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The problem on determinat ion of the tempera ture  field in the tube wall with nonuniform heat 
flux along the pe r ime te r  at the external surface  and heat t r ans fe r  to the medium of super-  
cr i t ical  p r e s s u r e  at the internal surface  is solved. The heat t r ans fe r  coefficient to the 
supercr i t ica l  p r e s s u r e  medium depends on the heat flux at the internal tube surface,  p rocess  
and design pa rame te r s .  The resul ts  of calculations are  compared with experimental  data 
and calculations by other methods.  

Heat exchange with a medium at superer i t icaI  p r e s s u r e  in a radiatively heated pipe has cer ta in  dis- 
tinctive features :  f irst ,  the hea t - t r ans fe r  coefficient at high specific heats, i .e . ,  for flow enthalpies 250 
-< if -< 650 kcal /kg,  depends on the heat flux, the ave r age -mass  velocity, the flow enthalpy, the p ressure ,  
and s t ruc tura l  pa rame te r s ;  second, radiat ively heated pipes may not be heated uniformly over the per i -  
me te r  of the pipe. These two facts significantly complicate a determinat ion of the tempera ture  fields in 
the pipe wall. 

Under these conditions, a calculation of the tempera ture  fields in the wail by the procedure  of [1] 
neglects the nonuniform distribution of the hea t - t r ans fe r  coefficient c~ along the pipe per imeter ;  i .e . ,  the 
coefficient c~ is assumed constant and equal to its value at the frontal line (the line at the pipe wall which 
is paral le l  to the pipe axis and which lies at the front of the pipe. 

Fur thermore ,  the values of ~ determined by the method of [1] are  frequently lower than the actual 
values.  

The t empera tu re  fields in the pipe wall can be determined more  r igorous ly  by using local values of 
the hea t - t r ans fe r  coefficient along the pe r imete r  and by using the more  accura te  method of [2, 3] for deter -  
mining ~. 

The dependence of ~ on the heat flux to the inner surface and other pa ramete r s  of the s t ruc ture  and 
the p rocess  was found for uniformly heated pipes in [2, 3]. The experimental  data of [4, 5] show that, for 
equal local heat fluxes at the inner wail, the hea t - t r ans fe r  coefficients at the frontal line a re  not the same 
for the cases  of uniform and nonuniform heating over the range of volume-averaged flow enthalpies if 
= 350-550 kcal /kg.  Under these conditions the hea t - t r ans fe r  coefficients are  higher in the case of non- 
uniform heating than in the case of uniform heating. If the hea t - t r ans fe r  coefficient obtained for uniform 
heating is used in the boundary condition in a determinat ion of the tempera ture  fields in a nonuniformly 
heated pipe wall, the calculated t empera tu re  at the frontal wall will be slightly higher than the actual 
t empera tu re  over the range if = 350-550 kcal /kg.  

Turning immediately to the solution of the problem, we note that the steady-state temperature field 
in the pipe wall is described by 
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with the bounda ry  condi t ions  

Or'  
O~ r = O, 

~ .Ot  ! 
= ~ ( ~ 9 . t ,  

Or r=r i n  

~ a~t / = q (% 
Or [r : r  0 

We see  f r o m  Eqs .  (1)-(3) that  ~ and q a r e  even  func t ions .  
panded in conve rgen t  F o u r i e r  s e r i e s ,  we would have 

whe re  

If we a s s u m e  that  a and q can be ex- 

2 -T- ~COS tt% 
n = l  

q (~) = q_~o2 -'-' Z q~ cos n% 

a , .  = - -  a (~) cos n~dt~, 

0 

q~ = - -  q (~) cos nq~d% 

0 

We in t roduce  the quan t i t i e s  O~-n = OZn. Us ing  (1), we can wr i t e  the f o r m a l  so lu t ion  of Eq. (*) as 

t (r, ~) =: ~ (A~r ~ -i- Bn r-~) cos n~ -',- A o In r i-l- B o. 
r t : l  

T r a n s f o r m i n g  the o r ig ina l  equat ions  and b o u n d a r y  condi t ions ,  we find that  the coeff ic ients  Ai and Bi m u s t  
s a t i s fy  

A o - -  rlqo , 

( I )  

(2) 

(3) 

q~ A rn- l__  R r--n--' - -  n-I ~n-I 
n~, 

w h e r e n  = 1, 2, . . . .  

o o  

A o In Q -" B o --  rl qo Z ct--K~ (Akr~ + Bkr;k) '  
r2 ff'o k=,  ~0 " 

oo 

- -  - -  (Ahr 2 -r Bhr~-1~) • kn(A~r~- '  B~r~-n-1) = 2 
k=l 

( 2e than)  rl q~ 
"] CZ n ~ 

)(  ~ k + n @  O~h-n 0;0 , Y2 SO 

We in t roduce  the new quan t i t i e s  

Yn  = )~n ( A ~ r ~ - '  - -  B,~r-~-I~2 , ,  n = 1, 2 ,  . . .  

Then  the so lu t ion  of the p r o b l e m  r e d u c e s  to the so lu t ion  of the inf in i te  s y s t e m  of equat ions  

y ~ = b . - - ~  Ch,~yk, k, n =  l, 2 . . . . .  
h ~ l  

where  

c o  

~ o a  T k=, 1 - -  a ~ ~ + . - i -  ~ . ~ - -  ~o ) , 

) Ch n r 2 1 ' a 2k 2c~k~ n 
2~,k 1 a2 ~ O;h+ n ~C- ~ h - n  , 

- -  ~0  
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Fig .  1. a) C r o s s  s e c t i o n  of the  p ipe ;  b) r e -  
l a t i v e  d i s t r i b u t i o n  of hea t  load  o v e r  the  p e r i -  
m e t e r  of the  o u t e r  p ipe  s u r f a c e .  

r 2 
~ ~ ~ 

/ ' 1  

A f t e r  c a l c u I a t i n g  Yn, we find the so lu t i on  of the  p r o b l e m  
f r o m  

co 

t (r, ~) = ~ C k (r) cos k!~ + Co (r), 
k = l  

w h e r e  

1 r I r \  f~ L t l) Ch(r)=- A~rk- Bjf-s~ kT+(1 - - a  ~k) (ql,T1-- gJ. ,  a;<) - -  I -  

- -  (qarla,~--gs, r2) \ - ~ - ]  j " 

Since  q(~b) and c~ (r can  be t abu l a t ed ,  we m u s t  c a l c u l a t e  the  F o u r i e r  c oe f f i c i e n t s  fo r  t h e s e  func t ions ;  to  do 
th i s  we u s e  the  q u a d r a t u r e  equa t ion  with  e q u i d i s t a n t  nodes ,  b a s e d  on the a l g e b r a i c  i n t e r p o l a t i o n  of [6]: 

,.~ t z - -  I 

hk '-> ~ 
0 i x  1 

w h e r e  h = g /n .  

The  a c c u r a c y  of th i s  equa t ion  is  g o v e r n e d  p r i m a r i l y  by the  a c c u r a c y  with which the  g r a p h  of the  
func t ion  o v e r  the  i n t e g r a t i o n  i n t e r v a l  is a p p r o x i m a t e d  by a b r o k e n  l ine  wi th  s l o p e  changes  at  the  po in ts  
g iven  in the  t a b l e .  If the  func t ions  a' and q a r e  s u f f i c i e n t l y  smoo th ,  c o n v e r g e n c e  of  the  s e r i e s  is  e n s u r e d ,  
and the  s y s t e m  has  a so lu t ion ,  a s  has  been  v e r i f i e d  in n u m e r i c a l  c o m p u t e r  " e x p e r i m e n t s . "  

In the  e o u r s e  of the  c a l c u l a t i o n s ,  a check  was  m a d e  to s e e  tha t  the  b o u n d a r y  cond i t ions  w e r e  s a t i s -  
f i ed  fo r  the  r e s u l t i n g  so lu t ion .  Use  of the  t a b u l a t e d  F o u r i e r  c oe f f i c i e n t s  in the  c a l c u l a t i o n s  s m o o t h s  the  
e r r o r s  in the  s p e c i f i c a t i o n  of t h e s e  func t ions .  An a c c u r a c y  su f f i c i e n t  fo r  e n g i n e e r i n g  p t~rpeses  is  a c h i e v e d  
with  ~10 t e r m s  of the  e x p a n s i o n .  

The  func t ion  q(~b) can be  d e t e r m i n e d  by the  p r o c e d u r e  of [7]. The  funct ion  c~ (~) can  be  w r i t t e n  as  
fo l l ows ,  a c c o r d i n g  to an a n a l y s i s  of n u m e r i c a l  c a l c u l a t i o n s  on the  b a s i s  of [3]: 

580, I a 
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JSO ~ "~ 

JtlO ~ "--.-.---~ 

6 

Fig. 2. Comparison of calculated and experimental 
temperatures. The curves are calculated (curves 1 
for radius r~ and curves 2 for r~) and the points are ex- 
perimental. The values of pW [kg/(m2-sec)], P (kg 
/cm2), if (kcal/kg), and q~ [kcal/(m 2 "h)], respectively, 
are: a: curves)2000, 260, 340, 0.6.106; 3)2010, 260, 
340, 0.61.106; 4)2000, 260, 343, 0.595.106 . b: curves) 
1000, 260, 350, 0.58.106; 3)1000, 259, 353, 0.58 "106; 
4) 940, 259, 350, 0.57 "106 . 
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Fig�9 3. D i f f e rence  be-  
tween the t e m p e r a t u r e  of 
the outer  f ron t  point  of th.e 
pipe and the flow t e m p e r a -  
tu re ,  At = T w - - T f  , as  a 
funct ion of the enthalpy of 

t h e  med ium [19 = 260 kg 
/cm21 pW = I 0 0 0 k g / m  2 
�9 see . ]  a) qo  = 0 .4 .  i06 

k c a l / ( m  2 .h) ;  b) q~ = 0.6 
�9 10 ~ k c a l / ( m  2 .h) .  Solid 
curves )  Calcula ted  by the 
p r o c e d u r e  of the p r e s e n t  
pape r ;  dashed)  by the p r o -  
c e d u r e  of [1]. 

whe re  

w h e r e  

a =7965  k . ] -~ - /  ~ 1 -  0,15exp - -  B ] a.~0o 

-- f (B, if, P) is tabulated, and 
(Z200 

B = qi~(*).  10-~d~ 
(pW)O,S+o,o3(oW/qin(t~). 10-a} [ , 2 -  - 

If the flow enthalpy,  the p r e s s u r e ,  the a v e r a g e - m a s s  veloci ty ,  and 
the inner  pipe d i a m e t e r  a r e  given, the quant i ty  a = f[qin (~)] is a known 
funct ion of the heat  flux ~t the inner  s u r f a c e ;  in turn ,  we have qin (r 
r Accord ing ly ,  ~ is spec i f ied  impl ic i t ly  and is d e t e r m i n e d  f r o m  the 
equat ion as a funct ion of the t e m p e r a t u r e  d i s t r ibu t ion  on the inner  pipe 
wall .  T h e r e f o r e ,  the p r o b l e m  is so lved  by the method of s u c e e s s i v e  ap-  
p r o x i m a t i o n s .  

Fo r  the f i r s t  app rox ima t ion  we adopt q~n (~) = eonst ,  whe re  q~ n can 
be chosen  c o m p a r a t i v e l y  f ree ly ,  e . g . ,  q~ q~ (do/din).  On the bas i s  of 

0 " ' "  " l ' -  this  ini t ia l ly  spec i f ied  value of qin we d e t e r m i n e  a (  ) = f (q~n), so lve  the 
s y s t e m  of equat ions  above,  ~nd find the t e m p e r a t u r e  field in the wall ,  
t(1)(r, ~). 

Then  we ca lcu la te  

where 

o~(2) = f (aO)" .-Tin), 

qg) - -  a(1)t (1) (r 2, ~), 
i n  

- -  ( 0  a(i  + 1) _ [ (qin), 

q~.i) = a( i )# i )  (r~., ~) .  
i n  

The ca lcu la t ion  is s topped when m a x  It(i)(r, @)-- t( i-1)(r ,  ~)1 < e; we f inal ly have 

T(r, a~) = Tf + t (r, tp). 

In the r ange  of coolant  p a r a m e t e r s  in whieh t h e r e  is an abrup t  deg rada t ion  of heat  t r a n s f e r  at the  
f ronta l  line, ca lcu la t ions  on the bas i s  of these  equat ions m a y  tu rn  out to be unstable ,  with a finite but un- 
damped  osc i l l a t ion  of the hea t  flux. In this ca se  it is n e c e s s a r y  to in t roduce  the r e l axa t ion  t ime  r and to 
ca lcu la te  

q( i )  = q(~-x) _~ x [a(i)t i (r2, ~) - -  q(i-l>]. 

Conve rgence  of the p r o c e s s  can be has tened  by us ing  a va ry ing  re laxa t ion  coeff ic ient ,  choosing it to  
v a r y  in the op t imum m a n n e r  on the bas i s  of expe r imen t .  

Calcula t ions  c a r r i e d  out by this  p r o c e d u r e  w e r e  c o m p a r e d  with expe r imen ta l  data,  obtained by I. E. 
Semenovke r  on a PK-41  boi ler �9  The m e a s u r e m e n t s  w e r e  made  on a pipe with do /d in  = 36/20 (Fig. 1). 

T 
The pipe t e m p e r a t u r e  was m e a s u r e d  at r ad i i  r~ = 17.5 m m  and r 1 = 21.5 m m  in t h r e e  rad ia l  d i r ec t ions  at 
i n t e rva l s . o f  45 ~ Points  1 and 2 lie on the d i r ec t ion  of m a x i m u m  heat  flux�9 The r e l a t ive  d i s t r ibu t ion  of 
the hea t  f lux ove r  the outer  s u r f a c e  of the pipe is shown in Fig.  lb .  

C o m p a r i s o n  of the ca lcu la ted  t e m p e r a t u r e s  of the pipe meta l  at r '  1 and r'2 with the exper imen ta l  points  
(Figs.  2a and 2b) r e v e a l s  a s a t i s f a c t o r y  a g r e e m e n t .  F igure  3 c o m p a r e s  the t e m p e r a t u r e s  in the outer  
f ronta l  point  of t~e pipe as  d e t e r m i n e d  by the p r e s e n t  p r o c e d u r e  and.by the p r o c e d u r e  of [1]. 

t 

Tf 

N O T A T I O N  

is the d i f f e rence  between the t e m p e r a t u r e  at a given point  of  the pipe and the flow t e m -  
p e r a t u r e ;  
is the flow t e m p e r a t u r e ;  
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T 
if 
P 
q;' 
qin 
q 
OZ 
k 

pW 
r o ; r l 
r in = r 2 
do and din 

is the temperature at the given point of the pipe; 
Is the flow enthalpy; 
Is the pressure; 
is the heat flux at the frontal point at the outer surface; 
Is the heat flux at the inner surface of the pipe; 
is the heat flux at the outer surface; 
is the heat-transfer coefficient; 
~s the thermal conductivity of pipe material; 
~s the average-mass flow velocity; 
is the outer radius of pipe; 
is the inner radius; 
are the outer and inner pipe diameters, respectively; 
is the angle measured from the frontal point of the tube. 
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