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t .. d lUll or <~ o l snt ' cc laon t . Thl" .,t'CI I s alv t l"n 10 . 
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eo .. s. d .. ab l ~ 00 , ... C1.ph ~ ~"~ ncc cul titn ",odll ll "g pf th l 
t ~ rou l ~nce d ri ven .'CDnd.r~ rla~ ~ ~hj c h •••• t In tho o l.n~ 
o r the duct c rO'~_I.c tlon . 
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:".elltng Of the cladd ing. and in the "lC l r e ,.e CG s e th. 
caldding o f the adj acent fue l ro ds co~e~ i n ~onta c t t o 
ellch othe r . I n such caae the cooli ng pruceslI ",HI not 
be efficient ~hc n the e~ergen c y c oolino sy8te~ is pu t !n 
operation. 

The ab ove me n tloned geomet r y shape is id e~lizcd as 
show n in F iq. 2. The c ase o f t u r bulent flow in such 8 

6 c u~p duct has been stud l Cd i n ref e re nc e (7) wher e 
attentlon is rocu8sed un t he d~ ve l opment of tn ~ n u~a r ic a j 
te c hnique OIU] the f10doll i n9 of the tu rbul anco cha r act er 
istiC S an d s econd a r y flow s. 

In thi s wo rk a theo r itica l no del ie p r opos ed to 30 1ve 
lhe problcl1I of l aliliner (low in eu ch ~-cu~p dut l. To 
c~ am i ne the validat ion of th o the o ril!cal code , a tes t r ig 
wa o consttucted lo oi ~u l Rte t he si t uat i on In a nuclear 
reaclo r (pa rtly ) . 

()P( RIH[N 1Al AP PARATU S 

I he axp er i ~en t , f o r atud yln9 the fl"i d (10" an d heat 
Lrgnsf e r fo r wa ter f lo wing In 8n ldee li zed geu~ e try of 8 
b l ocked chgnneJ o f a pressurized ~.t er r~ l cto r lltllizwd 
t he op en-J oop s ys tell ar e :;hown i n (i .. . 1. Cit ), Mate r 
en t ers the s ys t elll thro ug h It needle flow netl: r ( 1 ) and ~B 
dueted to a large upst r ee~ pl e1lu. Il) t hr oug h t he cootrol 
vel ve (2). I he "-Cll &O ~e" t :Jccti oo (6) s pane be t ween the 
p l cn u ~ chambe r and 8 smalle r downstream p lenum ( 9). Ita 
purpose of the p l enum cha"b er3 W85 t o ? ~ o v1 ae ewell def_ 
inad ab rup t in let anll elt it fo r t he test section. r .. o 
pla s l ic tu bes (4) a re us ed to c onnect ~ he teat s ec t l en duct 
i n t he 5y ~te~ . The tw o pl astic lubes a r e u se d to pr e venL 
the back c onoucti on heHt t r gnsfot at l he te~t secti on ends. 
The wate r l esvea t he do >< nsl r oall plen url lh l'oug h t he i'j se r 
( lo l and en ptieo 1nto the d rain (12). 

Test !iecl!on: 

Th e duct is form ~ d by f our s t ain l ess a t eel tubes, 
which ~hewn in f1g . Z. Each tube i n l 2mm Dull i de Oiamcter 
and Iltl:ll wall t hi c knC93 and fiJI l ong. HeatlnQ of t ne duel 
~¥ll W8 S cffect~d usi ng a we l ding r ectifier uni t typ. HCR A 
'00 with ~8ximuQ cu rrant of '00 empures and ~8.inu~ volt ao e 
or 65 v~llo . The hea t rl u x in al l testl WQ8 lese t hIn 

6000 w/~ which co rresponds to th e r ~tc o f energy re l eas e 
severa l hcur3 a rler reactor ~hu toown (,). The alectr ical 
power was supp l i ed to t he ~el t du c t throu~h two busbar conn
ections (5) . Dig ital mul ti-netar \' 8. used to s enae t he 
voltage dr op .10ng the te a t duct with rlov i sion of 0.0 1 vo l te 
and 8 D.C. all.ler i . uo cd t o meas ure the current pasai ng 
through the du tt erass-section . 
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All tests we r e pe rforned at atmos pheric p r essu re. The 
t eat ~ect l0n was In sulat ed wl t h g l ass wo o l (7 ) ~ Dl lng to 
m ln i~iz e the externa l su.f ace the r ~ al los ses. rhe tes t 
duc t es we ll DS its ther mal insu l atIon and ei ectr l cnl 
connec tl on3 were con t a i ned in a wooden bo x ( 8). In o r de r 
to os ses th e qagn itude of heat I OSS8 S. the appa r atus was 
oper a te d at low powe r witllo ut coolan t flow and the wa ll 
tempe r a t ur es we r e me asu r e d . These data were lhel) used 
to cor rec t t he val ue of Input powe r in nor~ol oper a tion . 

Temperatu re Heo 5ure men ts: 

Loce l t empe r a tu res o f the wall s urfac e wer e sellsed 
i n rive point s by cop p e r - con~tanl an tller Mocoup l es (O .l~ 

mm diameter ) a5 sno~n i n r i9' J. Two tt1e r mocO llp les were 
Dlso so l de r ed to t he i nne r Rurface of t he c usped duc t al 
two iocat lons '. 0 m and J . 5 m dowllulream fr om t he ch~ nne l 
en tr anc e to de termine out ttle a XIa l t e~ p er a t ur e g r ad ient 
dr/dt. All t tle used l he r~ocovple8 were c onnect ed t o ~ 

Z4 -po int self sw i tc hln ~ t empe fa tLrre recorder, ha ving a 
f ull sc al e of 200 C. No sign i fi cant e f fect was notpd 
in dI c ating t hst natu r a l convectIon eff ecl3 wer e ne g l i~ab le . 
Th i s fact was also con firmed by usin g th e c rlt e r ion 

(G r /A e J
) ~ 0.00 2 

proposed by He l be r ( 8). 

It IS estima ted th at the total e xp e r l me ntal e r r o r i n mea
su ring the heat transfe r rate may r i s c lo a bout 7~ . 

THEORET ICAL ANALYS iS 

I n the ana l ysi s o f t he co ns i der ed cuspe d du c t, t he f low 
and he at t r ans fer a re ass umed to be fully dev elope d. Due 
to sy mmet r y, t he a na lysis 15 r estri ct ed to t he two d ime ns i_ 
onal reg l oll AD O shown i n rI g . 4, I n whlCh the aXlsl momen tum 
and energ y equat ion s a r e s olved un(J ~r t he f oll owing assum p
ti ons : 

1- t he f l ow is fu ll y deve loped laminar, unid l r ectLona l. 
an d ::;te ady, 

11 _ The f low is t wo - dJmensional I'ecircul s ti ng , orld 
111- The f lu i d 1s i ncomp r es9lb l e SlId I, ~s co nst a n t viscosity 

USl ng the po l a r cyl in denca l cooe rdinates ( r . 8 , z ) 
os s hown In f i g . 4, i t Is pOSS i ble to de scr ib e t he steady 
~ tate flo w by th e ge ne ra lized f o r m of Go ssman et a l. I wh IC h 
i s glven by 

,2. ( G Qy ) 
";) <>~ ) ., <> 

(e 0 ) - ~8 ( 0. ') r b. r·V " ~e 
-. , 

'<J (b/ r ) . 
, 

(e. 0 ) .. d. r 0 ( I ) • , 9 , 
~ 
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"n~r " tI i , a /l~r o .. et1! r which , t.:. n d l f o r T •• nd U, li nd 't' ;9 
t he ."cen ( unction, wh il e lhe cU.rr!C l ~n t a a .b ,e a nd ~ 
nre ~ l v l n i n the ' 01 10w 11l9 t .,bl c , 

~~r( IC illIl • b I , S~u r c. " t .. r .. "d " 

U 0 Y 

I 
1 ( 1I,. ('1pf;lz ) , 

YJ~ 1 ( 1J/ f c p \. (~"" 2 ) 

t; "b lt ' t uUn~ r ~ r t il" va l u". in t r.e ~ 'b l .. un. Ilel l th . 
ru ll owln 9 b.a l c Cc ult l on~ , 

( r / j>)(il p/1I J ) _ ~ l/ . r ('iUl'arl 

fne rg) e Qua tIon, 

L , • (W 3Il. 

fa r f uel • 0 

.0 

"' 
(}' 

... . "t TI! -a 1/,;) , • c g .. ., tant. ob tllJ. n!l d ( r oil t he o v&r a ll hu l 
b. l ~ncc Ove ' th e ~~ ! .I Ir.ng t h dl or c . pc r 1~ell t a ll y . 

Ihe bou nda r y c l)nu l l l Cln ll ur trill p ronl e .. can b e a t a t pt1 III 
f o lI o .. " {riQ . S/ ; 

," ,"< syn"" t~ y lin a " ""11 U/9!9 , an d i:l T / ~~ • , 
H '". I y" ,vt r y I i II" 0>, Ol Un Q , 0 and ~I /"Qe . 0 

" '". ~"ct " a 11 " • 0 ' 0' "4 1a, ,.. . .q'/ ~ '" 
.. n" r~ 0 .. nO t " "l I • '". .. " II ,"",fne • . 

I " "c t ~ r .. in" t h e t Clllpu iltur. qradl en l 'T /~n a t ~"" .. ,, 11 
. .. r fa c e . one ,,~ & tn l! r!!lo t l on 

l1 T/ dn . ( "I / or ) ( d r/d n ) .. ( (I T/ de )(Cl Il / d '' ) ( 5 ) 

To g!! l n ... "a h .e. of dr / <!n li nd d I dn con.;d d c r t h e tria"'lh 
ope ~ ho" n 1" nO; . ., " n d ;> pp l v th*, IIlnc_ r ule QIl" o o ta ino 

~ 1 n ( 180 -P l / ( G' Ro) ; ,;i n S /~o 

That is . U n ~ • fT ~ i nB 
"' I) .... n . rnn. r . o . S one " • • 

d r / d n • SUI • • r, , 10 "" 1, un 2 I I 6 1n 2 
, 

d t / Un , 
'" " , • . ", • . , OJ, 

• J r o. (2 9 ) 

" '" 
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Sub6titJt~n9 fo r dr/dn and d 8/dn fro .. equation s ( 6 ) 
~ QIJ atl0n i5) one ~e t s th e d lsc rc ti z8 t ion equatIo n at 
!lIall as foll ows 

U SInG I cos( 2 9 ) 
r . ~ -~/)( 

, , J , f
1

_
1 'i iii J+1 - @J ) , 

i . 1 Crzs in9 ) 1~ 3 0 _S i 2·L + J...L:. -_ _ _ _ 
, - f1 _1 ' i 

( 9 9 J) , J.1 

LA. 5 
io 
to, 

(7) 

rhe do~ol n (I f In t e r est has been devlde~ ln t o l l x21 
grids . The qr ld8 na v ~ been examlnod Bnd ~er~ sa ti s f~ct 
Dry 111 al l i nspections. Ih e non 'l, nlfor ~ step len gth were 
elll:>lo ye d I n hoth d i rections r and The g r id s iz e I S 
Increased gradual l y a ~ 8 y from the "a 11 and co rrl~ I-~ . The 
so l ution p r ocesure 1s emp l oy eu with tho boun dflry c onrl lt lor s 
HI equations (4) end (7) . The !Ii l]orl lhm o f the c omp ut e r 
coda enployed i n the pres cn t st li d)' :5 describen in de r aIls 
In reference (1) . Bn ef ly , t he p r oce du re 15 to co~l Lhe 
d i fferential eQuat i ons ln t o de sc r it l Zat i on equat i on" ~hlch 
r~l at e s tne yaria bles a t Q pOl nt 1n t h~ f lo w fie l d t o tho t 
.t the Qu r roundin9R. A nu merl ca l 50:u t i on i s then obtained 
b)' Itera t Ive s ol utlo n of the descr itlzat i on equa tl 0r,s ror 
8 s peC l rlPd ar r ay of nodes t hro ughOJt the flow f ie l d by 
Glu s - Si edel poln t t o poi n t me thod ( 2) . 

I t will be noticed t ha t In equa tioh s (2) an d (J) conve 
ct ive t e r ms r ep r ese n t i n g e f f ects 0 1 tne cr09s - 5ecLlonel 
velocit i es d o no t appea r . Thi s is blclu ;e , 1n t hlO RnajY~lS 
the effec t s uf extr c~clr ema Il (typica l ly o f t he o r de r Dr 
O.S-, of the !'IPsn sxisl velocity) but finite secondary fl uws 
are i Qno r ed . The seconda r y flov s p la y an important role 
in th e manne r 1n which t h e a x ial veloc ity l~ diot r l but l d i n 
th e Bub - Cha nne l en d tho r e fo r e signIfiCAn tl y affec t the dist r
ib u lion of the t ~mpe r atu r e at the val l wh i c n In t urn IS s o 
1~po r t 8 n t from t he p o in t o f v ie w o f examin ing t ne coollng 
pr ocesz o f t he fuel rods . 

Rr SIJ LT S AND DI SC USSION 

Wh Il e t he 1nv e~tl g a t lo n 1s prl morl y co nce rn e d With he a t 
l r~n~r er, te mpe r at ur e d i s t ribut l oll a l onq t he length o f t he 
duct was ~~ a8ured to help t he p r e dicti on mod e l . Flg . 6 
Il i ust a r ate5 th e behavi our of the wa l l tcm pe r atL J e \, Ionq 
the leng t h of the duel fo r t wo d i ff e re n t ozi m'J t hal pOSiLlnnA. 
I t 1:!J clea r t h8 t t h o:: a )l l;}l .. ~ l l Le'llp e r ll ture g r llc:IIent dT /dl 
18 COn 'Hant. Thi s re sult a grees :-l it h th llt obta i ned frti., 
the ov erall heat balance over a n a~ia l e le~e n t dz a s gI ven by 
t he follOW i ng re l ation 



M. b A. EI-Had lk, !Ii . Mahgoub & tL Shalaby 

r w~ri"" [(II"+ (,: c;" J 
whic h 8pp lie~ to fu ll y e s tablished f low with uniform heat 
f l ux . 

The fully d ev e l oped na t ure o f heat transfe r condil ions 
at two sec ti ons 90 a nd 12 0 e quiv elent di amete r s downstr e am 
<Ir e s ho," n in f ig . 7 , wh e re th e pheri phe r a l ~all t empe rat u res 
pr o f ile s exll i b lt i denti c a l fih apes as ob t Oi ned l heo re tic a lly 
a nd ex pe r jmenla ll y . 

140st noticable is t he tempe r a ture b e tla viou r ne a r t he 
cha nne l corne r , where th~ p re d i c ted va lue s are lowe r th a n 
those o b tained e xp er i monto I ly . This d if ferenc e ~ay b e 
e xp l a Ined as d ue to t he no n- uni f o r m na ture of tl'e heat flux, 
which is n o t co ns ide r ed in th ~ th e o r etIcal code . 

Al s o , th e tempe r at u re ne o r th e co r ne r is h i gher than 
the oth er pher i ph@ ra l t e mp er at ur e s w h i ~h Is du e to bad cooling 
n@ar t he c o rne r wh e re t he fluid veloc i ty I S lo w. The some 
is conc l ud e d f r om f igur e s 8 and 9 wh ere a compD ri~on between 
the pr e d icted and expe ri ment a l l y ob t ai ned value s o f heat 
t ran s fe r c oe f f i c ien t an d ~ u ~ se l t nu!nbcr is Shown . The c urves 
i ndica t e that the ra te o f heat tr ans f or nea r the c o rn er s 1& 
l ow whic h is phys l ca l l y ~eeep l abl~ . Aec o rd i ng l o the c ur~e~ , 

t he e~pe r i m e n t a ll y ob tai ned va lue s o f hea t tra nsfer coeff 
ici e n ts an d Nusse l t num be r s are hi glle r t han t hat ob t aIned 
theoreti c a l l y f or dif fe ren t Re ynoldS nu mb e r s . Til l S devlatlon 
ma r b e e xpla i n od 95 due to su r fa ce roug h ness whi c h i ncreases 
he at t r an sfer wit h inc r e ase d fr ic tion l o s se s ~s I ndi cated by 
Dippe r y an d Sa be r 5k y ( 9 ). 

fina l l y , 08 t he Pr ond t le .l umber of "at e r u nde r at~osphe
ric pressure an d a t tem pe rat u r es up t o 9Q oC is consider a bly 
hi gh er tha n one ( :::: 2 ), it io e ",p ected that t h e ve loc ity 
bou nd nry layer is th lekcr t ha n t he thermal boun dary l ay e r. 
Ill i s i s t u rn la s de t o bad coolin q ne a r t he co r ne r s o f the 
cusped du c t as i n dica t ed by th e higll va lu e s o f' t emperat ur e. 

CONCL USI ON 

From th e p r ev i OUS d i scus sion it is c oncl ude d that the 
pr o pose'; theo r et i ca l code 15 a go od tool f or the p r e di c t Io n 
of I. he la!nl.,er con vecl io n p rob l em in a non-ci rc ul a r duct 
as app l ied to the 4-c usp ed geomet r y. Whe n t he r oughno os 
e r f ec t s an d the non - un ifo r m nature of the heal flux ar e 
t ake n i nt o consi de rati on r e ali s tic r e s ilit s ma y b e obtoilled . 
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a,b, c ,d 
'p , 
h 
" q 
R 
u' , .. , 
r . 
T'" 

" 1 • 
• c, 

'" p , 

OccAs i o n a l c o n s tan ts , coe fficient s 
Specric taHlt , I< J/Ky . grad 
''' ''1''11 :. 1 condu c ti v it y , will Qrad, 
Heat trenaf~ r c oe ificien t , w /~~ grad 
Heat fl ull. w/m 2 
Ro d cutDid e radi U3, n 
fl uid veloc.l. Ly 
KinBma tlc ve scos ily, mZ/sec 
The r ma l d lfu ol vi t y, k/ c p Densi ty , '< g/m 3 
In le t tempe r a t ure , C 
Wall t empe ra t u re ,e 
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