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We investigate the problem of the change, with t ime, in the tempera ture  of a heating medium, 
this change corresponding to the minimum duration of conduit heating under the condition that 
the thermal  s t r e s se s  in the wall do not exceed permiss ib le  l imits .  

When actuating powerful h igh-energy units with s t ra ightpass  boi le rs ,  f rom the instant of burner  igni- 
tion to the entry of the steam into the turbine, the rate  of r i se  in the s team tempera ture  is l imited by the 
thermal  s t r e s se s  within the wall of the s team conduit. To reduce the duration of the actuation p rocess  and 
the consumption of fuel, it is advisable to maintain the s t r e s se s  within the s team conduit at permiss ib le  
levels  throughout the entire heating period. Usually, the en t i r e  range of var ia t ion in T is broken down into 
2-3 intervals ,  for each of which a permiss ib le  value of dT/d~- is specified. The la t ter  value is set with 
considerat ion of the relationship between the permiss ib le  s t r e s s e s  and the tempera ture .  It is assumed in 
the determinat ion of the thermal  s t r e s s e s  that there  is aquas i s teady  tempera ture  field within the wall of the 
s team conduit [1]. 

It follows f rom the data in [2] that to establish a tempera ture  field that is close to the quasisteady,  we 
need a sufficiently la rge  interval of t ime that is commensura te  with the duration of conduit heating. This 
conclusion is in agreement  with the experimental  data of [3]. Since the s t r e s s e s  in the prequis is teady 
regime are  smal le r  than in the quasis teady regime,  the la t ter  curves  of variat ion in T cannot be regarded  
as optimum. 

For  the case o~ = coast ,  an approximate method is proposed in [2] for the plotting of the function T 
= T(~-) for which the maximum thermal  s t r e s se s  are  constant throughout the entire heating period. Below 
we presen t  the solution for the problem of optimizing the heating of a thick-walled conduit, in more general  
formulat ion:  it is assumed that ~ ~ coast  and Icr I ~ const. 

In firing up a s t ra ightpass  boi ler  an attempt is made to maintain specific relat ionships between t e m -  
pe ra tu re ,  p r e s s u r e ,  and flow rate  for the s team being produced,  so that for ~ we can specify the r e l a -  
tionship 

a = a (T, ti). (1) 

We will also assume that when r = r 2 there  is no  t r ans fe r  of heat. 

Compar ison of cr 0 and crop with the permiss ib le  values is accomplished for r = r 1 and r = r2, where the 
the rmal  s t r e s se s  attain their g rea tes t  values (O'rl = ~r2 = 0). Since other loading fac tors  (bending, p r e s -  
sure ,  etc.) a re  taken into considerat ion in the choice of [cr], for the inside and outside surfaces  the values 
of [q] are  assumed to be different. The t empera tu re  difference ac ros s  of the thickness of the wall is usually 
so small  that the mechanical  proper t ies  of the steel vary  only slightly in the t empera tu re  range f rom t I to 
t 2. We can thus assume that 

fo],  - -  ri (tad, 

f~]2 = f~ (t~).  (2) 

Assuming that/3, E, and t~ are  functions of tar ,  we can determine [4] the thermal  s t r e s s e s  in an in- 
finite hollow cylinder for t = t(r) f rom the following formulas :  
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~E 
%i  = rye, - -  - -  [ - -  t (q) + tavl, 

l - ~ (3) 

~E 
a~2 = o02 - - -  [ - -  t (r2) + tav]. 

1 - - ~  
Since  o-~01 = o-0~ and o-92 = o'02 , f o r  d e t e r m i n a c y  we w i l l  s u b s e q u e n t l y  a s s u m e  tha t  f l( tav) and f2(tav) 

a r e  the  p e r m i s s i b l e  v a l u e s ,  r e s p e c t i v e l y ,  fo r  o-q~1 and o-~o2. 

F i r s t  l e t  us  c o n s i d e r  the  p r o b l e m  of p lo t t i ng  the  func t ion  q = q(~-), fo r  which  one of  the  equa t ions  in 
(2) is  s a t i s f i e d .  

F i g u r e  1 shows  the  c u r v e s  fo r  the  v a r i a t i o n  in the  d i m e n s i o n l e s s  t h e r m a l  s t r e s s e s  when q = 1. 

T h e  d i s t r i b u t i o n  of t e m p e r a t u r e  t h r o u g h  the  t h i c k n e s s  of  the  w a l l  - r e q u i r e d  fo r  the  d e t e r m i n a t i o n  of 
t he  s t r e s s e s  f r o m  f o r m u l a s  ( 3 ) -  w a s  d e t e r m i n e d  by c a l c u l a t i o n  wi th  a U r a l - 2  d i g i t a l  c o m p u t e r ,  in a c c o r d -  
once  wi th  a p r o g r a m  d e v e l o p e d  at  the  P o l z u n o v  C e n t r a l  B o i l e r  T u r b i n e  In s t i t u t e .  T h i s  p r o g r a m  p r o v i d e s  
a s o l u t i o n  for  the  d i f f e r e n t i a l  h e a t - c o n d u c t i o n  equa t ion  by  a f i n i t e - d i f f e r e n c e  me thod  invo lv ing  a p p l i c a t i o n  of 
t he  p i v o t  m e t h o d  to s o l v e  the  s y s t e m  of  e q u a t i o n s  ( s e e ,  for  e x a m p l e ,  [1]). 

It fo l lows  f r o m  the c u r v e s  in F ig .  1 tha t  un l i ke  the  c a s e  o f  d T / d r  = c o a s t  when  q = c o n s t  the  s t a t e  tha t  is  c l o s e  
to  the  q u a s i s t e a d y  i s  e s t a b l i s h e d  w i th in  a b r i e f  t i m e  i n t e r v a l  t ha t  i s  2 -3  o r d e r s  of  m a g n i t u d e  s m a l l e r  t han  
t h e  d u r a t i o n  of  the  h e a t i n g .  

Wi th  a v a r i a b l e  h e a t  f low 

I: 

oo (r, =) ---- q (0) S (r, "0 + ~ S ( r , ,  - -  %) dT0. 

0 

(4) 

T h e  i n t e g r a l  in the  r i g h t - h a n d  m e m b e r  of (4) can  be  p r e s e n t e d  in the f o r m  of  t he  sum of the  i n t e g r a l s  
wi th  l i m i t s  f r o m  0 to ~- - A~- and f r o m  "r - AT to "r. The  va lue  of A~ is  s e t  s m a l l ,  but  so tha t  

S (r, A*) ~.~ 1. (5) 
S(r, 00) 

When  -r < a~- we  w i l l  a s s u m e  tha t  I (0, -r - A-r) = 0. 

In  t u r n ,  I (0, -r - A~-):ean be  p r e s e n t e d  in  the  f o r m  

I (0, �9 - -  A~) = X Ij  (zj, *J+t), 

w h e r e  "rn+ 1 = � 9  A t ;  -r I = 0 and the  v a l u e s  of ~-j a r e  c h o s e n  so tha t  when  ~-j < ~- < ~'j+l the  quan t i ty  d q / d %  
does  not  change  s ign .  

A p p l y i n g  the  t h e o r e m  of  the  a v e r a g e  and f o r m u l a  (5), we f ind tha t  

I (0, �9 - -  A~) ~ [q (~ - -  A~) - -  q (0)1S (r, r L 

A n a l o g o u s l y ,  

w h e r e  0 <  0 < 1 .  

T h u s ,  when  r > AT 

I (~ - -  h ~ ,  T) ~-- 0 [q (T) - -  q (~ - -  A~)]  S (r, oo), 

% (r, ~) = {q (~ - -  A~) -F 0 [q ($) - -  q (T - -  A$)]} S (r, oo). (6) 

We w i l l  h e a t  the  condui t  so  tha t  at  any in s t an t  of  t i m e  

q =  [ol__~ (7) 

Wi th in  a s m a l l  t i m e  i n t e r v a l  A~- the  v a l u e  of t av  v a r i e s  i n s i g n i f i c a n t l y  in c o m p a r i s o n  wi th  the  i n i t i a l  
and f ina l  t e m p e r a t u r e s .  T h e r e f o r e ,  fo r  the s t e e l s  t ha t  a r e  u s u a l l y  e m p l o y e d  the  i n c r e a s e  in the  p e r m i s -  
s i b l e  s t r e s s e s  d u r i n g  the  p e r i o d  Av  wi l l  be s m a l l  in c o m p a r i s o n  wi th  the  m a g n i t u d e  of the  s t r e s s e s  a t  the  
i n s t an t  ~-. 
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Fig. 1 Fig. 2 

Fig. 1. S t r e s se s  in a hollow cyl inder  at constant  densi ty for  the heat  flow 
through the inside sur face :  1) for  r x / r  ~ = 1; 2) for r2 / r  1 = 2. 

Fig. 2. Curves  for  the change in the t e m p e r a t u r e  of the heating s t eam (T 
in ~ and 7 in sec): 1) when dT/dT = const; 2) accord ing  to the p roposed  
method. 

Bear ing  this in mind,  we find f rom (6) and (7) that 

Analogously,  when 

(8) 

q- -  
$2~ 

%2 ~ tab. 

(9) 

(10) 

On the bas i s  of these  r e s u l t s ,  we can r e c o m m e n d t h e  following approx imate  method of plott ing the 
function T = T (7). 

1. We de te rmine  l:he constant  heat ing ra te  d t av /d7  for the conduit in the ca se  in which q = 1. 

2. With the fo rm u l a s  for  the de te rmina t ion  [2] of the t h e r m a l  s t r e s s e s  in the quas i s teady  r e g i m e  

~E r~ 13 r~ 4r~ln r-& 1 r2 d&v 
~  1 -  8a r-F + ' 

( ) I~E r 2 r~ 4r~ In f-s 
2 1 + + r2 d&v 

%2= 1 - -~  8a r~ r~--r~ dz 

we calcula te  $1oo and $2o o. 

3. F r o m  fo rm u l a s  (7) and (9), and f rom the specif ied functions (2), we plot the curve  for q = q(tav ). 

4. With the aid of the r e s u l t s  der ived  in i tem 3, we de t e rmine  the function tav = tav(7 ). 

5. We plot  the curve  f o r t h e  change in the t e m p e r a t u r e  of the me t a l ,  for  the case  in which r = r~, on 
the bas i s  of the fo rmula  

t, ('0 = &,(~) + ~ (I -- ~) S,| ( 11) 

6. By means  of the solution for  the s y s t e m  of equations (1) and (11) for T at va r ious  ins tants  of t ime,  
we plot the sought curve  for T = T(~-). 
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Let us consider  an example. In a conduit made of 15Kh1MIF steel with dimensions 2rt = 0.155 m and 
2r 2 = 0.245 m, and with an initial t empera tu re  of t = 100~ we have to ra ise  the tempera ture  of the steam 
from 100 to 300~ to feed it into the turbine. With a change in the tempera ture  of the s team at a constant 
ra te  the permiss ib le  value of dT//dv = 0.08 deg C/sec ,  [(r]t = 2.1 �9 107 N/m,  and ~ = 116.3 W/re .  deg. We 
see f rom the curves  in Fig. 2 that because of the smal lness  of the selected value of ~ - corresponding to 
actuation of the unit with sliding p a r a m e t e r s  - in the case under consideration,  with use of the proposed 
method, the t ime for the heating of the conduit can be reduced by a factor  of 10. 

7" 

Fo 
r 
T 
t 

r2 
tav 2 f t r d r / r ~  r ~ = - 1; 

rl  
q 
(r 

( r~ ,  ~z~ and (r r 
S =  aep 
S ~ =  S 

E 

tt 

0 < 0 < 1 ;  
c 

I(b, c) = f (dq/d'ro)S(r, -r 
b 

- - r o ) d - r  o .  

N O T A T I O N  

is the time; 
is the Four ier  number;  
is a coordinate; 
is the t empera tu re  of  the heating medium; 
is the conduit tempera ture ;  

is the density of the heat flow through the inside surface of the conduit; 
is the permiss ib le  s t ress ;  
a re  the tangential,  axial, and radial  s t r e s ses ;  
for q = 1; 
when ~- = r 
is the modulus of elasticity;  
is the coefficient of l inear  expansion; 
is the Poisson coefficient; 
is the coefficient of thermal  diffusivity; 
is the hea t - t r ans fe r  coefficient; 

S u b s c r i p t s  a n d  S u p e r s c r i p t s  

is the inside surface;  
is the outside surface.  

lJ 

2. 
3. 
4. 
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