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The present paper contains the results of an experimental study of the 
effect of the exactness of specification of boundary resistances on the 
temperature distribution in a steam turbine rotor m transient states as 
determined by means of a net model. 

The exac tness  of so lu t ions  of heat  conduct ion  p r ob -  
l ems  obtained hy m e a n s  of model ing devices  depend 
not only on the ca lcu la t ion  accu racy  and on the ehoice 
of the net  of r e s i s t a n c e s  of the objec t ;  it is also de -  
pendent  in l a r g e  m e a s u r e  on the exac tness  of spec i f i -  
cat ion of the heat t r a n s f e r  condi t ions  at the bounda r i e s  
of the r eg ion  under  inves t iga t ion .  

In p r o b l e m s  with boundary  condi t ions  of the th i rd  
kind the r e s i s t a n c e s  model ing  heat  t r a n s f e r  be tween 
the object  and m e d i u m  can be found f r o m  the fol lowing 
fo rmu la s ,  depending  on the type of boundary  point (see 
Fig.  l a )  : 

for points  obta ined at the i n t e r s e c t i o n  of the net  
l ines  r with the boundary  su r face ,  
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for points  obtained at the i n t e r s e c t i o n  of the net  
l ines  z with the boundary  su r face ,  
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for points  obta ined at the i n t e r s e c t i o n  of the net  
l ines  q9 with the boundary  sur face ,  
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for a nodal  point  at the su r face ,  
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Relations (I)-(4) were derived for a three-dimen- 

sional region in cylindrical coordinates by the method 

described in [i]. 
Sinee errors in measurement of the net branches 

affect both the interior and boundary net resistances, 

it is possible to incorporate this error in the scale 
factor K I. The aecuracy of determining the boundary 

resistances is then affected by the cosines between 
the exterior normals and net lines and by the criterion 

of heat transfer intensity ~b/X. 
If the boundaries of the domain under investigation 

a re  defined by a contour  cons i s t i ng  of l i nes  p a r a l l e l  
and pe r pe nd i c u l a r  to the net  l ines ,  the e r r o r  in the 
quant i t i es  R b due to e r r o r s  of m e a s u r i n g  of the angles  
between the ex t e r i o r  nor rna l s  and net  l ines  does not 
exceed 1 . 5 - 2 . 5 % .  It is c l e a r  that the accuracy  of com-  
puted va lues  of the boundary  r e s i s t a n c e s  is d e t e r m i n e d  
in this  case  l a r g e l y  by the a c c u r a c y  of the data c o n c e r n -  
ing the heat t r a n s f e r  condi t ions  at the boundar i e s .  

The ques t ion of exac tness  of spec i f ica t ion  of the 
boundary  r e s i s t a n c e s  is e spec ia l ly  r e l evan t  in solving 
the heat  conduct ion p rob lem with t i m e - d e p e n d e n t  bound-  
ary  condi t ions .  This c l a s s  of p rob lems  includes  those 
of hea t ing  of s t e a m t u r b i n e  e l e m e n t s  dur ing  s t a r t - u p  
over  s l id ing  p a r a m e t e r s .  The fact that e l ec t r i c a l  mod-  
e l ing mach ines  do not i n c o r p o r a t e  devices  which would 
p e r m i t  the spec i f ica t ion  of cont inuous t ime -dependen t  
boundary  condi t ions  ma ke s  it n e e e s s a r y  to use the Lieb-  
man  method [2] in  solving such p r ob l e ms .  At the s ame  
t ime ,  our  limited knowledge of the effect of exac tness  
of spec i f i ca t ion  of boundary  condi t ions  on the t e m p e r a -  
t u r e  d i s t r i bu t i on  in the body makes  it n e c e s s a r y  to r e -  
duce the n u m b e r  of s teps  in the L iebman method with 
cons tan t  boundary  r e s i s t a n c e s  and to i n c r e a s e  the n u m -  
be r  of r e spe c i f i c a t i on  of these  r e s i s t a n c e s .  

We c a r r i e d  out our  study with the purpose  of de-  
t e r m i n i n g  the effect of heat  t r a n s f e r  in tens i ty  on t e m -  
p e r a t u r e  d i s t r i bu t ions  in a s t eam tu rb ine  ro to r  in s i m -  
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ple h e a t i n g p r o b l e m s  and e s t i m a t i n g p e r m i s s i b l e  e r r o r s  
in the spec i f i ca t ion  of boundary  r e s i s t a n c e s  in m o d e l -  
l ing. Since we va r i ed  R b only by way of (~b, all  our  
conc lus ions  c o n c e r n i n g  the exac tness  of spec i f i ca t ion  
of boundary  r e s i s t a n c e s  apply to the effect of heat t r a n s -  
fe r  i n t ens i ty .  
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! 

t: 

3 

7 
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Fig. 1. a) Diagram of poss ib le  types of 
boundary  points  for a t h r e e - d i m e n s i o n -  
al domain  with a cy l ind r i ca l  net.  b )S t ea m 

tu rb ine  ro to r  e l ement .  

The study was c a r r i e d  out on an MSM-1 model ing  
mach ine  m o d e r n i z e d  to solve n o n - s t e a d y - s t a t e  p r ob -  
l ems  of hea t  conduct ion by the L i ebman  method [2]. In 
the cou r se  of it we solved s e v e r a l  p r o b l e m s  of s imp le  
heat ing of a s t e am tu rb ine  ro to r  over  a wide range  of 
va r i a t i on  of heat t r a n s f e r  coeff ic ients  at its bounda r i e s .  
The m e a s u r e d  r e s u l t s  were  plotted for the mos t  c h a r -  
a c t e r i s t i c  points  (Fig. lb)  of the ro to r  as funct ions of 
the r e l a t i ve  t e m p e r a t u r e  ~ = f(Bi,  7). 

Since the ro to r  of a mu l t i s t age  t u rb ine  cons i s t s  
l a rge ly  of the e l emen t s  shown in Fig.  lb ,  it follows 
that in e s t ima t ing  the effect of heat  t r a n s f e r  in tens i ty  
on the t h e r m a l  s ta te  and exac tness  of spec i f ica t ion  of 
the boundary  r e s i s t a n c e s  we can l im i t  ou r se lve s  to the 
ana lys i s  of the r e l a t i o n s  ~ = f(Bi,  T) for  the c h a r a c t e r -  
i s t ic  points  of one such e lement .  

The cu rves  of Fig.  2 which r e p r e s e n t  the r e l a t i ve  
t e m p e r a t u r e  ~ = 9C(Bi, ~-) for points  ly ing on the su r face  
of the ro to r  be tween  the disks  (the d iaphragm conden-  
sa t ion  zone, point  1 in Fig.  lb)  show that the r e q u i r e -  
ments  as r e g a r d s  the ca lcu la t ion  accu racy  and the 
exac tness  of the set  of boundary  r e s i s t a n c e s  in so lv -  
ing heat  conduct ion  p r o b l e m s  by the net method depend 
e s sen t i a l l y  on the heat  t r a n s f e r  in tens i ty  and dura t ion  

of the p r o c e s s .  Deviat ions  in Bi of ~10-15% for va lues  
Bi < 2 .0  and +20% for Bi > 2.0 do not affect the t e m -  
p e r a t u r e  d i s t r i bu t ion  in the body of the r o t o r  to wi th-  
in the accu racy  of so lu t ion  of p rob l ems  by the net  
method.  At the s ame  t ime,  we see that the r e q u i r e m e n t s  
as  to ca lcu la t ion  accu racy  and se l ec t ion  of boundary  
r e s i s t a n c e s  for  Bi > 6 .0  a re  s t i l l  l e s s  s t r ingen t .  

For  Bi > 15.0 and a p roces s  dura t ion  of over  15 
rain fu r the r  i n c r e a s e s  in heat t r a n s f e r  in tens i ty  in de -  
t e r m i n i n g  the t h e r m a l  s ta te  of the ro to r  have p r a c t i -  
cal ly  no effect on the t e m p e r a t u r e  d i s t r ibu t ion  at the 
va r ious  points  of the r eg ion  under  inves t iga t ion .  This 
fact  enables  us to ignore  these  changes  in i nves t i ga -  
t ing  p r o c e s s e s  with t i m e - v a r i a b l e  boundary  condi t ions  
of the th i rd  kind for  Bi > 15.0.  

Analys i s  of the cu rves  of va r i a t i on  of the r e l a t i ve  
t e m p e r a t u r e s  ~ = / (Bi ,  ~-) for points  ly ing  within the 
body of the r o t o r  not  only conf i rmed  all  that we have 
said c o n c e r n i n g  su r face  points ;  it also showed that 
for  i n t e r i o r  points  far  r emoved  f rom the heat t r a n s -  
fe r  su r f aces  with va lues  Bi > 4 .0 ,  the dura t ion  of the 
p roces s  has no effect on the r e q u i r e m e n t s  as r ega rd s  
the exac tness  of spec i f i ca t ion  of the boundary  r e s i s -  

t ances .  
The cu rves  in Fig.  3, which r e p r e s e n t  the r e l a t ive  

t e m p e r a t u r e  D = /(Bi ,  T) for point  4 in Fig. lb  (i. e . ,  
within the body of the disk i tse l f )  indica te  that the 
t e m p e r a t u r e  d i s t r i bu t ion  obtained in a thin e l emen t  of 
a d isk  blade is s a t i s f ac to ry  if the e r r o r  of ca lcu la t ion  
and spec i f ica t ion  of boundary  r e s i s t a n c e s  under  t i m e -  
v a r i a b l e  condi t ions  of the th i rd  kind does not exceed 
~:10-15% for  Bi < 4 and ~-20% for Bi > 4. As in the 
case  of points  in the d iaphragm condensa t ion  zone, 
the r e q u i r e m e n t s  as to ca lcu la t ion  accu racy  and s e l e c -  
t ion of boundary  r e s i s t a n c e s  a re  much less  s t r i ngen t  

for  Bi > 6 - 8 .  
The curves  of Fig. 4, which r e p r e s e n t  the r e l a t ive  

t e m p e r a t u r e  for nodal points  on the d isk  blades  show 
that a devia t ion in Bi of •  for  Bi < 0 .65 and of 
• for  Bi > 0.65 do not affect the t e m p e r a t u r e  d i s -  
t r ibu t ion  in the disk blades  and in the ro to r  as a whole. 

We note that  the d i sk  th ickness  was taken as the 
d e t e r m i n i n g  d i me ns i on  in our  e s t i ma t e s  of heat  t r a n s -  
fer  at the b lades .  Thus, equal heat t r a n s f e r  i n t ens i -  
t ies  at the b lades  and in the d iaphragm condensa t ions  
co r r e spond  to an approx imate ly  threefold  d i f fe rence  

in Bi. 
The r e q u i r e m e n t s  as to ca lcu la t ion  accuracy  and 

boundary  r e s i s t a n c e  spec i f ica t ion  for points on the 
disk blades  a r e  much l e s s  s t r i nge n t  for  Bi > 0.65;  
for Bi > 3 .0  and p roces s  dura t ions  in excess  of 15 
min  fu r the r  i n c r e a s e s  in heat  t r a n s f e r  in tens i ty  have 
p rac t i ca l ly  no effect on the t e m p e r a t u r e  d i s t r ibu t ion  
in the r eg ion  under  inves t iga t ion .  It is c l ea r  that  for 
points on the d isk  blades  in p rob l ems  with t ime-va r i : -  
able boundary  condi t ions  of the th i rd  kind these  v a r i -  
at ions in the boundary  r e s i s t a n c e s  can be ignored upon 
a t t a inmen t  of va lues  Bi > 3.0.  

All we have said impl ies  that the m i n i m u m  p e r m i s -  
s ib le  e r r o r  in the d e t e r m i n a t i o n  of boundary  r e s i s -  
tances  for any point  on the ro to r  does not exceed •  
15%. I n c r e a s e s  in the p e r m i s s i b l e  e r r o r  a r e  a s s o c i -  
ated with i n c r e a s e s  in Bi. The r e su l t s  of our  study 
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Fig. 2. Variation of the re la t ive  t empe ra tu r e  ~ = f(Bi,.T) for  
points on the ro tor  sur face  in the diaphragm condensation zone 
(point 1 in Fig. lb).  1) for  Bi > 20 (a--45; b--37); 2) Bi = 14.0 
(a--16.5; b--11.65; c--15.4;  d--12.65); 3) 8.0 (a--7.59; b--9.24; 
c--7.9;  d--10.0); 4) 6.0 (a--6.3; b--5.6; c--5.06); 5) 4.0 (a--4.2; 
b--3.8;  c--3.50;-d--3.60); 6) 2.0 (a--2.1; b--1.89; c--2.53; d-- 
2.32; e--2.32); 7) 1.2 (a--1.17; b--1.27); 8) 0.55 (a--0.58; 
b- -0 .47;c- -0 .633) ;  9) 0.3 (a - -0 .29 ;b- -0 .33 ;c - -0 .25) ;  T i s  in 

hours .  
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Fig. 3. Variation of the relative temperature  ~ : 
= f(Bi, T) for points inside the disk itself (point4, 
Fig. lb). 1) for Bi > 18.0 (a--50; b--35; c--28; 
d--30; e--17); 2) Bi = 12.0 (a--12.7; b - - l l . 5 ;  c-- 
13.7); 3) 6.0 (a--6.03; b--5.8; c--6.4); 4) 2.5 
(a--3.01; b--2.90; c--2.8; d--2.3); 5) 1.5 (a--1.59; 

b--1.44); 6) 1.0. 
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Fig. 4. Variation of the re la t ive  t empe ra tu r e  ~ : 
= f (Bi , r )  for points on the disk blades (point 6 in 
Fig. lb) .  1) Bi = 3.5 (a--3.8; b--3.5; c--3.44); 
2) 2.0 (a--2.42; b - - l .9 ;  c--2.1); 3) 1.5 ( a - - l . 4 ;  
b--1.55; c--1.5); 4) 0.65 (a--0.60; b--0.75); 5) 
0.45 (a--0.49; b--0.47; c--0.37); 6) 0.2 (a--0.19; 
b--0.24); 7) 0.11 (a--0.135; b--0.12; c--0.094); 

~- is in hours .  
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showed that  the l e v e l  of Bi va lue s  p e r m i t t i n g  equal  e r -  
r o r s  in  the s p e c i f i c a t i o n  of  R b depends  e s s e n t i a l l y  on 
the  n a t u r e  of the  point  and v a r i e s  o v e r  a v e r y  wide 
r a n g e .  Hence,  in s tudy ing  the ef fec t  of hea t  t r a n s f e r  
i n t ens i ty  on the p e r m i s s i b l e  e r r o r  of s p e c i f i c a t i o n  of 
bounda ry  r e s i s t a n c e s  i t  i s  a d v i s a b l e  to u s e  funct ions  
of the  f o r m  G = f ( ~ / ) ~ ,  "r) �9 

C o n v e r s i o n  to such funct ions  g e n e r a l i z e s  m o r e  fu l -  
ly  the  da t a  con ta ined  in F i g s .  2 - 4  f r o m  the s t andpo in t  
of the  p e r m i s s i b l e  e r r o r  in the s p e c i f i c a t i o n  of bound-  
a r y  r e s i s t a n c e .  In fac t ,  a p e r m i s s i b l e  e r r o r  of the o r -  
d e r  • 10-15% in the  s p e c i f i c a t i o n  of R b c o r r e s p o n d s  to  
a r a t i o  ~b /X < 8.0 for  a l l  of the  t y p e s  of po in ts  con -  
s i d e r e d ;  a p e r m i s s i b l e  e r r o r  of • c o r r e s p o n d s  to 
C~b/X > 8.0. F o r  ~ b / k  -> 30.0 f u r t h e r  i n c r e a s e s  in the  
hea t  t r a n s f e r  i n t ens i ty  with t i m e - v a r i a b l e  bounda ry  
cond i t ions  of the  t h i rd  kind do not  a f fec t  the  a c c u r a c y  
and leve l  of the t e m p e r a t u r e s  to be  d e t e r m i n e d  in the  
so lu t ion  of hea t  conduc t ion  p r o b l e m s  by m e a n s  of ne t  
m o d e l s  and need  not  be a l lowed for  in the bounda ry  r e -  
s i s t a n c e s .  

NOTATION 

e o s ( n , r ) ,  c o s ( n , z ) ,  and cos(n,(p)  a r e  the c o s i n e s  b e -  
tween the e x t e r i o r  n o r m a l  and the net  l ines  at  the bound-  
a ry ;  h 2, h 3, h 4, h 5, h 6, and h7 a r e  the ne t  s p a c i n g s  in 
the  c a s e  of an i r r e g u l a r l y  s p a c e d  s y s t e m ;  7h~,4, fih3, 
and ~h 6 a r e  i n c o m p l e t e  spac ings  on the net; K1 i s  the s c a l e  
f a c t o r ;  M is  the  s c a l e  of the mode l ;  a b  i s  the  hea t  
t r a n s f e r  coe f f i c i en t  at  the  b o u n d a r i e s  of the  r eg ion ;  
X(r, z, ~) i s  the t h e r m a l  conduc t iv i ty  of the m a t e r i a l  a s  
a funct ion  of the c o o r d i n a t e s .  
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