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S e m i e m p i r i c a l  t u rbu lence  t h e o r y  has  been  u s e d  in the s tudy of hea t  t r a n s f e r  fo r  a l i qu id -me ta l  
f i lm fal l ing unde r  g r a v i t y  on a smoo th  v e r t i c a l  wall. 

I t  has  been  shown [1] tha t  the loca l  h e a t - t r a n s f e r  coef f ic ien t  in tu rbulen t  flow of a f i lm of l iquid under  
g r a v i t y  on a f ia t  wall  can  be defined f r o m  

Nu m = Re ~/~l-~ (1) 
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If the phys i ca l  p a r a m e t e r s  of the f i lm a r e  cons tan t ,  qw = cons t ,  5 T = 5 h = 5, and if  t h e r e  is  no heat  
t r a n s f e r  to the su r round ing  m e d i um ,  then it is  found [1] tha t  
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4 fq~dq 
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qw Re 

If the dens i ty  of the su r round ing  m e d i u m  is neg lec ted ,  then it is  found [2] tha t  fo r  a f i lm on a ve r t i c a l  
wal l  
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where  N = 1 for  r~ ~- 25, while f o r  ~ - 25 we have 
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The dependence  of Nu m on Re and P r :  1) 
Nu m = f(Re) f o r  l a m i n a r  f low. 

Fig. i. 

(3) 

Antanas  Sneckus Po ly t echn ic  Ins t i tu te ,  Kaunas .  T r a n s l a t e d  f r o m  I n z h e n e r a o - F i z i c h e s k i i  Zhurnal ,  Vol. 
32, No. 2, pp. 197-203,  F e b r u a r y ,  1977. Or ig ina l  a r t i c l e  submi t t ed  F e b r u a r y  20, 1976. 

This material is protected by copyright registered in the name o f  Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part [ 
o f  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, I 
microfilming, recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $ 7.50. , .... J 

115 



NUe' ' I 

1 

2 

Fig. 2. 

: i "  - \  ' 

I �84 

,.-, m ~ ; A - - 3  �9 ~7 

�9 ~ 5 /0 e 2 ~ 6 :3 s 2 4 Pe 

The dependence of Nu d on Pe: 1-8) 
theoret ical  calculations for  Re -- 2000, 4000, 
7000, 10,000, 20,000, 40,000, 70,000, and 
100,000: 9) calculat ion f rom (13). 

Here  n = 1 
t rans i t ional -s ta te  flow (Re ~ 1.5" 104). 

The relat ionship between 75 and Re is given by 

~5 
4 [ ~dl] = Re. 

0 

N =  exp[ (I--~/25)~ ]. 

and a = 0.4 for developed turbulent flow (Re > 1.5' 104) and n = f(Re) 

The turbulent v iscosi ty  is defined by 

and a = f(Re) for 

(4) 

(5) 

e__~_~ = 1 --~1/11~ I. (6) 
v d~p/d~l 

It has been shown [1] that calculat ions of the heat t r ans fe r  f rom the above equations agree  well with 
measurements  for  water  f i lms,  i . e . ,  for  P r  > 1 if we assume that P r  t = 0~9 = const  in accordance with [3]. 

Numerous studies have shown that the semiempir ica l  theories  of turbulence can also be used for heat 
t r ans fe r  for liquid meta ls  flowing in pipes [4-8]. We can therefore  assume that (1)-(6) can be applied also to 
l iquid-metal  f i lms,  provided that P r  t may be determined.  

In general ,  P r  t is dependent on P r  and the turbulence,  so it is commonly represented  in the form P r  t (Pr,  
s  P r t (P r ,  77), or  P r t (P r ,  ~, Re); it has been found that for liquid metals  (P r  << 1) the turbulence is the 
ma jo r  factor ,  and the value may be g r e a t e r  o r  less than 1 [3, 9-14]. On the o ther  hand, the simple a s sump-  
tion that P r  t = 1 produces  sa t i s fac tory  agreement  with experiment  when a cor rec t ion  is applied for  the 
thermal  contact  res is tance  at the wall--liquid boundary [4, 5, 7, 8]. The reason is that P r  t differs substantially 
f rom unity only if the turbulence is slight, in which case  the turbulent t ranspor t  is  only a small  fraction of the 
total  t ranspor t ,  and therefore  the value is without much effect on the result .  Consequently, it would seem that 
one can assume P r  t = 1 = const  in o rder  to calculate the t r ans fe r  for a flowing l iquid-metal  fi lm, but high 
accuracy  requi res  the value to be determined f rom [9, 10], in which the quantity P r  t is represented as a function 
of Re. Those data are  represented  sa t is factor i ly  as follows: 

Prt = 4.4 Re -~ . (7) 

Since (7) re la tes  to a liquid metal  in a tube, one has to examine whether it can be used for a film; how- 
ever ,  it has been shown [2] that Re expressed  in t e r m s  of the equivalent diameter  is a fair ly general  
cha rac te r i s t i c  of the flow in a film or  tube. For  instance,  a major  hydrodynamic pa rame te r  such as the coef-  
ficient of fr ict ion has a dependence on Re for  turbulent flow in a smooth tube almost  the same as  that for  
turbulent flow in a film on a smooth wall. This enables us to assume that (7) is applicable also to a liquid- 
meta l  film. 

This definition was used in numer ica l  calculat ions f rom (1)-(6); Fig. 1 shows the result.  

Transi t ion f rom l~miuar flow to turbulent flow for  P r  < 0.04 causes  the hea t - t r ans fe r  coefficient to fall 
more  rapidly as Re increases ,  as was f i r s t  observed in theoret ical  studies on the condensation of metal  vapors  
[6] and which a r i ses  because the turbulent flow inc reases  the fr ict ional  res is tance ,  and this inc reases  the fi lm 
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Fig. 3. Thermal  contact  res i s tance  for a flowing liquid metal:  a) 
in a continuous tube (1: heavy meta l  [8]; 2: Na--K [8]; 3: Na [15]); 
b) inner tube composed of ring segments  (h  Na--K [8]; 2: Li [8]). 

thickness  and the thermal  res i s tance  of the film. Since the turbulent t ranspor t  is of minor  importance for 
P r  << 1 w h e n  t h e  t u r b u l e n c e  i s  slight, the hea t - t r ans fe r  coefficient becomes less than that for laminar  flow. 
It requi res  a fur ther  increase  in Re and the turbulence for  the turbulent t ranspor t  to predominate,  in which 
case  ~ begins to r i se  again. 

The exact  values derived in this study differ somewhat f rom those of [16], since the heat flux var ies  and 
the hea t - t r ans fe r  coefficient is calculated not in t e r m s  of the total t empera tu re  difference ac ros s  the film, but 
in t e r m s  of the t empera tu re  difference between the wall and the mean film temperature .  

Theoret ica l  and experimental  data are  usually p rocessed  as Nu = f(Pe) for a liquid metal  in a tube; in 
o rder  to p rocess  our data in such a form it is neces sa ry  to calculate the Nusselt  number in t e rms  of the 
equivalent film diameter .  

If we neglect  the surrounding medium entirely,  the tangential  s t r e s s  at the ver t ica l  wall bearing the film 
may be expressed  as 

~w = 0.25pgd. (8) 

Then the dimensionless  equivalent d iameter  of the film is 

~]a ---- v*d = d ] / o 2 - 5 g  d. (9) 

It follows f rom (9) that 

d=$'7/~" ~,]~. (i0) 

If we substitute for (u2/g) t /~  in (10) in t e rms  of Nu m, we get a relationship between the lat ter  and NUd: 

2 

Nu a = v 1,587~1~ Nu m (11) 

Fo r  a film flowing on a flat wall, d = 46 and ~d = 4~6, so the relationship between ~?d and Re is given by 
(5); it has been shown [1] that this relationship is fitted by the empir ica l  relat ion 

~ld = 32 + 0.127 Re TM. (12) 

Then (11), (12), and the data of Fig, 1 serve  to define Nu d = f(Pe), which is shown in Fig. 2 and which 
can be represen ted  c losely  by the empir ical  equation 

Nu a = 9 + 0.04 Re ~ (13) 

These results correspond to the case where there is no thermal contact resistance R c at the wall--liquid 
boundary; if R c is finite, the heat transfer may be much lower, as occurs when a liquid-metsl coolant is 

contaminated by gaseous or solid impurities. It is found [8] that suspended particles tend.to acctunulate near 
the wall in a liquid metal, and the turbulent mixing leaves a persistent layer of impurities in the viscous 

sublayer, whose thickness is proportional to the thickness of the latter. This is confirmed by measurements 
on liquid metals flowing in tubes, which show that R c decreases as Re increases and as the thickness of the 
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viscous layer  falls [8, 15]. The resul ts  also show that R c at f i rs t  inc reases  with the total impuri ty content, 
but subsequently becomes  vir tual ly independent of the latter. This is ascr ibed  [8] to saturation of the viscous 
sublayer  with impuri t ies  and is conf i rmed by the observation that the total  concentrat ion giving the limiting 
the rmal  res i s tance  (Rc, li) is dependent on Re. For  instance,  it is  found [15] that this limit is obtained for a 
total  O 2 concentrat ion of about 0.07% by weight for  oxygen in flowing sodium provided that Pe = 1000 (Re 
150,000),whereas the limit is attained only at about 0.1% O 2 if Pe = 100 (Re ~ 15,000), so the thickness of the 
viscous sublayer  inc reases  as Re falls, and therefore  the layer  requires  m o r e  impuri ty for saturation. 

Therefore ,  s incethe  contact res i s tance  for a liquid meta l  in a tube is determined mainly by the hydro-  
dynamics of the flow, we can es t imate  the limiting contact res is tance  for a turbulent l iquid-metal  film. 

If this Rc, Ii is  due to a pers i s ten t  layer  of impuri t ies  near  the surface,  ' whose thickness is proport ional  
to the thickness of the viscous sublayer ,  then we can a s s u m e  that 

~v 
Rc, li= c--. (14) 

Fur ther ,  ff we assume that ~v const  as a f i r s t  approximation (the / / = Nikuradze--Karman th ree - l aye r  
scheme gives ~v = 5), a n d i f  we bear  in mind that 5v/d  = ~v/~d, then we have f rom (14) that 

Rc, l i ~ ] ~  _ const. (15) 
d 

It is readily shown that the relationship between ~d and Re for  turbulent flow in a tube is 

~ld/2 
4 S (1 - -  2~]/Tld)~d~] = Re. (16) 

0 

�9 / / 

If we use a t h r ee - l aye r  N,kuradze- -Karman scheme: @ = V for 0 -< ~ -< 5, • = 5 1n~ ,3 .05  for  5 - ~ - 30, 
and ~ = 2.5 In ?7 + 5.5 for  30 -< ?7 - 0.5 ~d' then integration of (16) and cer ta in  o ther  operat ions give us 

Re = 2.5'q a In lla --255. (17) 

Numer ica l  calculat ions readi ly show that (12) and (17) give almost  identical resul ts ,  so (10) indicates 
that d/qd has the same Re dependence for turbulent flow in a smooth tube and a turbulent film on a smooth 

ver t ica l  wall. 

Veloci ty-dis t r ibut ion measu remen t s  on f i lms [2] show that the dimensionless  thickness of the viscous 

sublayer  can be taken as being the same as for a flow in a tube. 

Therefore ,  if we assume that the constant of proport ionali ty c in (14) is the same in both cases ,  it follows 

that Rc, li kqd /d  should also be the same. 

Figure  3 shows this complex as a function of Re; this has been derived f rom (17) and measurements  on 

the limiting contact  res i s tance  for  liquid metals  in tubes [8, 15]. The resul ts  of Fig. 3a cor respond to 
continuous tubes, while those of Fig. 3b relate to a tube composed of ring segments;  it is  c lear  that in both 
cases  Re, li h~Td/d sca rce ly  var ies  with Re, while the sharp fall for  Re > 30,000 inthe r ing-segment  tube is due 
[8] to the thickness of the laminar  sublayer becoming ' less  than the height of the roughness Re > 30,000, par t ic -  
u lar ly  as the elements  may not be exactly coaxial. 

The hea t - t r ans fe r  coefficient when Rc, li is attained is 

1 (18) 
(Z 1 ~ ]. 

- - +  Re, li 

Then 
1 1 Re, Uk (19) 

"Nual NUd d 

One can assume for  the mos t  unfavorable hea t - t r ans fe r  conditions (Fig. 3a) that on average Rc, li k ~ d /  
d ~ 90, and then (19) gives 
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NUd, -= Nud , (20) 
1 § 90 Nu~ 

where  qd and NUd are  defined by (12) and (13). 

Then (13) and (20) define the upper  and lower bounds to the h ea t - t r an s f e r  coeff icient  for  a l iquid-metal  
f i lm flowing under gravi ty  on a ve r t i c l e  smooth wall. The resu l t s  f rom these equations show that film 
contamination can reduce the heat  t r an s f e r  by 30-70% at high Re or  by a much m o r e  substantial  factor  at small  
Re. 

Unfortunately,  I am unaware of any m e a s u r e m e n t s  on the flow and heat t r an s f e r  in l iquid-metal  f i lms 
that  could be invoked for  compar i son  ~rith these theore t ica l  resul ts .  

NOTATION 

Nu m = ~ 3 ~ - ~ ,  modified Nusselt number; Nu d = ~ d/k, Nusselt number; Re = wd/v = 4F/(~), Reynolds 
number ;  Pe  = Re" P r ,  Pec le t  number;  P r  = v / a ,  Prandt l  number;  P r  t = ~ / S q ,  turbulent  Prandt l  number;  

= v ' y /u ,  d imensionless  dis tance f rom wall; 7b = v*5/v,  d imensionless  thickness of film; ~/v = V*Sv/U, 
dimensionless  thickness  of viscous sublayer ;  ~d = v* d/u,  d imensionless  equivalent diameter ;  ~p = w/v*, 
d imensionless  velocity;  v* = ~ dynamic velocity;  d = 4F/U,  equivalent d iameter ;  a, local hea t - t r ans fe r  
coeff icient  for  pure  film; v, kinematic  viscosi ty;  ~, t he rma l  conductivity; g, acce lera t ion  due to gravity;  w, ~v, 
local and mean veloci t ies ;  I~ cover ing density; p, density; a, t he rma l  diffusivity; ~T' turbulent  viscosi ty;  eq, 
turbulent  t he rma l  diffusivity; y, distance f rom wall; 6, mean film thickness;  b v, viscous sublayer  thickness;  
ST, t he rma l  bounda ry - l aye r  thickness;  o h, hydrodynamic boundary - l aye r  thickness;.F, c ro s s - s ec t i ona l  a rea  
of flow; U, wetted pe r ime te r ;  q, specific heat flux; T, tangential  s t ress ;  u=  0.4, turbulence constant; subscr ipt  w 
denotes p a r a m e t e r s  at wall. 
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