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A heat calculation based on the assumption of isothermality sometimes 
leads to large errors. Local overheating can affect the normal opera- 
tion of a component. Hence, an accurate heat calculation requires 
the solution of the heat-conduction equation, which is difficult for 
components of complicated shape. This paper gives an example of 
such a calculation. 

In some e lec t ro ly t ic  baths the s teel  cover  is a c u r -  
r en t - conduc t ing  par t  and s e r v e s  to d i s t r ibu te  the c u r -  
r en t  to the anodes.  In th is  case  busba r s  a re  fitted to 
the s teel  cover  and connect  adjacent  e lec t ro ly t ic  baths 
in s e r i e s .  The cover  is a s tee l  plate  with s teel  r i b s  
welded onto it lengthwise.  The cover  has  rows of holes 
which a re  a r r anged  s y m m e t r i c a l l y  re la t ive  to the r ibs  
and se rve  for the passage  of the anodes through the 
cover.  The r ibs  have contacts  which t r a n s m i t  the c u r -  
r en t  f rom the cover  to the anodes. The unders ide  of 
the cover  and the reg ions  around the holes  on the top 
sur face  a re  rubber -coa ted .  The outer  busbar  is  con- 
nected to the cover  between points  A and B (Fig. 1). 
The c u r r e n t  de l ivered  to an anode depends on the d i s -  
tance  of the p a r t i c u l a r  anode f rom the cathode. Th i s  
d is tance  is adjusted f rom the read ing  of c u r r e n t - m e a -  
su r ing  probes .  In the ideal case the c u r r e n t s  de-  
l ivered  to the anodes should be equal. If the c u r r e n t  
is  not d i s t r ibu ted  un i fo rmly  to the anodes equal iz ing  
c u r r e n t s  a re  set  up in the cover.  The heat r e l eased  
in the cover  is d iss ipa ted  by convect ion and rad ia t ion  
by the flat su r f aces  and r ibs  and is r emoved  by con- 
duction through the cover  to adjacent ,  less  heated 
regions ,  f rom which it e scapes  to the sur roundings .  
This  p roces s  leads  to a nonuni fo rm t e m p e r a t u r e  d i s -  
t r ibu t ion  on the cover.  The t e m p e r a t u r e  should be 
highest  in region  I (Fig. 1), Since par t  of the cover  is 
r u b b e r - c o a t e d ,  it is e s sen t i a l  to keep the coating intact  
by c rea t ing  condit ions for  the r e l e a se  and r emova l  of 
heat  f rom the cover  so that the t e m p e r a t u r e  of the hot-  
t e s t  pa r t s  does not exceed the l imi t  for s tab i l i ty  of the 
r u b b e r  coating. The heat  ca lcu la t ion  for a cover  with 
al l  these  fac tors  taken into account p r e s e n t s  g rea t  
t echnica l  diff icul t ies .  

Digi tal  e l ec t ron ic  computers  can be used to ca lcu-  
late the t e m p e r a t u r e  prof i le  along the cover  by solv-  
ing the hea t -conduc t ion  equat ion with due regard  to 
the va r i ab le  heat  t r ans f e r .  

An accura te  heat  ca lcu la t ion  for  the cover  of an 
e lec t ro ly t ic  bath neces s i t a t e s  the solution of the hea t -  
conduct ion equat ion for a body of complex shape (Fig. 
1) with d is t r ibuted  heat sou rces  and sinks.  However,  
for an approximate  upper  e s t ima te  of the poss ib le  
t e m p e r a t u r e s  in the case  of a s y m m e t r i c a l  c u r r e n t  

d i s t r ibu t ion  the p rob lem can be reduced to a one-  
d imens iona l  one. In fact,  the m a x i m u m  t e m p e r a t u r e  
should occur  in the cen t r a l  c ros s  sec t ion  of the cover.  

Fig.  1. D iagram of cover  of R-100 e lec t ro ly t ic  bath.  

Hence, in this  sec t ion  the de r iva t ive  of the t e m p e r a -  
tu re  along the cover  wil l  be 0 ( n e c e s s a r y  condit ion 
for a maximum).  Hence, if we cut out the c en t r a l  
c ros s  sec t ion  of the cover  (Fig. 1) we can a s sume  that  
the t e m p e r a t u r e  in th i s  sect ion is independent  of the y 
coordinate  and the heat flow through the end faces (in 
the d i rec t ion  along the bath) is zero ,  i . e . ,  we can 
a s sume  that  the end faces a re  t h e r m a l l y  insulated.  

Thus,  the p rob lem is reduced to the de t e rmina t ion  
of the t e m p e r a t u r e  prof i le  in a ba r  of v a r i a b l e  c ro s s  
sect ion with l a t e r a l  p ro jec t ions  ( r ibs)  (Fig. 2). This  
p rob lem r e q u i r e s  the solut ion of a sy s t em of th ree  one-  
d imens iona l  hea t -conduc t ion  equat ions (we a r e  i n t e r -  
ested only in the s t eady- s t a t e  solut ion and, hence,  we 

put ~Ti / a t  = 0) 

d [S(xt)g(T~) dd~ ]--k(T~)SI(x3(T,--To)+ dxt 
+ I~ P (T')~l = 0, i =  1,2,3 (1) 

s (x,) 

with the co r r e spond ing  boundary  condit ions 

dTidxt IIx~=~i+ f~ (T~, x}) xi~a~ = 0, 

al=O, a~=l~, aa-~la, i - - l ,  2, 3. (2) 

The equat ions  of the sys t em a re  connected with one 
another  by the condit ion that the tota l  heat  flux at 
b ranch  points  A and B (Fig. 2) is zero.  Mathemat i -  
cal ly  this  condit ion is wr i t t en  as follows: 
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dXl Ix,=a-o dxt 

)~ dT1 [ ~ dT~ 
dxt [x,=b--o-- dxx 

] .... +o .7-2_I =0, 
dx~ Ix,=0 

x,=,~+o-'- ~' dT.~ dx3 ~=o = O. (3) 

1 I.. 11o x, 

Fig. 2. Heat ca lcu la t ion  d i ag ram.  

Thus ,  it is  n e c e s s a r y  to solve the boundary  value 
p rob lem (1) and (2) for a set  of t h ree  o rd ina ry  d i f fe r -  
en t ia l  s e c o n d - o r d e r  equat ions connected by condit ion 
(3). Th i s  is a f a i r l y  difficult  computa t iona l  p r o b l e m ,  
but, s ince the height of the r ibs  is ins igni f icant  in 
compar i son  with the t r a n s v e r s e  d imens ions  of the 
cover ,  we can a s s u m e  as an approx imat ion  that  the 
r i b  t e m p e r a t u r e  is  cons tan t  and r ep l ace  the r i b s  by 
equiva lent  heat  s inks  and sou rces  with due r ega rd  to 
the tota l  amount  of heat  r e l eased  in the r ib  and the heat  
r emoved  f rom the sur face  of the r ib.  The p rob lem then 
reduces  to f inding the solut ion of one o r d i n a r y  non-  
l i n e a r  d i f fe ren t ia l  equat ion of the second o r d e r  with 
specif ied boundary  condi t ions ,  

T d~T dk / dT \2 dS ~, dT (r) d-;-  

- -  k (T) S~ (x) ( r  - -  To) + 12 (x) 9 (7") q = 0, (4) 
S(x)  

- -x  dT sx=~ --~" dT I I 
d x  ~)X x=, k -  k (T - -  To) S = O. (5) 

x~x  k 

The f i r s t  boundary  condi t ion means  that  at the edge 
of the cover  where  c u r r e n t  is being conducted the re  is 
a heat  source  due to contact  r e s i s t ance .  The second 
boundary  condi t ion indica tes  that at the opposite edge 
of the cover  heat  exchange with the su r round ings  takes  
place. Func t ion  p(T) has  the usua l  form 

p (T) = P2o [ 1 + a (7" - -  20)1. 

Func t ions  • and k have the form [11 

k(T) = 3.25(635 -- T). 10 -2 + 28.8, 

htT) = 2.8 i ' /T  -~- To + 3.97 [(T/100p - -  (T/100PI 
T - -  To 

The p rob lem was solved on a Minsk-2  computer  by 
the Runge-Kut ta  method. Since th is  method only solves  
s y s t e m s  of d i f fe ren t ia l  equat ions  with in i t ia l  condi-  
t ions  (the Cauchy problem) ,  the p r o g r a m  was compiled 
in the following way. The machine  chose the t e m p e r a -  
tu re  value on the left end so that  when the f i r s t  boun- 
da ry  condit ion was fulfilled the solut ion of the equation 
sa t is f ied the boundary  condit ion on the r ight  end with 
a specified degree  of accuracy .  Hence we obtained the 
solut ion of the boundary  p rob lem (4), (5) with specified 
accuracy .  

We note that p rob lem (1) with condi t ions  (2) and (3) 
can be solved in a s i m i l a r  m a n n e r  by the Runge-Kut ta  
method. Th i s  en ta i l s  choosing the t e m p e r a t u r e  value 
on the left end T,Ix,=0 so that condi t ions  (2) and (3) 
a re  sat isf ied.  In th is  case  the a lgor i thm of the so lu-  
t ion is as follows. 

A value  Tllxl= 0 is  ass igned and a value of 
(dT,/dXl) Ix1=0 sa t i s fy ing  the boundary  condit ion 

[ ~. dT1 

is de te rmined .  The f i r s t  equat ion of sys t em (1) for  the 
reg ion  f rom X l = 0 to x 1 = a (i. e. to the f i r s t  b ranch  
point) is  solved. The second equat ion of sy s t em (1) 
for  the reg ion  f rom x 2 = 0 to x 2 = 12 with in i t i a l  eondi-  
t ions  

r21~,=o = T d . . . . .  

dT2dx2 x,=0 = al--dxldTl . . . .  , (5a) 

is solved. 
The method of succes s ive  approx imat ions  is used 

to choose a va lue  of ~1 so that at x2 = 12 the boundary  
condi t ion 

is sat isf ied.  We note that the upper  l imi t  of ~I ,  is de-  
t e r m i n e d  f rom the condit ion that  the m a x i m u m  heat  
flux in  the lower  sec t ion  of the r i b  cannot exceed the 
amount  of heat  removed by the r ib  f rom the cover  with 
the r ib  t e m p e r a t u r e  cons tan t  and equal  to the t e m p e r a -  
t u r e  of i ts  base ,  

7 2 (x2) = T, (x,)lxe=.. 

Then  f rom the condit ion that  the tota l  heat  flux at 
the b ranch  point  is zero ,  we obtain 

dT I ~- (1--al) dr._.~,_1[ . (5b) 
dxt [xL~a+O dxl ]x,=a-O 

t I 

$o 

0o 

Fig. 3. Surface t e m p e r a t u r e  d i s t r ibu t ion  along 
c r o s s  sect ion of cover:  1) Calcula ted without 
a l lowance for  r e mova l  of heat by r i b s ;  2) ex- 
p e r i m e n t a l  ( f rom mean  va lues) ;  3) ca lcula ted  
with a l lowance for  r e mova l  of heat by r ibs .  

The f i r s t  equation of the sys tem for the region f r o m  
x 1 = a to x I = b (i. e. to the second branch point) is 
solved with in i t ia l  condi t ions  
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Tl(xl)Ix=a+0 = T1 (xl) Jx,=a-0, 

and (5b). The p rocedure  ca r r i ed  out at  the f i r s t  b ranch  
point  is repeated  at the second b ranch  point,  i . e . ,  the 
coefficient  a~ is de te rmined .  Af ter  th is ,  the solut ion 
of the f i r s t  equat ion of sys tem (1) for  the reg ion  f rom 
xl = b to x I = l I with in i t ia l  condit ions 

T1 (xl)l:,,=b+o = T1 (xl)]x,=b-o, 

dT1 [ = (1 - -  a2) dT1 
dx~ Ix,=t,+o dx~ x,=O-o ' 

is completed.  The calcula t ion gives some va lues  of 
T1(/1) and (dTl/dxl)(/1) whieh may not sa t i s fy  the c o r -  
responding  boundary  condit ion on the r ight  end of the 
cover.  The whole solut ion p rocedure  is then repea ted  
with a new ini t ia l  value of Tl(xl)lxl= 0. The method of 
succes s ive  approximat ions  is used to find the value 
T 1 Ix1= 0 at which the boundary  condit ion on the r ight  
end (xl = ll) is sat isf ied with specif ied accuracy .  

We calculated (4) and (5) for  s e v e r a l  d i f ferent  c u r -  
ren t  loads on the e lec t ro ly t ic  bath (I = 75, 80, and 100 
kA) and with di f ferent  s impl i fy ing  assumpt ions :  a) the 
r ibs  a re  absent  (usual  one -d imens iona l  non l inea r  
problem);  b) the r ibs  are  replaced by equivalent  s inks  
and sources  on the a s sumpt ion  tha t the  t e m p e r a t u r e  is 
constant  over  the r ib  height and is equal to the t e m -  
pe ra tu r e  at the base  of the rib.  

It is obvious that the solut ion of (4) and (5) with a s -  
sumpt ions  a and b gives  upper  and lower  e s t i m a t e s .  
r espec t ive ly ,  of the t e m p e r a t u r e  on the sur face  of the 
cover  Tl(Xl), obtained by the solut ion of sys tem (1)-(3).  
In fact,  in the case  of a ssumpt ion  a the r emova l  of 
some of the heat f rom the r ib  is neglected and, hence,  
the cover  t e m p e r a t u r e  is overes t imated .  In the case  of 
a s sumpt ion  b the heat t r a n s f e r  f rom the r ib  sur face  
is ove res t ima ted  and, hence,  the t e m p e r a t u r e  on the 
sur face  of the cover  is l ess  than the t rue  value. 

The r e s u l t s  of the ca lcula t ion  a re  shown in Fig. 3. 
Curve  1 co r re sponds  to a s sumpt ion  a and curve  3 to 
a s sumpt ion  b. As the f igure  shows, the g rea tes t  dif-  
f e rence  between the cu rves  is about 5 ~ C. Hence,  in 
th is  case  there  is no need to seek an exact solut ion of 
p rob lem (1)-(3),  which~must l ie between cu rves  1 and 
3. 

Below we give the r e su l t s  of the expe r imen ta l  m e a -  
s u r e m e n t s  and compare  them with the r e su l t s  of ca l -  
culation.  The sur face  t e m p e r a t u r e  was m e a s u r e d  by 
an i n s t r u m e n t  of accu racy  c lass  2 .5  with a sca le  f rom 
20 to 120" C. 

The choice of the points  for m e a s u r e m e n t  of the 
t e m p e r a t u r e  over the c ros s  sec t ion  of the cover  was 
de te rmined  by its specific design:  point 1 was located 
d i r ec t ly  at the point  of connect ion of the anode busbar ;  
2 lay in f ront  of the f i r s t  row of anode rods ,  at the 
edge of the r u b b e r  coating; 3 lay in the gap between 
the anode rods of the f i r s t  row (the r u b b e r  coat ing at 
the m e a s u r e m e n t  points  was removed); 4 lay in front  

of the f i r s t  r ib ,  f rom which the c u r r e n t  was fed through 
a wi re  to the f i r s t  and second rows of anode rods; 5 
lay in f ront  of the th i rd  row of anode rods ,  at the edge 
of the r u b b e r  coating; 6 lay midway between the third 
row of anode rods; 7 lay af ter  the fourth row of anode 
rods ,  at the edge of the r u b b e r  coat ing (Fig. 3). 

A c o m p a r i s o n  of the r e s u l t s  of ca lcu la t ion  and m e a -  
s u r e m e n t s  showed that  the ca lcula ted  cu rves  were  in 
good a g r e e m e n t  with the expe r imen ta l  data. A c h a r a c -  
t e r i s t i c  fea ture  was the i nc r ea se  in t e m p e r a t u r e  in a 
v e r y  n a r r o w  sec t ion  of the cover  (in the gap between 
the anode rods of the f i r s t  row). The d i f ference  of 
s e v e r a l  deg rees  C in the hot pa r t  of the cover  mus t  
be a t t r ibuted  to the i n a c c u r a c y  of the chosen coef-  
f ic ien ts  and to the s impl i fy ing  a s sumpt ions  r ega rd ing  
the r ibs .  The h igher  value of the actual  t e m p e r a t u r e  
of the cover  in compar i son  with the calculated value 
in the l e s s  hot reg ion  can be a t t r ibu ted  to the a s -  
sumed absence  of heat  t r a n s f e r  between the unders ide  
of the cover  and the gas inside the e lec t ro ly t i c  bath 
(the t e m p e r a t u r e  d i f ference  here  is 30 -40  ~ C). The 
a g r e e m e n t  between the calculated and expe r imen ta l  
t e m p e r a t u r e s  is suff ic ient ly  good to make the proposed 
method of ca lcu la t ion  sui table  for the des ign  of e l ec -  
t ro ly t i c  baths.  

The t e m p e r a t u r e  d i s t r ibu t ion  over  the cover  should 
be calcula ted as a check af ter  its m a i n  d imens ions  
have been  de te rmined  f rom cons ide ra t ions  of s t rength  
and a su i tab le  shape has been adopted. At this  stage 
the in i t ia l  fo rm of funct ions S(x) and Sl(x ) is ass igned.  
If the heat  ca lcu la t ion  shows the p r e sence  of reg ions  
with t e m p e r a t u r e  above the p e r m i s s i b l e  value,  the 
des ign  or  the c u r r e n t  switching sys tem mus t  be a l -  
t e r e d  and the ca lcula t ion  pe r fo rmed  again. These  
opera t ions  a re  continued unt i l  a sa t i s f ac to ry  r e su l t  
is obtained. To allow for the act ion of equal iz ing c u r -  
r e n t s  p a s s i n g  along the axis  of the cover  we r e c o m -  
mend as s ign ing  an increased  c u r r e n t  load to one e le-  
men t  of the equivalent  c i rcui t .  

NOTATION 

S(xi) is  the c r o s s - s e c t i o n a l  a rea  of the c o r r e s p o n d -  
ing reg ion  of rod; p is  the r e s i s t i v i t y  of the cover  m a -  
t e r i a l ;  ~ is  the t h e r m a l  conductivi ty;  I i is the c u r r e n t  
in the co r r e spond ing  region  of the cover;  Ti is the 
t e m p e r a t u r e ,  *C; 77 is the conver s ion  coeff icient ,  equal 
to 0.86 J / kc a l ;  k i s  the heat  t r a n s f e r  coefficient;  S 1 is  
the a r e a  of he a t - l o s i ng  sur face ;  To is  the ambien t  t e m -  
p e r a t u r e ,  ~ 
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