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The  p r o b l e m  of the  t e m p e r a t u r e  f i e ld  in b o d i e s  wi th  hea t  r e l e a s e  and with  i n t e r n a l  coo l ing  c h a n -  
n e l s  in the  p r e s e n c e  of e x t e r n a l  h e a t  t r a n s f e r  is  s o l v e d  th rough  the  i n t r o d u c t i o n  of the  concep t  
of s i n k  i n t e n s i t y .  

In p e r f o r m i n g  the  t h e r m a l  c a l c u l a t i o n s  f o r  m a t e r i a l s  wi th  i n t e r n a l  h e a t  s o u r c e s  we f r e q u e n t l y  e n -  
c o u n t e r  the  p r o b l e m  of d e t e r m i n i n g  the  t e m p e r a t u r e  f i e ld  of ind iv idua l  e l e m e n t s  wi th  i n t e r n a l  coo l ing  t h a n -  
n e l s .  H e r e  we a r e  i n t e r e s t e d  in f inding  the  t r u e  e f f i c i e nc y  of the  c oo l i ng  channe l ,  d e t e r m i n e d  by  the amoun t  
of h e a t  r e m o v e d .  In t h e r m o p h y s i c s  such  p r o b l e m s  a r e  u s u a l l y  s o l v e d  by  s p e c i f y i n g  the coo l ing  channel  in 
the  f o r m  of a b o u n d a r y  cond i t ion  of the  t h i r d  kind o r  by  m a t c h i n g  the s o l u t i o n s  f o r  v a r i o u s  r e g i o n s .  Th i s  a p -  
p r o a c h  m a k e s  i t  p o s s i b l e  to a c h i e v e  a s o l u t i o n  fo r  m a t e r i a l s  [bodies]  c y l i n d r i c a l  in s h a p e ,  with a c o a x i a l  
channe l .  

In the  g e n e r a l  c a s e ,  the  channe l  may  b e  p o s i t i o n e d  a r b i t r a r i l y ,  and then  t h e s e  me thods  wi l l  not  be  
s u i t a b l e  to f ind a s o l u t i o n  f o r  the  s t a t e d  p r o b l e m ,  a l though an a p p r o x i m a t e  idea  of the  t e m p e r a t u r e  f i e ld  can  
b e  ob t a ined  by  r e p l a c i n g  the  c o n c e n t r a t e d  chenne l  wi th  one tha t  is  d i s t r i b u t e d  as  a c o n s e q u e n c e  of an e q u i v -  
a l en t  i n c r e a s e  in t he  e x t e r n a l  h e a t  t r a n s f e r .  

It is  t h e r e f o r e  he ld  to be  n e c e s s a r y  tha t  the  c a l c u l a t i o n  of the  h e a t i n g  of such  b o d i e s  is  p e r f o r m e d  by  
s p e c i f y i n g  the  channe l  in the  f o r m  of a l i n e a r  s ink ,  s i t u a t e d  in the c e n t e r  of the  channe l .  The  quan t i ty  of 
h e a t  r e m o v e d  by  such  a coo l ing  cha?mel can  be  d e t e r m i n e d  e x p e r i m e n t a l l y  f r o m  t h e  da t a  fo r  the  s u p e r h e a t i n g  
of the  coo l ing  m e d i u m  at the  ends  of the  channe l  and f r o m  the  flow r a t e  of the  coo l ing  m e d i u m .  Since i t  is 
d i f f i cu l t  to a c h i e v e  such  da t a  in a n u m b e r  of e a s e s ,  we a r e  i n t e r e s t e d  in d e t e r m i n i n g  the  i n t e n s i t y  of the  
s i n k  in a t h e o r e t i c a l  m a n n e r ,  b e a r i n g  in mind  the t r u e  d i m e n s i o n s  of the  channe l ,  i . e . ,  the  channe l  is  not  
d r a w n  out into a l ine ,  but  is  t r e a t e d  as a t h r e e - d i m e n s i o n a l  s i n k  with  an i n t e n s i t y  W. 

Le t  us c o n s i d e r  a body  (Fig .  1) in the  s h a p e  of a ho l low c y l i n d e r  in which  the  i n t e n s i t y  of the  i n t e r n a l  
hea t  s o u r c e s  is  a funct ion of both  r and z.  The  h e a t  evo lved  in the  body is  t r a n s m i t t e d  to the  e x t e r n a l  c o o l -  
ing m e d i u m  and into  the  i n t e r n a l  coo l ing  channe l .  We wi l l  r e s t r i c t  o u r s e l v e s  to the  p r o b l e m  in which  the  
channe l  i n t e n s i t y  W = c o n s t  Way ,  which  c o r r e s p o n d s  t o  the  e a s e  of s m a l l  channe l  d i m e n s i o n s  and an i n -  

r I z 0 , h l  , 

F i g .  1. T h e o r e t i c a l  mode l .  

s i g n i f i c a n t  t a n g e n t i a l  t e m p e r a t u r e  g r a d i e n t  a c r o s s  the  
channe l .  

The t e m p e r a t u r e  f i e ld  in such  a body wi l l  then  be  
d e t e r m i n e d  f r o m  the fo l lowing  b o u n d a r y - v a l u e  p r o b l e m :  

1 0 ( 0 0 ) r  4- O~O P(r, z) 
r Or Orr Oz ~ k 

1 
+ ~ -  ['1 (z - -  z0) - -  n (z - -  z 0 - -  hi] (1) 

x b/(r - -  r0) - -  ~1 ( r - -  r o - -  h2)l [P (r, z) + WI; 
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TABLE 1. T e m p e r a t u r e  (~ of the In t e rmed ia t e  In se r t  of a 300 MW 
T u r b o g e n e r a t o r  

X,1]] 0 

0 69,0 
0,05 63,5 
0,1 58,6 

y, 122 

0,035 0,052 0,080 O, 140 

66,7 
55,0 
52,2 

63,4 

49,5 

47,0 

63,0 
48,8 
46,0 

68 
53,8 
60,0 

OO a, (@ _ O~) I . . . .  OO az (@ - -  Oz) = 0; (la) 
- o-2+K- =0, o V + ~ -  . . . .  

OO+ % ( O - - 0 3 ) 0 ,  0(3+ a~ 
- a~- ~ -  ~=o= az ~ -  (o - e , , )  = o. O-b) 

z~z~ 

The second  t e r m  in the r i gh t -hand  m e m b e r  of (1) d e s c r i b e s  the r e m o v a l  of heat  in the cool ing  channel,  with 
cons ide ra t i on  given to the absence  of l o s s e s  in the channel  i tself ,  in this  case ,  we use the Heavis ide  unit ~- 
funct ion 

1 z ~ 0 ,  (2) 
q ( z ) = 1 0  z < 0 .  

Equat ion (1) with the speci f ied  bounda ry  condi t ions  (lb) is turned  into an o r d i n a r y  d i f fe ren t ia l  equat ion by 
applying the finite in tegra l  t r a n s f o r m  to the funct ion | z) with r e s p e c t  to  the va r i ab le  z with a ke rne l  of 
the f o r m  

cos (13~z + ~,), n = 1, 2 . . . .  

The cons tan t s  fin and 5 n a r e  d e t e r m i n e d  f r o m  the fo l lowing equat ions:  

ctg ~z ,  a3 + ~3~L% , 5~ = - -  arctg ~n)~ (3) 

The solut ion of the b o u n d a r y - v a l u e  p r o b l e m  (1), (la), and (lb) will depend on W. We then compi le  the equa-  
t ion fo r  W, us ing  Newton ' s  f o r m u l a  fo r  the channel  wal ls ,  i .e. ,  

I W  = a [6) (r, z,  W )  - -  0o1. (4) 

F r o m  this e x p r e s s i o n  we see  that  the sink in tens i ty  W, in the gene ra l  case ,  is a funct ion of the coo rd in a t e s  
r and z of the channel  reg ion .  However ,  f o r  the case  under  cons ide ra t ion ,  as  indicated above,  we mus t  
choose  the a v e r a g e  lW fo r  the wal l s .  With a u n i f o r m  d i s t r ibu t ion  of the spec i f ic  l o s s e s  a long r ,  the sink 
in tens i ty  is t h e r e f o r e  d e t e r m i n e d  f r o m  (4), compi led  fo r  the point (r0, z 0 + h~/2). 

However ,  if P( r ,  z) changes  m a r k e d l y  in the channel  r eg ion  along r, we have to  compi le  yet  ano ther  
equat ion,  in ana logous  fashion,  f o r  the point  (r 0 + h2, z 0 + h l /2  ) a n d t a k i n g t h e  a v e r a g e  value  of W. 

If the body has n channels removing heat expressed by ~ Wihlih2i/i, we compile the following system 
of equa t ions :  ~=l 

liWi=c h 0 roi, Z o ~ - { - ~ - ,  W i, W 2 . . . . .  IV~ --@oi , (4a) 

i ~ l ,  2 . . . .  ,n .  

Joint  cons ide ra t i on  of the b o u n d a r y - v a l u e  p r o b l e m  (1), (la),  (lb), and (4) makes  it poss ib le  to d e t e r -  
mine  the magni tude  of the heat  r e m o v e d  to the channel  and the t e m p e r a t u r e  field of the body. It would not 
be r e a s o n a b l e  to p r e se n t  the e x p r e s s i o n s  fo r  these  quant i t ies  in gene ra l  f o r m  in view of the i r  c u m b e r s o m e  
form;  we will t h e r e f o r e  i l lus t ra te  the  p r o p o s e d  method with one of the p r o b l e m s  of heat ing in e l e c t r i c a l  
equipment  with liquid cooling,  where  the ro t a t i ng  e l e c t r o m a g n e t i c  f ie lds  lead to the evolut ion of heat  in f e r -  
r o m a g n e t i c  componen t s  that a r e  s y m m e t r i c a l  with r e s p e c t  to the shaft  of the equipment .  The spec i f ic  l o s s e s  
within such componen t s  a r e  independent  of ~o, and intensive  cool ing  of such componen t s ,  as a rule ,  r e s u l t s  
in only s l ight  hea t ing  of the liquid in the channel .  
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Fig.  2. End port ion of a powerful  t u rbogene ra to r  (a) (Ch 
denotes  channels  with the cooling liquid) and a c r o s s  s e c -  
tion of the in te rmedia te  inser t  (b) in the efgh plane (Y2 
- Y l  = h2. 

The above can be r e f e r r e d  to most  of the e lements  in the forward  zone (Fig. 2) of powerful tu rbogen-  
e r a t o r s  for  which the p rob lem of heat ing is cu r r en t ly  ve ry  important  [1]. 

We will i l lus t ra te  this  method of heat ing calcula t ions  for  bodies with internal  cooling channels on the 
example  of an e lement  whose d imens ions  - to s impl i fy  the ca lcula t ions  - pe rmi t  us to change to r ec tangu la r  
coordinates .  

As such an example  we will de t e rmine  the eff ic iency of the cooling channel in the in te rmedia te  inser t  
of a t u rbogene ra t o r  developing a power of 300 MW (Fig. 2b). The inse r t  is insulated f rom the housing of the 
bear ing  along the line gh. We have intensive heat  t r a n s f e r  f rom the su r faces  ef and fg to the gas being 
cooled, while the t r a n s f e r  of heat  f r o m  the sur face  eh can be neglected.  The boundary conditions will then 
have the fo rm 

Oi ) . . . .  O0 x=0 O0 + a, (O--  = 0 ,  ~ O, -V 
(a) 

000_~_ + --~ % ( 0 -  02)v=w = O, -~gO0 y=o = 0 .  

Bear ing  the above in mind, in a r ec t angu la r  s y s t e m  of coordinates ,  we find the t e m p e r a t u r e  function 

cos [~x + O. (6) 
t 3 =  ((}~,~+@2~) xo 4- 1 sin2~Xo 

. r i l l  
2 4 ~  

0,,, -- ch 13~y a I sin [~,~x o ~02 _ O~ P t P sin i3~,Xo; (6a) 

in the fo rm 

02,~ = (P + W) sin 13,,x2 - -  sin ~ x t  {-- 2 ch I~V sh ~= hz. 
2 

( Y o - - Y , + ~ l + ~ - - a '  sh[~(yo__Vl__ @_ ) ch 
/ 

+ [ch 13,~ (!/--  Y,) - -  bn (Y)]} ; (6b) 
• 13,~ 1 

ch 13~ (g - -  y~) 0 .< y < !]~, 
bn (V) ~ 1 Vl-<- Y -< V, + h2, 

, c h  13,~ (g  - -  g i  - -  h2) / h  -~- h2 < V ~ go 

for a I = %. 

(6c) 
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The n u m e r i c a l  va lues  in t hese  f o r m u l a s  for  the i n s e r t  w e r e  P = 600 kW/n~ 3, x 0 = 0.1 m, Y0 = 0.14 m, 

x 1 = 0.054 m, L = 1.60 m, x 2 = 0.072 m, Yl = 0.052 m, h 2 = 0.037 m, c~ i = c~ 2 = 514 W / m  2. ~ X = 48 W / m  2 
�9 ~ O i = 46~ and | = 62~ 

Subs t i tu t ing  these  e x p r e s s i o n s  for  t e m p e r a t u r e  into (4), with the cool ing  w a t e r  at a t e m p e r a t u r e  of 

20~ and a h e a t - t r a n s f e r  coef f ic ien t  a = 4.4 k W / m  2. ~ we find that  the l o s s e s  r e m o v e d  with the w a t e r  
amoun t  to 12.58 kW. Thus  94.5% of al l  the evolved l o s s e s  in the i n s e r t  a r e  r e move d  to the channe l ,  which 
ind ica te s  i ts  high ef f ic iency .  On the o the r  hand,  the l o s s e s  r e m o v e d b y  the wa te r ,  as d e t e r m i n e d  e x p e r i -  
m e n t a l l y  by m e a n s  of c a l o r i m e t r y  [2], a m o u n t  to 12.8 kW. 

C o m p a r i s o n  of the t h e o r e t i c a l  and e x p e r i m e n t a l  loss  m a g n i t u d e s  c o n f i r m s  the va l id i ty  of the chosen  
method.  

We can find the t e m p e r a t u r e  f ie ld  (see Tab le  1) of the i n t e r m e d i a t e  i n s e r t  by m e a n s  of the work ing  
f o r m u l a s  (6)-(6a). 

| | 

a l - a  4 
r l ,  r2, r 

Z, Z 1 

P(r ,  z) 

~(z) 
hi, h2, r0, z0 
L 
l 
W 

xo, Yo 
xl, x2, Yl, Y2 
fin, 5n 

c~, | 

N O T A T I O N  

is the  t e m p e r a t u r e  of the a m b i e n t  m e d i u m  for  the four  s ides  of the t r a n s v e r s e  c r o s s  sec t ion  

of the cy l inde r ;  
a r e  the coef f i c ien t s  of heat  t r a n s f e r  for  the c y l i n d e r  s u r f a c e s ;  
are the inside and outside radii and the instantaneous radial coordinate of the cylinder; 
are, respectively, the axial coordinate and the length of the cylinder; 
is the angular coordinate; 
is the function of the specific losses in the cylinder; 
is the Heaviside unit function; 
are the dimensions and coordinates of channel position in the cylinder; 
is the channel length; 
is the ratio of channel volume to channel surface; 
is the intensity of the three-dimensional sink, determined by the magnitude of the losses 
removed per unit volume of channel; 
[s~the coefficient of thermal conductivity; 
are the dimensions of the lateral cross section of the insert in the coordinates x and y; 
are the channel coordinates in the lateral cross section of the insert; 
are the constant kernels of the integral transform; 
are, respectively, the coefficient of heat transfer and the temperature of the cooling medium 
in the internal channel~ 
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