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The thermal interaction of a rotor and stator is investigated on the 
basis of tests conducted on an experimental gas turbine. It is shown 
that in calculating the thermal states it is necessary to obtain a joint 
solution for these units of the turbine: in steady-state regimes in order 
correctly to take into account the temperatures of the media bathing 
the components outside the blading; in transient regimes in order to 
take into account radiative heat transfer and naturat convection 
between the rotor and the casing. 

An ana lys i s  of the ex tens ive  l i t e r a t u r e  (for example ,  
[1-3])  on the de t e rmina t i on  of the t e m p e r a t u r e  d i s t r i -  
butions in gas turbine  components  shows that ,  as a 
ru le ,  the t e m p e r a t u r e  s ta tes  of the ro to r  and s t a to r  
groups a r e  t r e a t ed  s e p a r a t e l y ,  without a l lowance for  

the i r  in te rac t ion .  Since this  p r o c e d u r e  is in some  
ca se s  dubious and unjus t i f ied ,  we have made a spec ia l  
inves t iga t ion  of the p rob lem,  the r e s u l t s  of which a re  

b r i e f ly  outl ined below. 
Obviously,  in a hot tu rb ine  the r o t o r  and s ta to r  

a r e  always in a s ta te  of t h e r m a l  in te rac t ion .  The heat  
exchange between them is r e a l i z e d  by convect ion  and 

rad ia t ion ,  whose in tens i ty ,  o ther  things being equal ,  
is the g r e a t e r ,  the h igher  the l eve l  and the g r e a t e r  
the d i f f e r ence  of the t e m p e r a t u r e s  of the c o r r e s p o n d -  
ing r o t o r  and s t a to r  s u r f a c e s .  M o r e o v e r ,  the i n t e r -  
act ion is e x p r e s s e d  by the effect  of the ro to r  and 
s t a to r  on the t e m p e r a t u r e  of the med ia  that bathe t he i r  
s u r f a c e s .  In fact ,  w h e r e a s  the change of gas  t e m p e r a -  
t u re  in the blading is a lmos t  independent  of the s ta to r  
and r o t o r  t e m p e r a t u r e s ,  in the labyr in th  sea l s  and end 

cav i t i e s  the t e m p e r a t u r e  of the r~edium will v a r y  as 
a r e s u l t  of heat  exchange with be~h s u r f a c e s .  Since 
the sec t ions  of the r o t o r  and s t a to r  f o r m i n g  the a i r  
channel  usual ly  have d i f fe ren t  t e m p e r a t u r e s ,  they 
have d i f fe ren t  and s o m e t i m e s  opposi te  ef fects  on the 
t e m p e r a t u r e  of the med ium.  So f a r ,  in inves t iga t ing  
the t e m p e r a t u r e  s ta te  of the r o t o r  or  s t a to r  this  f ac to r  
has usual ly  been d i s r e g a r d e d ,  and the heat ing of the 
med ium in the channel d e t e r m i n e d  on the assumpt ion  

that the t e m p e r a t u r e s  of the channel  wal l s  a r e  equal .  
In o r d e r  to d e t e r m i n e  the effect  of the s t a to r  on the 

t e m p e r a t u r e  s ta te  of the r o t o r  of a gas turbine  we 
conducted a s e r i e s  of e x p e r i m e n t s  on the OGT-850 
e x p e r i m e n t a l  tu rb ine  at the Cen t ra l  B o i l e r - T u r b i n e  
Ins t i tu te  (for de ta i l s  see  [2]), a longi tudinal  sec t ion  
of which is shown in Fig .  la.  In the bui l t -up  disk r o t o r  
of the turb ine  we ins ta l l ed  about 100 t h e r m o c o u p l e s ,  
the s igna ls  f r o m  which w e r e  t r a n s m i t t e d  through a 
b r u s h - t y p e  s l ip  r ing  unit to E P P - 0 9  p o t e n t i o m e t r i c  
r e c o r d e r s .  T h e r m o c o u p l e s  w e r e  a lso  a t tached to pa r t s  
of the cas ing  in o r d e r  to m e a s u r e  the t e m p e r a t u r e s  of 

the metal and the gas and air media bathing the rotor 

and stator of the turbine. Furthermore, we measured 
the temperature, pressure, and flow rates of the gas 

and a i r  at the tu rb ine  inlet .  

In analyzing the data  obtained we p e r f o r m e d  the 
t e m p e r a t u r e  f ie ld  ca lcu la t ions  on a USM-1 analog 

compute r .  
The t h e r m a l  s ta te  of the components  was i nves -  

t igated both in s t e a d y - s t a t e  opera t ion  and in t r ans i en t  
load- shedd ing  and shutdown r e g i m e s .  

S t eady- s t a t e  r e g i m e .  On the bas i s  of e x p e r i m e n t a l  
data  on the va lues  of the gas and a i r  flow r a t e s ,  p r e s -  
s u r e s ,  and t e m p e r a t u r e s  (at the labyr in th  chamber  
inlet)  obtained in one of the turbineTs s t e a d y - s t a t e  

opera t ing  r e g i m e s  we d e t e r m i n e d  the heat  t r a n s f e r  
coef f ic ien ts  for  va r ious  sec t ions  of the ro to r .  F o r  

this purpose  we used the c r i t e r i a l  r e l a t ions  r e c o m -  
mended  by a number  of authors  [1,4].  

We then made two ca lcu la t ions  of the ro to r  t e m p e r a -  
tu re  f ie ld ,  the r e s u l t s  of which a re  plot ted  in the f o r m  
of c u r v e s  along the r o t o r  su r f ace  in Fig.  lb .  In one of 
the ca lcu la t ions  the heat ing  of the a i r  in the leading 
and t r a i l i ng  sea l s  and the end cav i t i e s  was d e t e r m i n e d  
only f r o m  the heat  exchange with the ro to r  (dashed 
curve) .  In the o ther  ca lcu la t ion  we also took into 
account  the hea t  exchange with the s ta to r  components  
(solid curve) .  It is c l e a r  f r o m  the f igu re  that the 
r o t o r  t e m p e r a t u r e s  are  in good a g r e e m e n t  within the 
blading and on the sec t ions  nea r  the tu rb ine  bea r ings .  

In the reg ion  of the sea l s  sma l l  d i s c r e p a n c i e s  a r e  
o b s e r v e d  in the neighborhood of the a i r  supply c h a m -  
b e r s ,  whe re  in both c a s e s  the a i r  t e m p e r a t u r e s  w e r e  
na tu ra l ly  the same .  

In the r eg ion  of the leading sea l s  neg lec t ing  the 
addit ional  heat ing of the a i r  by the s t a to r  components  
r educed  the r o t o r  t e m p e r a t u r e  by 30-50  ~ C. At the 
t r a i l i ng  s ea l s ,  which in the OGT-850 turb ine  the a i r  
reaches after passing through the turbine rotor, it is 
cooled. In this case taking into account the heat ex- 

change with the casing, which is at a lower tempera- 
ture than the rotor, causes more intense cooling of 

the air and hence a decrease in rotor temperature. 
It should be noted that these deviations in the tem- 

perature state of the rotor considerably exceed the 
guaranteed accuracy of the steady-state temperature 
field calculations, which is usually estimated at 2-3% 
of the maximum temperature. 

Thus, the joint solution of the problem for the 
rotor and the stator probably does not give much 
improvement as regards the investigation of the tern- 
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Fig.  1. a) The OGT-850 expe r imen ta l  tu rb ine  (the a r rows  indicate  
the points  of admis s ion  of cooling a i r ,  the symbols  points  at which 
the meta l  t e m p e r a t u r e  was measu red )  and b) the ro to r  sur face  t e m -  
p e r a t u r e s  in the s t eady- s t a t e  r eg ime  (1 and 2 - -ca lcu la t ion  with 

and without al lowance for  the casing).  

p e r a t u r e s  and t e m p e r a t u r e  s t r e s s e s  in ro to r  d isks .  
However,  it is obvious that in de t e rmin ing  the t h e r m a l  
d i sp lacemen t s  neglect ing the i n t e r ac t i on  of the ro tor  
and the s ta tor  through the a i r  t e m p e r a t u r e  may give 
cons ide rab le  e r r o r s  in the f inal  r e s u l t s .  

In inves t iga t ing  the steady t e m p e r a t u r e  s ta tes  we 
made two ca lcu la t ions ,  one of which took into account 
rad ia t ive  heat exchange between the ro tor  and the 
cas ing  while the other  did not. The t e m p e r a t u r e  fields 
obtained in both ca lcula t ions  were  in good ag ree me n t  
with the expe r imen ta l  values  of the t e m p e r a t u r e s  and 
a lmos t  ident ical  with each other.  The g rea t e s t  d i s -  
c repancy  was observed  in the region  of the blading 
and did not exceed 5 ~ C. This indica tes  that in s teady-  
s ta te  r e g i m e s  with the gas tu rb ine  opera t ing under  
load, heat exchange between the ro to r  and the cas ing  
does not have much effect on the t e m p e r a t u r e  s ta te  
of e i ther  the ro tor  or the casing.  

It should be noted that the r e su l t  obtained conf i rms  
the conclus ion a r r i ved  at theore t i ca l ly  by other i n v e s -  
t iga tors  [1,5].  

T r a n s i e n t  r e g i m e s .  In the expe r imen ta l  i nves -  
t igat ion of nons ta t ionary  t e m p e r a t u r e  r eg imes  we 
concen t ra ted  our a t tent ion on the tu rb ine  cooling p r o -  
c e s s e s .  We studied the t e m p e r a t u r e  s ta tes  of the 
ro to r  and s ta tor  in the p r e s e n c e  of t e m p e r a t u r e  drops 
at cons tant  gas and a i r  flow ra tes  (~c  -~ const) ,  which 
for  g a s - t u r b i n e  gene ra to r s  co r re sponds  to the condi -  
t ions that develop in the tu rb ine  when the load is 
reduced to the f r e e - r u n n i n g  reg ime .  Moreover ,  we 
conducted expe r imen t s  in which gas t e m p e r a t u r e  
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drops were  combined with reduc t ions  in the gas and 
a i r  flow ra tes .  These  heal  t r a n s f e r  condit ions a re  
c h a r a c t e r i s t i c  of l oad - r educ t ion  r e g i m e s  in propuls ion  
gas tu rb ines ,  and also of the shutdown of gene ra to r  
t u rb ines  af ter  f ree  running.  

F igure  2 shows the va r i a t i on  of the p r inc ipa l  p a r a m -  
e t e r s  and meta l  t e m p e r a t u r e s  in the ro to r  disk and 
cas ing  in the reg ion  of the b lading  for  two shutdowns 
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Fig. 2. Temperatures in the rotor and casing of the 

OGT-850 for shutdown at e~ e = const (a) and ~c = var (b). 



of the OGT-850 turbine .  In these  e x p e r i m e n t s  the 
va r i a t i on  of the gas t e m p e r a t u r e  ahead of the tu rb ine  

tg = f(~-) up to quenching of the f l ame  in the combus t ion  
c h a m b e r  was approx ima te ly  the s a m e ,  whi le  the laws 

of v a r i a t i o n  of the flow r a t e s  (convect ive  heat  t r a n s -  
f e r  coeff ic ient)  d i f fe red  sharp ly .  An ana lys i s  of the 
me ta l  t e m p e r a t u r e s  at va r i ous  points  on the r o t o r  
and s t a to r  showed that  fo r  each of these  shutdowns 
the va r i a t i on  of the me ta l  t e m p e r a t u r e  t = f(~-) was 
app rox ima te ly  the s a m e  and chief ly  d e t e r m i n e d  by 
the way in which the convec t ive  heat  t r a n s f e r  r a t e  
va r i ed .  

Thus,  for  example ,  in the case  of shutdown with 

~c  - const  (Fig.  2a) the me ta l  t e m p e r a t u r e  c u r v e s  
fa l l  smooth ly  f r o m  beginning to end, the r a t e  of v a r i -  
at ion depending on the na tu re  of the gas t e m p e r a t u r e  
drop and on the d i s tance  f r o m  the h e a t t r a n s f e r  su r f ace  
(in this ca se  the blading).  

The c u r v e s  showing the va r i a t i on  of the gas and 
me ta l  t e m p e r a t u r e s  for  shutdown with ~c  = v a r  have 
sharp discontinuities and inflections (Fig. 2b). In 

this case the process as a whole can be divided into 

three stages. The first stage begins with the fall in 

gas temperature and continues until air ceases being 

supplied to the blading and cooling system, when 

forced-convection heat transfer remains at a high 
level and hence can exert an active influence on the 

temperature state of the turbine components by mod- 

ifying the temperature of the medium (active shut- 
down). In the second stage following the end of intense 
convective heat transfer there is a redistribution of 
temperatures in the rotor (inactive shutdown). Heat 

is transmitted by conduction from the hotter to the 

cooler regions of the rotor, the tendency being to 

establish some average temperature level throughout 
the rotor. This is indicated by the gradual equaliza- 

tion of the thermocouple readings from different parts 

of the rotor. The existing heat loss from the rotor 

through the bearings and casing elements is then 
superimposed on the temperature redistribution due 
to heat conduction, as a result of which the thermo- 
couple readings, continuing to approach each other 

over the entire region investigated, begin to fall 

smoothly. There then follows the third stage of shut- 
down, in which the turbine cools. The temperature 

difference between different points of the rotor is 

then so small that it does not exceed 20 ~ C between 

the disk and the region of the labyrinth seals. 
The behavior of the temperatures in the rotor and 

casing in the second and third stages of shutdown 

indicates the absence of intense convective heat trans- 

fer in the blading and cooling channels. Obviously, 

in addition to radiative heat transfer, free-convection 
heat transfer is established in the blading, in the 
labyrinth seals, and in the cooling channels after the 
supply of gas and air has ceased and the rotor has 
completely stopped. The relationship between the 
convective and radiant heat fluxes is different in the 
different stages of shutdown. As an example, Fig. 3 
presents the results of a calculation of the specific 
heat flows into the blading in the region of the second 

stage for experimental shutdowns with o~ e = const and 
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Fig.  3. Var ia t ion  of spec i f i c  
heat  flux in the blading of the 
OGT-850 turb ine  fo r  shut-  

down with ~c  = const  (a) and 
c~ c = va r  (b). 

~c  = va r . ,  S t r i c t ly  speaking,  in Fig .  3 we have plot ted  
the absolute  va lues  of the heat  f luxes ,  s ince  dur ing 
shutdown t e m p e r a t u r e  r e g i m e s  may  occur  in which 
the heat  f lux changes  d i rec t ion .  A g raph ica l  i n t e r -  
p re ta t ion  enables  us to follow d i s t inc t ly  how dur ing 
shutdown with ~c  = const  the convec t ive  heat  t r a n s f e r ,  
s t a r t i ng  f r o m  the s teady s ta te ,  always occupies  a 
dominant  posi t ion,  although at the end of the cool ing 
p r o c e s s  both the convec t ive  and radiant  heat  f luxes  
probably  tend to ze ro ,  and the r o t o r  to a new s table  

s teady s ta te .  The qrad  and qconv c u r v e s  in Fig .  3 to 
s o m e  extent  explain the p r e v i o u s l y  e s t ab l i shed  and 
now con f i rmed  weak ef fec t  of r ad ia t ive  heat  t r a n s f e r  
in the s t e a d y - s t a t e  r e g i m e  and show that  it can p rob -  
ably also be neg lec ted  in the l o a d - r e d u c t i o n  r e g i m e  or 
in the case  of shutdown with ~ -~ const .  In the f i r s t  c 
s tage  of shutdown with oz c = va r  the p ic tu re  is l a r g e l y  
r epea ted ,  but fol lowing the end of the f i r s t  s tage ,  i . e . ,  
a f t e r  t r an s i t i on  f r o m  fo rced  to na tu ra l  convect ion ,  
r ad i a t i ve  heat t r a n s f e r  moves  into the fo reground .  
Even though its in tens i ty  is r e l a t i v e l y  low, r ad i a t i ve  
heat  t r a n s f e r  be tween the ro to r  and the s t a to r  is obvi-  
ously one of the p r inc ipa l  f a c to r s  d e t e r m i n i n g  the 
t e m p e r a t u r e  s ta te  dur ing cooling.  The th i rd  s tage  of 
shutdown with ~c  = v a r  is nothing other  than the r e g -  
u la r  t h e r m a l  r e g i m e .  

The table  p r e s e n t s  the r e s u l t s  of ca lcu la t ions ,  based 
on the r ead ings  of va r ious  t h e r m o c o u p l e s ,  of the num-  
be r  m, 

In ~ - -  In ~2 
m ~  

T 2 - -  T 1 

where  ~ = t - t a, and ~- is t ime .  
It is c l e a r  f r o m  the table  that  the number  m is 

approx ima te ly  constant  in t i m e  and v a r i e s  l i t t l e  at 
d i f fe ren t  points  on the r o t o r  f r o m  the rm ocoup l e  to 
t he rm ocoup l e  in the case  of shutdown with o~ c = v a r .  
However ,  in the case  of shutdown with ~c  - const ,  
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T a b l e  

T h e  N u m b e r  m f o r  D i f f e r e n t  S h u t d o w n  C o n d i t i o n s  

S h u t d o w n  w i t h  a = c o n s t  S h u t d o w n  w i t h  a = v a r  

M e a s u r -  

i n g  p o i n t  ~1 T2 m m 

D 

A 

§ 

X 

~7 

10hr 12rain 
10.22 
10.32 
10.13 
10.18 
10.23 
10.04 
10.07 
10.17 
10.04 
10.08 
10.13 
10.12 
10.17 
10.27 

10.12 
10.22 
10.32 
10.18 
10.28 
10.38 

10 hr 15rain 
10.29 
10.37 
10.18 
10.23 
10.28 
10.07 
10.12 
10.22 

10.08 
10.13 
19.18 
10.17 
10.24 
10.32 
10.17 
10.27 
10.37 
10.23 
10.33 
10.43 

4,45 
5.52 
4.92 
5.49 

10.07 
13.18 
8.6 
5.88 
6.12 

11.03 
11.55 
13.18 
6.84 
6.0 
7.27 

3.84 
3.36 
3.92 
1.2 
4.8 
4.76 

1 4 h r  2 0 m i n  1 4 h r  3 0 m i n  

14.40 14.50 
15.10 15.20 
14.30 14.40 
14.50 15.00 
15.10 15.20 
14.30 14.40 
15.00 15.10 
15.20 15.30 
14.20 14.30 
14.40 14.50 
15.00 15.10 
14.30 14.40 
14.50 15.00 
15.10 15.20 
14.40 14.50 
15.00 15.10 
15.20 15.30 
14.20 14.30 
14.40 14.50 
15.00 15.10 

0.423 
0.543 
O. 524 
O. 524 
O. 422 
0.483 
0.443 
0.422 
O. 402 
O. 302 
O. 363 
0.363 
O. 432 
O. 463 
O. 484 
0.362 
0.542 
0.482 
O. 362 
0 "362 
O. 422 

m i s  no t  c o n s t a n t  and  t h e r e  i s  no  b a s i s  f o r  a s s u m i n g  

t h e  e x i s t e n c e  of a r e g u l a r  r e g i m e  on t he  t i m e  i n t e r v a l  

i n v e s t i g a t e d .  

T h e  r e s u l t s  of t h e  e x p e r i m e n t s  d e s c r i b e d  a b o v e  
show c o n v i n c i n g l y  t h a t  t h e  b r o k e n - l i n e  c h a r a c t e r  of 

t h e  v a r i a t i o n  of m e t a l  t e m p e r a t u r e  d u r i n g  s h u t d o w n  

w i t h  a c = v a r  i s  a r e s u l t  of t h e  s h a r p  f a l l  i n  t he  r a t e  
of c o n v e c t i v e  h e a t  t r a n s f e r .  C o n s e q u e n t l y ,  in  c o n -  

s t r u c t i n g  a c a l c u l a t i o n  m o d e l  in  o r d e r  to  o b t a i n  r e l i -  
a b l e  r e s u l t s  i t  i s  n e c e s s a r y  t h a t  the  s y s t e m  of b o u n d a r y  

c o n d i t i o n s  b e  c a p a b l e  of r e f l e c t i n g  t h e s e  s h a r p  c h a n g e s  

in  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  d u r i n g  t h e  p r o c e s s  of 
a c t i v e  s h u t d o w n  a nd  r e a l i z i n g  t he  t r a n s i t i o n  to  h e a t  
t r a n s f e r  by  r a d i a t i o n  and  n a t u r a l  c o n v e c t i o n  f r o m  t h e  
b e g i n n i n g  of t h e  i n a c t i v e  s t a g e .  A s y s t e m  of b o u n d a r y  

c o n d i t i o n s  s a t i s f y i n g  t h e s e  r e q u i r e m e n t s  w a s  i n e o r -  

p o r a t e d  in  a n  a n a l o g  c a l c u l a t i o n  of t h e  s h u t d o w n  t e m -  

p e r a t u r e  s t a t e s  of t he  O G T - 8 5 0  t u r b i n e  r o t o r  on  an  
RC n e t w o r k .  

T h e  r e s u l t s  of t he  c a l c u l a t i o n  f o r  s e v e r a l  p o i n t s  

on  t h e  r o t o r  a r e  r e p r e s e n t e d  b y  t h e  d o t - d a s h  l i n e  in  

F i g .  4. C l e a r l y ,  o v e r  t h e  e n t i r e  d u r a t i o n  of s h u t d o w n  

w i t h  a c = v a r  t h e  c a l c u l a t i o n s  a r e  in  p e r f e c t l y  s a t i s -  
f a c t o r y  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  ( s o l i d  
c u r v e s ) .  T h e  m a x i m u m  d e v i a t i o n  d o e s  e x c e e d  l 0  ~ C at  

a t o t a l  t e m p e r a t u r e  l e v e l  of a b o u t  300 ~ C. F o r  c o m -  
p a r i s o n ,  t he  f i g u r e  i n c l u d e s  the  r e s u l t s  of a c a l c u l a t i o n  
of t h e  s a m e  s h u t d o w n ,  bu t  f o r  b o u n d a r y  c o n d i t i o n s  in  
which the heat transfer coefficients remained constant 
at the level of the steady-state regime, whereas the 

temperatures of the media varied in accordance with 

the experimental data (dashed curves). The difference 

between the results of this calculation and the experi- 

mental values is much greater and clearly apparent 
during all stages of shutdown. 

The effect of radiative heat exchange with the 
casing on the temperature state of the rotor during 

shutdown with a e = var was checked in a calculation 

in which the system of boundary conditions was re- 
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F i g .  4o E x p e r i m e n t a l  and  c a l c u l a t e d  t e m p e r a t u r e s  in  
t he  r o t o r  of t he  O G T - 8 5 0  t u r b i n e  d u r i n g  s h u t d o w n  

w i t h  s u b s e q u e n t  c o o l i n g  of t he  l e a d i n g  l a b y r i n t h  s e a l  

(a), t h e  c e n t e r  of t he  f i r s t  s t a g e  d i s k  (b), and  t he  
p e r i p h e r y  of t h e  f i r s t  s t a g e  d i s k  (e): 1) e x p e r i m e n t  
w i t h  a c = e o n s t ;  2) c a l c u l a t i o n  w i t h  a e = c o n s t ;  3) 
c a l c u l a t i o n  w i t h  a e = v a r  and  a l l o w a n c e  f o r  n a t u r a l  
c o n v e c t i o n  and  r a d i a t i v e  h e a t  t r a n s f e r  d u r i n g  c o o l i n g ;  

4) c a l c u l a t i o n  w i t h  a e = v a r  and  w i t h o u t  a l l o w a n c e  f o r  
r a d i a t i v e  h e a t  t r a n s f e r  d u r i n g  coo l ing~  

t a i n e d  as  f a r  a s  c o n v e c t i v e  h e a t  t r a n s f e r  w a s  c o n -  
c e r n e d ,  bu t  r a d i a t i v e  h e a t  t r a n s f e r  w a s  no t  t a k e n  
i n to  a c c o u n t .  It i s  c l e a r  f r o m  F i g .  4b  t h a t  t h e  r e s u l t s  
of t h e  c a l c u l a t i o n  a r e  in  good  a g r e e m e n t  w i t h  t h e  



conclusions arrived at above: radiative heat transfer 

has an important influence on the nonstationary tem- 

perature field of the rotor during shutdown with ~c = 
= var only after intense convective heat transfer in 

the blading and cooling channels has ceased. 
These results permit the following conclusions: 

1. In calculating the steady and transient tempera- 
ture states of gas turbine rotors and stators, to assign 
the boundary conditions correctly it is necessary to 
make a joint calculation of the rotor-stator system. 

2. In calculating the transient temperature states 
of the rotor and casing during shutdown with heat 
transfer coefficients that vary in time, the system of 

boundary conditions should take into account radiative 
heat transfer throughout the shutdown period and the 
variability of the heat transfer coefficient during the 
active stage of shutdown up to the end of rotor run- 
out, and also take into account the transition from 
forced-convection heat transfer to natural-convection 
heat transfer at the beginning of the cooling process. 

3. In view of the existing temperature levels and 
temperature differences characteristic of the rotor 
and stator, in investigating the steady-state tempera- 
ture fields and also the transient temperature states 
of these turbine units associated with load reduction 
at constant heat transfer coefficients, radiative heat 
transfer can be neglected. 

NOTATION 

t is the metal temperature,  ~ tg is the gas tem- 
perature  ahead of the turbine, ~ t a is the tempera-  
ture of the cooling air, ~ Gg is the flow rate of the 
gas through the turbine, t /hr ;  ~c is the forced-convec-  
tion heat t ransfer  coefficient, W/m 2 �9 deg; qrad is the 
specific radiant heat flux, W/m2; qconv is the specific 
natural-convectional heat flux, W/m2; T is the time, 
hr; l is the linear dimension, m. 
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