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A solution is given to the heat  p rob l em of mixed convection in ve r t i ca l  tube bundles with a 
r e l a t ive  spacing s / d  = 1.2 and 1.4. The r e su l t s  have been checked out exper imenta l ly  with 
a forced flow of liquid sodium.  

L iquid-metal  heat  c a r r i e r s  flow at low veloci t ies  in many components  of nuc lear  power  plants both 
under s t e a d y - s t a t e  design conditions and dur ing t r ans i en t s .  

L a r g e  t e m p e r a t u r e  gradients  which appear  under these  conditions may have an apprec iab le  effect  on 
the heat  t r a n s f e r ,  At smal l  values of the Pec le t  number ,  c h a r a c t e r i s t i c  of such flow modes ,  the effect  
of turbulent  t r a n s f e r  is sma l l .  In view of this ,  an analyt ical  s tudy becomes  much s i m p l e r  and can be done 
with s a t i s f ac to ry  engineer ing accuracy .  

Fo r  solving the p rob lem of mixed convection in a ver t ica l  tube bundle under hydrodynamica l ly  and 
t h e r m a l l y  s table  condit ions,  the authors  have made cer ta in  s impl i fy ing  assumpt ions :  not only that  the flow 
is hydrodynamica l ly  and t h e r m a l l y  s table  but a lso  that the physical  p r o p e r t i e s  of the medium (except its 
density) a r e  independent of the t e m p e r a t u r e ,  the densi ty  is a l inear  function of the t e m p e r a t u r e ,  and the 
t e m p e r a t u r e  g rad ien t  along the channel is constant .  Under these s t ipula t ions ,  the equation of heat  t r a n s f e r  
and the equation of hydrodynamics  become 
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where  a t /Ox  = A = const; p = p0[1 - f l ( t - t c ) ] .  

If one cons iders  bundles with a wide re la t ive  spacing only ( s / d  ->- 1.4), then the method of an equiva-  
lent  annulus will make these equations one-d imens iona l :  
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Different ia t ing the l a s t  equation and e l iminat ing t will yield the f o u r t h - o r d e r  equation: 
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Fig. 1. Calculation according  to Eq. (6), for  ascending flow; z = ~fRa. 

Fig. 2. Tes t  data on heat  t r a n s f e r  with natural  convection in the tube 
bundle: ascending flow (1, 2); descending flow (3, 4). Calculat ions a c -  
cording to Eq. (7) for  a tube bundle with s / d  = 1.4 with ascending flow 
(2) and descending flow (3). Analogous data for  the tube in [1] (1, 4). 

with the boundary conditions 

= I; c0 ----- 0, 
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=~*; - -  = 0 ,  (4) 
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Here  ~* r e p r e s e n t s  the outside boundary  of the equivalent  annulus, and the l as t  equation sa t i s f ies  the con-  
dition of t e m p e r a t u r e  field s y m m e t r y ;  

i " ~*' - -  1 (5)  
�9 2 
1 

is the integral  condition. 

The genera l  solution to  Eq. (3) appea r s  in two fo rms  depending on the a lgebra ic  sign of Ra = k 4. 

When natural  convection and forced convection (Ra < 0) concur (at the wall), then the solution for the 
velocity field is  

r ---- A ber (k~) + B bei (k~) 4- C ker (k~) + n kei (k~). (6) 

Functions berx ,  beix,  kerx ,  and keix a r e  Thompson functions. They a re  propor t iona l ,  r e spec t ive ly ,  to 
the rea l  and the imaginary  pa r t s  of f i r s t -k ind  and second-kind Besse l  functions of the a rgumen t  xg-j. Con- 
s tants  A, B, C, and D a r e  de te rmined  f rom conditions (4) and (5). 

The values of w ca lcu la ted  according  to Eq. (6) for  ~* = 1.5 a r e  shown in Fig. 1. 

The Nusse l t  number  was calculated accord ing  to the fo rmula  for an equivalent annulus with the modi -  
fied Lyon integral :  

N u  2 . d~ (7 )  

The resu l t s  of numer i ca l  integrat ion for ~* = 1.5 a r e  shown in F.ig. 2. 

Analogous calculat ions were  made for  Ra > 0 (descending flow). Here  the genera l  solution for  the 
veloci ty  field is 

co : AJo(k[ ) _[_ BYo(k~) + Clo(k[) + Dko(k[). (8) 
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Fig.  3. Calcula t ion a c c o r d -  
ing to Eq. (8), for  d e s c e n d -  
ing flow. 

The r e s u l t s  of ca lcu la t ions  by  fo rmulas  (7) and (8) for  descending  flow with ~* = 1.5 a r e  shown in 
F igs .  2 and 3. 

F o r  compar i son ,  in Fig.  2 a r e  a l so  shown the ca lcula t ions  in [1] pe r t a in ing  to the effect  of na tu ra l  
convect ion during descending  and ascending  flow through a tube. 

The effect  of na tura l  convection on the heat  t r a n s f e r  was ve r i f i ed  e x p e r i m e n t a l l y  in tube bundles 
with a r e l a t i v e  spac ing  s / d  = 1.4 and 1.2 dur ing ascending  and descending  flow of sodium.  

The t e s t s  w e r e  p e r f o r m e d  in a c losed  c i rcu la t ion  s y s t e m  with an e l e c t r om a gne t i c  pump. The geo -  
m e t r i c a l  c h a r a c t e r i s t i c s  of the t es t  bundles a r e  given in Table  1. 

The bundles cons i s ted  of 7 tubes and a j a cke t  with e x p e l l e r s .  The s ame  c a l o r i m e t e r  with movable  
t he rmocoup le s  was used in the  t e s t s  with s / d  = 1.4 and s / s  = 1.2 bundles ,  this  c a l o r i m e t e r  be ing  p laced  
at  the cen te r  of a brindle. 

Each bundle was t e s ted  with the heat  c a r r i e r  flowing in e i the r  of the two d i r ec t i ons :  downward or  up- 
ward  (the ac t ive  segments  of the s y s t e m  were  s t ab i l i zed  ve r t i c a l l y ) .  In these  t e s t s  the authors  m e a s u r e d  
the t e m p e r a t u r e  of the c a l o r i m e t e r  wal l ,  the t e m p e r a t u r e  of sodium at the en t rance  to and at the exi t  f rom 
the bundle as well  in the cen te r  ce l l s  at a d i s t ance  50 mm away f rom the heat ing zone,  the flow ra t e  of 
sod ium,  and the e l e c t r i c  power  drawn by the h e a t e r s .  The h e a t - t r a n s f e r  coeff ic ients  were  defined in t e r m s  

of the d i m e n s i o n l e s s  number  

ad 
N u : - -  

7. 

The t e m p e r a t u r e  d i f f e rence  def ining the h e a t - t r a n s f e r  coeff ic ient  for  the t h e r m a l  s t ab i l i za t ion  zone 
((~ = q / ~ t )  was ca lcu la ted  by two methods.  F i r s t  it was de t e r m i ne d  f rom the d i f fe rence  between the t e m -  
p e r a t u r e  read ing  at the wall  and the t e m p e r a t u r e  at  the cen te r  of ce l l s  adjoining the c a l o r i m e t e r  (this t e m -  
p e r a t u r e  being r e c o r d e d  on a coord ina te  p lo t te r ) .  This d i f fe rence  was c o r r e c t e d  for  the t e m p e r a t u r e  drop  
a c r o s s  the c a l o r i m e t e r  wall  (the c a l o r i m e t e r  was made of copper) .  In our case  the t e m p e r a t u r e  d i f fe rence  
was defined in t e r m s  of the max imum t e m p e r a t u r e  d rop .  F o r  that  r e a s on ,  it  included the co r r ec t i on  equal 
to the a v e r a g e  between one for  j e t  flow and one for  l a m i n a r  flow. These  c o r r e c t i o n s ,  in turn,  were  c a l -  
cula ted  acco rd ing  to fo rmu la s  by Spar row and Loef f le r  [2, 3] for the t e m p e r a t u r e  f ie ld and the mean t e m -  
p e r a t u r e  d i f f e r ences .  F o r  bundles with a r e l a t i v e  spacing s / d  = 1.4, & t m a x / A t m e a n  = 1.4 in the case  of a 
j e t  s t r e a m  through the tubes and A t m a x / & t m e a n  = 1.2 in the case  of a l a m i n a r  s t r e a m  through the tubes.  
~n the second method of ca lcu la t ing  the t e m p e r a t u r e  d i f fe rence  for  the h e a t - t r a n s f e r  coeff ic ient ,  a s t r a i g h t  
l i ne  co r r e spond ing  to the m e a n - o v e r - t h e - m a s s  s t r e a m  t e m p e r a t u r e  was drawn p a r a l l e l  to the s t r a igh t  l ine  
r e p r e s e n t i n g  the wall  t e m p e r a t u r e  pas t  the s t ab i l i za t ion  zone. It must  be noted that,  inasmuch as the t e s t s  
we re  p e r f o r m e d  at  s m a l l  values  of the Pec l e t  number ,  the actual  s t r e a m  t e m p e r a t u r e  was p robab ly  



TABLE 1. Geomet r ica l  Cha rac t e r i s t i c s  of Tube Bundles 

Bundle 

s. 'd: 1,4 
s,/d= 1,2 

inside Geometrical parameters 
,'diameter{ diametex o f l a c t i v e c r - - ~ s s ~  h-~raulic ~aydrauliedia- 
]of jacket, I tube ,mm section, ~eating 8iameter of ~eter of 
~nm mm z ~one, mm cell, d~,mm~ndle, dh, m m 

,07 22 [  240 I 800 25,  
88 22 I 1 2 5 8 1  800 12,9 12,9 

somewhat  higher  because  of heat  l eakage  f r o m  exit to ent rance .  By evaluat ing the data in the f o r m  shown 
e a r l i e r ,  we obtained a Nusse l t  number  Nu* fo rm which the actual  Nusse l t  number  could be calculated a c -  
cording to the formula  in [4]: 

in*  
Nu = ~ Nu* 

1--4 (1 + %) 
pe 2 

The f i r s t  method of de termining  the t e m p e r a t u r e  d i f ference  did not r equ i re  such a p rocedure ,  because  
the s t r e a m  t e m p e r a t u r e  was measured  the re  d i rec t ly  in the heating zone. 

The minimum value of the Pec le t  number  in these  tes t s  was  Pe ~ 20. 

The t e s t  data for  the bundle with s / d  = 1.4 a r e  shown in Fig. 2. Analogous resu l t s  were  obtained also 
for  bundles with s / d  = 1.2. 

The Nusse l t  number  is a lmos t  constant  he re ,  inasmuch as Pe < 100, and so along the ordinate  axis  
we have plotted the ra t io  N u / N u f  (Nuf denoting the Nusse l t  number  for  pure ly  forced convection).  A c o m -  
par i son  between t e s t  points and calculated curves  indicates that Nu differs  f rom Nuf by more  than would 
be expected theore t ica l ly .  This  can, appa ren t l y ,  be explained by s t r a y  m e a s u r e m e n t  e r r o r s  and, espec ia l ly ,  
by mutual effects  between the cen te r  cell and the pe r iphe ra l  cei ls ,  which may cause  the t e m p e r a t u r e  
cu rves  for the center  cell  to be nonlinear.  The dist inct  segregat ion  of t e s t  points cor responding  to the 
two di rec t ions  of flow, respec t ive ly ,  however ,  is ce r t a in ly  a t t r ibutable  to natura l  convection. It is i n t e r -  
est ing to note that  the t e s t  points l ie  c lose r  to the curves  for  a c i r cu l a r  tube. On the other  hand, quite 
c lear ly ,  in calculat ions by the equivalent-annulus method the effect  of natural  convection appea r s  s o m e -  
what reduced because  of the reduced max imum t r a n s v e r s e  dimension of the channel. It may  be a s sumed  
that  the actual  curve  l ies  somewhere  between the curve for  a bundle and the curve for  a c i r cu l a r  tube 
(Fig. 2). 

E a r l i e r  in [5] the authors  have numer i ca l ly  solved the p rob lem of heat  t r a n s f e r  by mixed convection 
for  a tube brindle with a r e l a t ive  spacing s / d  = 1, with var ious  sheath th icknesses  and with var ious  tube 

radi i  for  var ious  values of ~fRa. The calculat ions,  made by the boundary collocation method, have shown 

that  in a c lose  packed  bundle even at  high values of ~4-Ra (up to 7) the t e m p e r a t u r e  nonuniformity  is not v e r y  
di f ferent  f rom the t e m p e r a t u r e  nonuniformity  under pure ly  forced convection.  A compar i son  between data  
for  bundles with s / d  = 1.4 and 1.2 shows a diminishing,  though not v e r y  sharp ly ,  effect  of na tura l  convec-  

t ion  here .  Our l imi ted  tes t  faci l i t ies  did not make it poss ib le  to cover  a wide range  of ~fRa values ,  because  
inc reas ing  the d i am e t e r  of tubes would requ i re  long act ive  zones,  and yet the longitudinal t e m p e r a t u r e  
gradients  w e r e  a l r eady  l a r g e  enough under exis t ing tes t  conditions. 

N e v e r t h e l e s s ,  our  t e s t s  covered  the en t i re  p rac t i ca l  range of the Rayleigh number  and provided suf -  
fucient data  to sugges t  fo rmulas  for  heat  t r a n s f e r  with natura l  convection. 

When natural  and forced  convection occur  in the s a m e  direct ion,  then the heat t r a n s f e r  may be ca l -  
culated by fo rmulas  for pure ly  forced convection: some  sur face  marg in  will then become avai lable .  When 
na tura l  and forced convection occur  in opposite d i rec t ions ,  then the reduct ion of heat  t r a n s f e r  can be e s t i -  
mated  by the fo rmulas  f o r a  c i r c u l a r  tube.  The calculated reduct ion of heat  t r an s f e r  will a l so  be somewhat  
too high. 
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