1 RYe'. cnor ", I .S ~ rOf tltt 
filll hell wun:r. and il4 J % rOI the ~d Ind ch ild 
hcalloOlltces. respi:tli"rl~ IS )00 .... ill F'5l.tH ·26) 
f or he ,ctu flII itl 'Ilialioll . c"'pi l icll l {Orfeta.t.om ( 19) art 
obta ined 10 " Iart ~VCI~J;C Nuud. nwmwr ""' Ih 
RicIYrdson .. .. m\oc, and hciSI,1 ralio I hll~ 1 "" r"lIowm, : 

Nu I "~ . I O~1 - ' ('" 1-··· ( h)'"'" 
Rc I H 

II \l ·b) 

Nil '11~ ( 11l'c) 

ConC","lIo,,, (1911"" ... lrll rUI. 3SC. ~Rc s:T.!80. 0 H2s: 
. IR ~O.3 4~ ~nd u - l G 'I" "irl,;" a .... of II S.S % 

5. CONCLUSIONS 
Mixed ((tnvtClive hent tl'11M rCr alld premi A: d rop ror 
lir tce pt"(Olrudin" heal 5(lUtee 5.. nlOUil led in a hOl itonr.1 
,eC"Ulns,:u la, clw ntl. atf invullpltd u perimClllalir I nd 
Iheoo:,icol11. 'n,c iJlvHlillliorr i, "..rforrncll rOI 
IIInlxln ; .. ~ Ii .. alion MlllU "'''led ('0m O· 10 51 .) - . 
R ... YllUIlls nu",bo: li ':LAbell {,om 1~6 Iv U40 . .. d 
con~l.nt Gr~hof numbe, of llf>Il'<I%imaltly "2.0 ~ 10' 
" 1It inW Sli&atio~ ;$ ~%'rndrd to 'nclude Ihe channel· 
Ioc,,,.! ' .. n~I OOI ' wl" le Ihe p rol .....,,_ .... i&1II ",m.,n, 
l;on3' . 1I1 r rom IhOl ,n \~" ,&al;l)n. II i, cOI'IduciCd thill' 
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