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B M m E X P E R ~ m  

~~ LXQUID M E m  HEAT TRANS9B IN THE FXRANCE REGION 

by 
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An elect r ic  analogue made of Te3Ledeftos paperq, dieXee2;ri.e sheets and metal 

$053 ms uti l ized for  the solut im of the F&es equation fn  %wo dhensions. 

The analogue was used t o  de%emitze %he steady s b t e  slug f1m w a l l  %em- 

pemture distributions i n  the entrance regLon of ducts hv9ng a variety of 

noncircular shapes. These temperature dSstributbEons are s Efmiting case of 

turbulent liquid metal duet $Ern, bmnbry condition f o r  the flu3.d was one 

of constant heat input per mit sf duct waU ares and the cross sectional shapes 

considered were cf rcles, p a m u e l  p b t e s ,  equihteml f risnaes, aqwres, penh- 

gons, hexagons and octagms, 

In the ease of the pamUeB ph"r;s and e fra le~  where a m v i c  sh3Putians 

were available, the ex-perhental mnsults &owed sa t fs fae lay  agreement. 
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3XPRaDUCT%ON 

Weight and space 3thr%%t%onrs En wry present day heat exchangers present 

crftfcaP problems i n  the rselee$fox~ of' ruuffable passage shapes a ~ ~ 3  PrequenCLy 

dicta%%e passages of" n m c f r c U r  cross ~ectfon.  OfFt;en the passage lengt;hrr sire so 

short that the tempemture a111.d velscfty profiles are lo.& developed before 

the Pluf d exits  fram %he weeage. Thus, f OP mny cmpr%;e-l; exehplln~ers, tihe t h e ~  

and hydmuc entrance region occupies a major portion of the passage lenglih. 

For 9u%3y developed turbulent flow of s liqy3.d m e t a l  5x1 efseular duets 3% 

has been found by l;yon('), ~ l a ibo rnk '~ )  and others tihat the heat transfer 

perfomnee may be estWted.  by an appropriate embWt;ion af %he separate 

contzdbu%fons due t o  rnalecuhr comduetfoa and tuxbu3.ent exchange. S h c e  %he 

velocfty profile i n  turbdLen% flaw appmbnate~ a slug flow pmf9Xe, it %s 

reasoned that  the convective heat tmmfer due t o  rncilecuhr canduct20n 

obtained fram the energy e q ~ t i o n ,  u%f&%zimg the rretu3. b 

assum%mg a constant veloeity dis%r$butfon, The rappUcatfm of %h&s'appxbi~& to 

t 3) noncireujmrr duet heat transfer mts tressr%ed by B;tP&aat% ardl XrvJtnb a 

pa~%c&f:  'they poi~%ecl, m% %hat; if the hea% fLur is specif$ea3 %he p e a e d  

WILL tapsmture dis%ributimn 19s of greatea% $atcams% since ~ " t m ( ~ % m  ~cm~%il -  

e r a t ~ m s  norm- sicfate a msut~;m,m p o a s i ~  ape=%- tempexatwe. %us, a 
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The purpose of' the present paper is t o  prmtde =these sLug f l a w  tempera- 

ture distributions An the entmnee region of  duets h ~ f n g  e% valPbe"cy 09 cross 

sectPonaL shapes. For desggn purprasea tihe~se d,%sLribu-F;iaas represent extreme 

cases but s h a d  be ue%eM since the i r  utilfeat%on w3.3.A produce conservative 

designs, which approach true deejtga conditions at  low Reynolds numbers in 

turbulent flaw, 

It is aLao of inkerest t o  note that  the steady s t a t e  slug flow convection 

problem is the same as the problem 0% unsteady s ta te  heat conduetiom i n  a two 

dimensional solid w i t h  -&e same cross seetfomP shape and, %he same boundary 

conditfons, The solut%oms reported here for aSU of tihe &apes except the 

p m X L e l p h t e s  and the eircLes have not been ave%fL~ble before. 

Governing Equations and &sf s fo r  EXeetrical Analogy 

Consider the entmme regTon of a duct w i t h  a, eonstant cross sectional 

shape as shown i n  Figure 1, A fluid enters the duct at  .a eoms*nt temper- 

a t w e  To and flaws throu@;h the duct ~ 5 t h  s eonstant velocfty w. The 

, coordfrmte system is selected so that  the z axis pierces the centroid of 

-the d u ~ t ~ s  emss sect%on and the origin $s at  W e  duetua entmnee. For 

constant flu%d properties, 3ncmpressibXe flow, me&%&b1e viscous energy 

dtssfpation and axial heat esduc%8aj the steady energy e q w t f m  can be 

Under the consknt heat f3wc eonditioa~, the bou-w @mdLtioars far 



where n 1s the direction psrpenaicular to tihe duet's surf8ce and r =  
r(x, y) is -the inside surface of %he duct. If Equation (1) and Lts boundary 

conditions are made &ensf onless by selecting the f olluwing variables: 

Equation (1) beocmes 

and boundary condjttiom (2) and (3) becane 

8 (x, Y, 0)  = 0, 
w 

(6) 

vherez = (x, Y) is the dimesnionLess inside suxface of the duct. 

The bulk temperature of the f lu id  is found by performing an energy 

balance on an increment of f luid 



W i n g  th i s  equatfon dimensionPess gives 

NOH consider the e lect r ica l  model described by ~ a t t ( ~  which is ccmposed of 

a th in  dielectric sheet sandwiched between an e1ecCrBcaU.y eonduet%ng resistance 

sheet and a sheet of me-tal fo%9 as sham Brs, Ffmre 2, m e  m&el b o u n b ~ y  is the 

c u r v e  =a- * (s, fl) whi eh has tjhe same shape a s  the due% cross sectlong- (x, y) 

The coordinate system (x*, y") i s  orfented so tha t  the origin is a% the centroid 

of the curve a~-* and the (9, p) plane is fn the plane of .&he model, An electr ic  

current i s  allowed t o  flow fnto the model a t  the curveam* and the cfrcuft f s  

completed by gounding the meta9 fo i l ,  If the resfstAvity of the resfetarnce sheet 

and the thickness of the dielectric are  umfform mer tihe mode31, the governing 

differential equation is 

Xf the e lect r ica l  current flawing in to  the m o d e %  is constant per mi.t 

length o f c *  a f t e r  a certain % h e  -t = 0 and i f  the ent2re model is a t  a, 

uniform voltage E, un t i l  t = 0 the boundiary conditions of eqwtf on (u) are 

where n* is %he dfrection perpe9ddi@dhr t o  the b o m ~ @ z c J c .  Now kf khese 

equations are  n s m l f z e d  by selected ehe %olEawjtng dbensiodess variables: 



and boundary condftfons (32) and (13) bsooane 

Q* (x*, %I:*$ 0) = O (16) 

where I* . -p (x*, 373 is the dimenslonLess expmsaion for mme r*. 
me bulk voltage % sf the dectz%~aJk rnoskel m y  be fount6 by perSona$ng 

an energy balanoe on the modelo 

Integrating fmu Eo to % and fran tdme zero to t gLves 

or in  dimensionless fom 

or, . z*. 
( 6 ) J  w i t h  ~qmtfon (14) a@ its bcmbry c o ~ t f o ~ ~  [~qw%%o9aea (151 a& @6)7 

it is seen that %a two system of squ%f- are fdentlaal in form 8s that the 

ntaL P m c d w  

The appwatus e w f  s t s  & %he c a p m n t s  ~ h m  %IP B i m  3. In order to 

approximate a eorrslt;ant elecslrtfiPB, ~ m n t  fBm in4&1 the ma3,e.l at the boundaryt 

it mas neeearslaryto, &Lv%& U s  a m n t  fnput atca a f%mcIt@ number of eomtant 



resul-be fs iUuc~8trnted %n Figure 

m e  ID Tef&eS%os paper which b ,d  a m~fa%fvB%y 63 about L3b0 ohas per 

square was selected. ss the &°esia$%nck shee-b, The rb?isis%5vPLy of thfs mper was 

l$.nesr WE-t;him 2 percent any pm.%femr d%x~~&for;a but the ms%st73.vity aaamss 

the sheet me apprmW%e@ 33 pereen% greater t h ~ n  the rezj\fativdBty as1mgg the 

sheet, Zn order t o  m a k e  the reefs%%vi%y sf the maXeU more  early rngforn fn 

aa% dimctforns the mdels were mde of' two Z ~ S  of re~Asta%~ee papar cut ao 

%hat tbe d%reet%on aemss %he @he& on cane bb? of  the m o d e l  coh"peepcpm3ed to, 

the direethn along =the sheet GO% %he. erbher ha,%.. W A t h  %he ca'uc%&ag rai6es 

of the paper tm&fng9 msist%v%%y of %he m & e b  mba appramde41y 706 

dhms per square. 

In order to increase We ~amefbnee  of' %he: madel, sheets of d3sleetr3.c 

and m e t a l  foil were placed on web s%d.e sf t he  res%s%asues; m d e l  ss shruwa, %n 

Ffgure 4. This mde %he eapaetbnce of %he m&e$ q ~ ~ x w x ~ t ~ t ~  19000 pfd. 

per square An&. 

Rather th;en meaeure eaU %he p m e t e r ~  mqwired %a evaXmte the dhemim- 

%hat frm wh$& the p r b a r y  modsP warns eat. Ham rscg%%,ri %he ~~adl-w m d e l  

hother help- m m ~ u m e n t  a m  be made on %he mde1 &.t;@aelf. The elope 

of ~c&tage spa. the cumre a~ra&t38 a e o n ~ U n t  va2ae 8s t 91192md~es. By 
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and 

Therefore, it i s  seen that O* and Z* can 'be determhed $pan meas-ents of E,, 

E, t, q, EEW and d~:/d%. 

lPhe model hobd%r, wh3& i s  &awn in Ffgure 3, was cms%me%ed so that i% 

shielded the model and Pnwt res%~%~a~s ,  frm stray e l e e t d d  effects w9thout 

creatfng exees~sLve stray capaa%hapee, The rubber d%aghmgrn presses the model and 
. .  

a a r y  model together w i t h  a uniform force of about seven pounds per squabre inch 

when -the pressure resemofr f s  pxssurPfzed by w e  of a bicycle pump* me  ccnrer 

shfeU has b0 3/16 inah &fameter holes WUed along Sta base so %hat the base of 

each fnput resfstar frs aececssible .i$s =tihe probe f ~ a n  t he  memoseme. A shtelded 

lead was attached t o  the bus bar and exitea th&& the end of the ewer shield. 

The lead %e W e e  91rpches long and %errdnate~ w%th a bsmm plug which f~ imerbed 

into tihe 600 ahm 55 volt atput so&et of' t he  square wave @;enemtor. G r e a t e r  

tubes em3 between parallel plates w i t h  @on$%~at m u  heat flux m y  be obta%zned 

fran msteady crnvec%%on sc%lutfans presented by Siege1 ( 6 )  TrsnsioimSng these 



fo r  paraUeJ. plates and 

fo r  c i r cuk r  ducts where B~ are t ~ ~ e  positive roots of J~ (p) - O. 
The d3mensicdlerss wall tempemturn Bw ham been celclahCed fo r  vhiriaus Z 

locations along the tube and pamUeP pla te  supfaces by ~ess"' employing up 

t o  35 terns of the ser%es. These results are s h m  9x1 F%guxes 5 and 6 aa 

soLid Lines, Experimental data obtafned an %he, apparatus described previously 

is also present& i n  these Cigures, It 9s eeen t b f  t h e  agreement is eatie- 

factory. 

Solutions for Eqte3.hteml Po%ygms 

Using the stme experimental techniques, m~rswemente were made on the 

other gecmetntes, The data fo r  the equilateral triangle are s h m  Tn Figures 

7 and 8. Figure 7 fUustrates the dSmensioriLese wall temperature variation 

a t  two wall Sloeations as  it changes d m  t h e  duct. Figuroe 8 &ves the peripheral 

wall temperature disCributioma a t  various d%starrees Prom the entrance. 

The dashed l ines on the two figures are  the lhl.lymdevelopad eoJutions as 

m e n  by ~ la i 'borne(~) .  Amin fhe agreement is aeen t o  be satisfaotorg. If 

showJd be pointed ou% %hat Figure 8 i s  a erosrra-p&& of s series of experfmental 

curves sjtmelerr t o  Figure 7, 

Figures 9, ID, U and l2 show me ~ 9 3 .  Lempemtum dietributions fo r  

squares, pentagom, hexagm, arPtl mbgme reaspect iveJy, The '&shed. curves 

again represent tb,e a~ymptmtfrcr ~dJ1utiorms far Proan, %he duct emtmnce, !l?hese 

ssymptotic solutions were obtained fm the ~oLu%iop1, 2032 r&n n ~ i d e d  equilateral 



Entrance wal l  temperature d i s t r ibu t ions  a r e  presented 2or a number of 

ncncircular  ducts. These d i s t r ibu t ions  are l imi t ing  cases f o r  the  turbulent  

flow of a liquid metal i n  t h e  entrance regions of Ohese ducts. The data were 

obtained by an aralogue technique which proved t o  be simple and accurate. 



-cross sect ional  area of duct 

-surface area of e l e c t r i c a lmcde l  

-pcs i t ive  roots of J ~ ( B )  . 0 

-speci f ic  heat  

-capacitance of model per un i t  area  

-hydraulic diameter of duct 

-hydraulic diameter of e l e c t r i c a lmcde l  

-voltage a t  any point cn e l e c t r i c a l  mcdel 

-voltage a t  tab of auxi l iary  mcdel 

" e l ec t r i c a l  current  flcwing i n t o  mcdel per u n i t  length of bcundary 

-Bessel function of first order 

-thermal conductivity 

-distance noraal  t o  duct wall  

-distance normal t o  e l e c t r i c a l  a c d e l  bcundary 

-dimensionless distance alcng normal t o  duct wall, N ; n/dh 

-dimensionles; distance alcng normal t o  e l e c t r i c a l  mcdel bcundary, 
j'$+ = n+t/d 3t 

h 

-perimeter of duct 

- k e y z  ,rr.et~r c f  e l e c t r i c a l  mcdel 

-Frandtl number, Pr = +/c( 

-heat f lux i n t o  f l u i d  per un i t  area  of duct wa l l  

- - r e s i s t i v i t y  of resistance sheet i n  res is tance  per  square 

-Reynolds number, Re =  id^/^! 

- f l u id  veloci ty  i n  z di rec t i cn  



- .  

x,y1z -d;Lmensionless coordlaate o f  t h e d  system, X = x/%$ Y = y/%, 
Z = z/d$ePr 

X*,Y*,Z* -afmasfsnless ewmmtes of eleetrid analogue model, X* a xW/q, 

-the surface repmsentfng the inaide ~uarfferee of %he duct 

-the cum& respre~eaptfag f R h t  bourdar-y c& the eketrioal model 
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Figure 1. IToncircular duet with arbitrary @rose seatfonsl shape 

eet  
- ~ e t a l  F o i l  

Figure  2, Resistance-capacieance eAectrfc analogue moiled. wf%h same ems8 
sectional shape as duct 
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Aux. Model 

- I -  
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4. M&el and auxUfam model used in solutfm of eqtxihteml tpf- 
an-r duct geanetry hawing how rnodele were! conetwe&ed arad 
posf t%oned 



Figure 5. Variation of dimensionless wall temperature for slug flow between 
parallel plates w i t h  constant heat flux at each plate 



Figure 6 ,  Variation of dimensf onlese wall temperature for slug flow throu& 
a circular duct w i t h  constant heat flux at the w a l l  





FSgure 8, D%stributPon of' ~ e ~ % ~ e ~ j ~  wI-3 $mpemtwre for slug flaw 
thpou@~ an egp5la%am$. t r h n  p duct w i t h  combgt heat flux 
at the  m u  



Figure go Distrfbutfom of dSnens!forslese w a l l  taperntram for slug flaw 
through a sqmre duct ~ 9 t h  constant heat flux at tbe wall 



Ffgure XI, Distr3.butSon of dSnasmf oaP1eres wefU tmnparatum far slug fLm 
thrmagb an equfla%eml genfsg~wl  duct w f t h  comknt h m t  flux 
at the  mu 



F%gure 361. D%atr%bution of dimensionless w a l l  temperature for slug flaw 
throu& an equ i la te ra l  hexagoml duet w f t h  eomknt heat flux 
at the wrrLl 



Pi gure E2. Df etrfbut%sn ~f dbemfo-sa mkB tapem%um for slug flow 
Z,hmgh am squilat~ral w%c~goml due% w % t h  ecamWnt heat fXux 
at %he wan 


