
flux, W / m  2; (r, h e a t - t r a n s f e r  coefficient ,  W / m  2 �9 ~ w, ve loc i ty  of he a t - t r a n s f e r - a g e n t  flow, m / s e c ;  d , r ,  equivalent 
d i a m e t e r  and radius  of channel,  m;  l ,  length of h e a t - t r a n s f e r s e e t i o n ,  m;  R, de te rmin ing  d imens ion  (thickness) of all, 
m;  Nu, Re, P r ,  Fo, Nussel t ,  Reynolds,  Prandt l ,  and F o u r i e r  numbers ;L ,  i n i t i a l t e m p e r a t u r e  d is t r ibut ion function; 

A, E ,  F, d imens ion less  functions; C, B, cons tants .  Indices:  f ,  w, fluid ( l iquid)and wall; 0, ini t ial  value; 
1, 2, h e a t - t r a n s f e r  s u r f a c e s ;  k, i ,  calculat ional  and cu r r en t  t i m e  in t e rva l s .  

1. 

2. 

3. 
4. 

5. 

L I T E R A T U R E  C I T E D  

L. D. Kalinnikov, "Exper imen ta l  invest igat ion of he~t t r a n s f e r  in horizontal  r ec tangu la r  channel with 
sma l l  reduced t h e r m a l - s e c t i o n  l eng th , "  in: Automatic  Control Sys tems  in the Pe t ro l eum and (]as Indus-  
t r i e s  (Proceedings  of the All-Union Sc i en t i f i c -Resea rch  and Design Inst i tute  of Complex Automation of 
the Oil and Gas Industry) [in Russian] ,  No. 5, Nedra ,  Moscow (1973). 
N. V. Shumakov and L. D. Kalinnikov, "Correspondence  of h e a t - t r a n s f e r  coefficients in s teady and non- 
s teady p r o c e s s e s , "  I n z h . - F i z .  Z h . ,  25, No. 5 (1973). 
G. N. Kruzhi l in ,  " T h e r m a l  boundary l a y e r s , "  Zh. Tekh.  F i z . ,  6,  No. 3 (1936). 
B. S. Petukhov,  Heat T r a n s f e r  and Drag in L a m i n a r  Fluid Flows in Tubes [in Russ ian] ,  t~nergiya, Mos-  
cow (1967). 
L. D. Kalinnikov, "Solution of i nve r s e  heat-conduct ion p rob lem with piec .ewise- l inear  approximat ion  of 
boundary condi t ions ,"  Teplof iz .  Vys.  T e m p . ,  9, No. 5 (1971). 

A L G O R I T H M  F O R  C A L C U L A T I N G  T E M P E R A T U R E  

F I E L D S  IN T H I N - W A L L E D  S T R U C T U R A L  E L E M E N T S  

V .  S.  K h o k h u l i n  UDC533.24.02 

An a lgor i thm for  calculat ing t e m p e r a t u r e  f ields in th in-wal led  s t ruc tu ra l  e lements  is  
cons idered  which is  based on the concept  of local  one-d imens iona l  schemes  in conjunc-  
tion with g raph ica l  solution of p rob l ems  in heat conduction. 

In invest igat ing the t h e r m a l  r eg i m e  of var ious  s t r u c t u r e s ,  one often encounters  the p rob lem of ca lcu la t -  
ing' t e m p e r a t u r e  d is t r ibut ion in support  e l ements  having complex configurat ion a s  a ru le .  To calculate  the 
t e m p e r a t u r e  dis t r ibut ion in these  e l emen t s ,  the method of finite e l emen t s ,  which is based on a study of the 
t h e r m a l  balance in the e l e m e n t a r y  volumes into which an e lement  is divided, is  the method mainly  used. Cal-  
culation of the t h e r m a l  balances  in the se lec ted  volumes is  a labor ious  and tedious p rob lem for  which the so lu-  
tion is of a speci f ic  nature  in each  case .  

An a t t empt  was made [1] at un iversa l iza t ion  of the methods for  computing mul t id imensional  t e m p e r a t u r e  
f ields in s t r u c t u r e s .  The method d i scussed  in that  pape r  finds appl icat ion in the invest igat ion of t e m p e r a t u r e  
f ields of var ious  s t r u c t u r e s  whose e lements  a r e  of re la t ive ly  s imple  configurat ion.  In the case  of individual 
e lements  of nontr iv ia l  shape ,  i t  is  s t i l l  n e c e s s a r y  to use the approach  of [1] to calculate  the t e m p e r a t u r e  f ields 
in such e lements  and this compl ica tes  the p rob l em.  In o r d e r  to cons t ruc t  re la t ive ly  s imple  methods for  in -  
ves t iga t ing  the t h e r m a l  r eg i m e  of individual e l emen t s ,  this pape r  cons iders  an a lgor i thm for  calculat ing t e m -  
p e r a t u r e  f ields in th in-wal led s t ruc tu ra l  e l ements  of g iven configurat ion.  

F igure  1 shows individual th in-wal led  s t ruc tu r a l  e lements  in which the t e m p e r a t u r e  can change both along 
the z coordinate  and within e lement  sec t ions  for  which the z coordinate  is  a no rma l  because  of the t h e r m a l  a c -  
tion of the env i ronment  or  o ther  f ac to r s .  

Before  wri t ing down the ma thema t i ca l  formula t ion  of the p rob l em,  we give some definit ions.  Let D be 
the spa t ia l  region in which the dis t r ibut ion of the t e m p e r a t u r e  T is  sought.  Dj ~D is a subregion  of the region 
D in which the t e m p e r a t u r e  dis t r ibut ion is  desc r ibed  by the t rad i t iona l ,  and two-d imens iona l  in this ,case, equa-  
t ions of t h e r m a l  conductivity.  In each  region Dj we introduce an orthogonal  coordir~ate s y s t e m  (z, xj),  j = 1, 
2 . . . . .  N. Note that  the z coordinate  is c o m m o n t o  all  Dj and the xj a r e  pa ra l l e l  to any sect ion for  which z i s  a 
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Fig .  1. Th in -wal led  s t r u c t u r a l  e l e m e n t s .  F ig .  2. Sequence fo r  combin ing  the r e -  
g ions  Dj into the reg ion  D. 

n o r m a l .  The sub reg ion  D e of the r eg ion  D , w h t e h i s  obtained by sec t ioning  the reg ion  D by means  of a plane 
p e r p e n d i c u l a r  to  z, ts ca l led  a con tour  of the reg ion  D. The con tour  D c shows the  sequence  fo r  combining 
the r eg ions  Dj in to  the reg ion  D (see F ig .  2). C o r r e s p o n d i n g  to  the con tour  DC, we in t roduce  the or ien ted  
g r a p h  Gt(V) fo r  the  con tou r ,  on which the coord ina te  s y s t e m  xj,  j = 1, 2 . . . . .  N, i s  g iven.  Each  j - th  
b r a n c h  of the g r a p h  G'(V) ( i . e . ,  the c o r r e s p o n d i n g  sub reg ion  D c E De) and the d i r ec t ion  xl a s s igned  on it 

j a 
comple t e ly  d e t e r m i n e  the coo rd ina t e  xj f o r  ca lcu la t ing  the de s i r ed  t e m p e r a t u r e  funct ion in the reg ion  Dj 
(j =i,  2, . . . .  N). 

We divide the set of vertices V of the graph G'(V) into two subsets: 1) the subset V b of boundary graph 
vertices in which the heat-transfer boundary conditions between the structural element and the environment 
are given, and 2) the subset V i of internal graph vertices for which thermal coupling conditions are given. 

We formulate the boundary-value problem for the calculation of temperature distribution in a given 
structural element in the following way with the definitions given being taken into consideration. We seek 
a solution in the region D for the equation of thermal conductivity: 

( aT ) 
p(z, x. ,  T) Cp(Z, x n, T) 07"_: O ~.(z, x n, 7")~-z 

Ot Oz 

c) (.A, (z, x j, T) OT 1 Oxj -Ox~-, ~(n--i)-Fqv(t '  z, x,,), 

{ I, ,1=/, 
6(n--j)= 0, ,1=/=i, 

~1, ] =  1, 2 . . . . .  N. 

(I) 

(2) 

(3) 

The in i t ia l  condi t ions  a r e  

T(z ,  xj)lt=o = To(z, x]), i "- 1, 2 . . . .  , N. (4) 

Boundary  condi t ions  a r e  

)~(z, x 1, T) ~ -~  - =qB z, i----l, 2 . . . . .  N, 
Onz B z 

T) 07" Bxj ~. (z, x~, Onx~ =.qB~, B~EV B, i = 1, 2 . . . . .  N. 

(5) 

(6) 

The t h e r m a l  coupl ing condi t ions  on V i N D a r e  

T(z,  xj)[~ = const~ (t, z, x A, 

Nc~ 
o r  

[h~.~ Ox---Z -h qv (t, z, xh) = m~Cp~ .Or~ot 
k=l 

(7) 

(8) 
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Here  

o:EVn, a = 1, 2 . . . . .  N n .  (9) 

The s o u r c e  funct ion q v ( t ,  z ,  x,7) in Eq.  (1) c h a r a c t e r i z e s  vo lume heat  r e l e a s e  and a l so  heat  t r a n s f e r  
between the g iven  e l emen t  and the e n v i r o n m e n t .  

We use  c e r t a i n  p r o p e r t i e s  of loca l  o n e - d i m e n s i o n a l  s c h e m e s  [2] in cons t ruc t i ng  an a lgo r i t hm fo r  
solving the  p r o b l e m .  We seek  an a p p r o x i m a t e  solut ion T fo r  Eq. (1) at  t = tk+1, solving the fol lowing p r o b -  
l e m s  wr i t t en  in o p e r a t o r  f o r m  sequent ia l ly  a long the coo rd ina t e s  xj and z.  

P r o b l e m  I 

ffl'] l T /  ~Dj ,  Ot = L~i Ti -t- q~, (10) 

T ! = 1, o Ti .~ ,  (11)  

)~ c)Tl rxi C)nx I = qrxj, BxiEVb, (12) 

T}I= = const~ (t, z, xj), (13) 

N~ 
OT_._AC OT~ 

Z fh~.k q-q( t ,  z, xh )=  m~Cpc , (14) 
ax k at 

(ZEVn, ~z--1, 2, . . . .  Nn, (15) 

j = I, 2 . . . . .  N. (16) 

P r o b l e m  II 

Here  

07" II q~l, T u 
Ot - LzT~ -!- ED, (17) 

Trl 0 = T i ,  [ = l, 2 . . . . .  N, (18) 

)~ 07" 
(19) 

q~ + q[' = qv(l ,  z, x.), ,1 = 1 . 2  . . . . .  N.  (20)  

P r o b l e m  I c o r r e s p o n d s  to ca lcu la t ion  of the t e m p e r a t u r e  d i s t r ibu t ion  in sec t ions  of a g iven  e l emen t  
which a r e  p e r p e n d i c u l a r  to  the z c o o r d i n a t e ,  i . e . ,  to  the ca lcu la t ion  of the t e m p e r a t u r e  d i s t r ibu t ion  on 
g r a p h s  of the con tour  of a g iven e l e m e n t .  T e m p e r a t u r e  va r i a t ion  along the z coord ina te  is d e t e r m i n e d  
f r o m  a solut ion of p rob l e m  II .  

We r ep l ace  the equat ions  in the  s y s t e m  (10)-(16) and the equat ion fo r  the p r o b l e m  (17)-(19) by t h e i r  
d i f f e r ence  ana logs  r e su l t ing  f r o m  a f i n i t e -d i f f e r ence  approx ima t ion  in the s p a c e - t i m e  mesh :  

[oht = { z  = ~lh z, "q - -  O, 1, 2 . . . . .  Nz; xj = ihx~, 

i = 0 ,  1, 2 . . . . .  Nxj, i =  1, 2 . . . . .  N; t = k h  o (21) 

k = l ,  2, . . . , Nt}. 

In this  ca se  we use  a two- l eve l  s ix -po in t  pa t t e rn  with a weight  aP (p = I,  H) , the  value of which m a k e s  it p o s -  
s ib le  to  use  an impl ic i t  s c h e m e  f o r  solut ion.  

We then find that  fo r  solut ion of the o r ig ina l  p r o b l e m  it  is  f i r s t  n e c e s s a r y  to so lve  in each  sec t ion  of 
an e l e m e n t ,  i . e . ,  fo r  each  ZE~ht  , a s y s t e m  of N d i f f e rence  equat ions  of the f o r m  

ht 
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j = 1, 2 . . . . .  N, (23) 

ass igned  on the contour  g raph  of a s t ruc tu ra l  e lement  with appropr ia t e  init ial  and boundary conditions.  A 
method for  solution of a lgebra ic  s y s t e m s  of d i f ference  equations with th ree -d iagona l  m a t r i c e s  given on the 
g raph  was p roposed  in [3] and used in [4, 5] for  solution of this s y s t e m .  A solution of the equation s y s t e m  
(22) is  in fact  a s tep  along the p r i m a r y  d i rec t ion .  Then for  each xjEwht , j = 1, 2 . . . .  , N, the d i f ference  
equati on 

. ,  = Az ]' (24) 

] = l, 2 . . . . .  N, (25) 

is  solved.  He re ,  the t rad i t iona l  s tepping method is  used.  Through solution of Eq. (24) a s tep is taken 
along the secondary  d i rec t ion  and finally the t e m p e r a t u r e  dis t r ibut ion in a given e lement  is de te rmined .  

Thus the solution of the or iginal  p r o b l e m ,  as in local  one-d imens iona l  s c h e m e s ,  is  reduced to a 
s t e p - b y - s t e p  solution of the p rob lem of calculat ing the t e m p e r a t u r e  f ields along each coordinate (along 
each  di rec t ion) .  In con t ra s t  to local  one-d imens iona l  s chemes ,  however ,  a s tep along one of the d i rec t ions  
in this  a lgor i thm d e t e r m i n e s  not m e r e l y  the t e m p e r a t u r e  change along one coordinate  but the t e m p e r a t u r e  
d is t r ibut ion on the g raph  of an e lement  contour.  

In conclusion,  we br ie f ly  fo rmula te  the o rde r  of solution of the or iginal  p rob l em.  

The d i rec t ion  of the longitudinal z axis  is se lec ted .  

The contour of an e l emen t  is  de te rmined  and the or iented g raph  of the contour cons t ruc ted .  

The f in i te -d i f fe rence  approximat ion  for  d i f ferent ia l  o p e r a t o r s  is rea l ized .  

P rob lem (22) for  calculat ion of the t e m p e r a t u r e  dis tr ibut ion on the contour  of an e lement  for  each 
Z~Wht is  solved.  

P rob lem (24) for  calculat ion of the axia l  t e m p e r a t u r e  dis t r ibut ion in an e lement  is so lved.  

Note that  s ince the use of local  one-d imens iona l  s chemes  a s s u m e s  equivalence in the se lec t ion of 
d i rec t ion ,  one can f i r s t  cons ider  the solution of p rob lem (24) '(step along the p r i m a r y  direction) and then 
solution of p rob lem (22) (step along the secondary  direct ion) .  

N O T A T I O N  

T, t e m p e r a t u r e ;  t ,  t ime;  xj ,  z,  spat ia l  coordina tes ;  subsc r ip t s  of ope ra to r s  cor responding  to these  
coordinates ;  n, normal ;  LT ,  parabol ic  d i f ferent ia l  opera to r ;  AT,  f in i te -d i f fe rence  analog of LT;  q v ,  
source  function; D, region in which solution of or ig ina l  heat-conduct ion equation is sought; B, boundary of 
region D, subsc r ip t  for  boundary of app rop r i a t e  region; ),, coefficient  of t h e r m a l  conductivity; p, density;  
Cp, heat capaci ty;  ~h t ,  s p a c e - t i m e  mesh ;  h, m e s h  step;  f ,  contact a r e a  of joined branches  (for inner  

' g r a p h  ve r t i ces ) ;  V, se t  of g r aph  ve r t i c e s ;  Vb, s e t o f  boundary g raph  ve r t i ces ;  Vi, se t  of inner  graph  v e r -  
t i ces ;  N, number  of b ranches  on graph  G'(V); Ni, numbe r  of inner  g r aph  ve r t i ce s ;  N a ,  number  of g raph  
branches  converging at vertex_ ~;  Nz, num be r  of mesh  points in the Wht mesh  in the z direct ion;  Nxj , num-  
ber  of m e s h  points in the Wht mesh  o n t h e  j - t h  branch  of the contour  graph;  a,  weight of d i f ference  scheme;  
Tj ,  value of gr id  function at  t ime  tk; Tj ,  value of the gr id  function at t ime  tk+l; a ,  subsc r ip t  fo r  g raph  v e r -  
tex;  j ,  7?, subsc r ip t s  of g raph  fin; k, t ime  subsc r ip t .  
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R E C O N S T R U C T I O N  O F  L O C A L  

T E M P E R A T U R E  F I E L D S  IN AN 

V .  V .  P i k a l o v  a n d  N .  G .  

E Q U I L I B R I U M  

E M I S S I V E  M E D I U M  

P r e o b r a z h e n s k i i  UDC 533.9 

A s p e c t r a l  method for  de te rmina t ion  of local  t e m p e r a t u r e s  in an emit t ing volume is d i scussed .  
The p rob lem of r econs t ruc t ion  of e m i s s i v i t y  in the case  of a medium of a r b i t r a r y  configuration 
is solved by regula r iza t ion .  

In a number  of t he rmophys i ca l  p r o b l e m s ,  it is  often n e c e s s a r y  to de t e rmine  t e m p e r a t u r e  f ields within 
an emit t ing volume of p l a s m a  or  of a h i gh - t empe ra tu r e  gas  flow. The use of the methods of emiss ion  and ab -  
sorpt ion  spec t roscopy  makes  it  poss ib le  to obtain the n e c e s s a r y  p y r o m e t r i c  informat ion  without introducing 
pe r tu rba t ions  in the t e s t  medium.  The p rocedure  for  finding the t e m p e r a t u r e  T(x, y) a f t e r  de te rmina t ion  of 
the emi s s iv i t y  e(x, y) and absorp t iv i ty  ~(x,  y) has been developed sa t i s fac to r i ly  [1, 2], but genera l ly  the s ea r ch  
for  these  functions is  a complex inve r se  p rob l em.  Actual ly,  i t  i s  n e c e s s a r y  to de te rmine  the coeff icients  of 
the r a d i a t i o n - t r a n s p o r t  equation f rom values I(S) of the solution of this equation measu red  on the botmdary of 
the volume.  The main resu l t s  in this p rob lem were  obtained with r e fe rence  to the pa r t i cu l a r  case  of axial  s y m -  
m e t r y  where the p rob lem becomes  one-d imens iona l .  If the absorp t iv i ty  is  negligibly sma l l ,  (optically thin 
l ayer ) ,  the p rob lem reduces  to a solution of the Abelian in tegra l  equation [1] 

R 

i I (x) = 2 e__,(r) rdr (1) 
l, r 2 - -  x z 

x 

where  R is the radius  of the emit t ing volume.  However ,  cases  with e l l ipt ical  s y m m e t r y  in e (x, y) can a lso  be 
reduced to such an equation. Let  the or ientat ion of an e l l ipse  with s e m i a x e s  a and b be cha rac t e r i zed  by the 
p a r a m e t e r  t: 

x 2 yZ lz 
, b < a ,  (2) 

a z  ' b 2 a 2  

xE [--  a, a], YE [-- b, b], t~ I0, a]. 

Making m e a s u r e m e n t s  along the y ax i s ,  we obtain 

b / l - ~ -  a 

a V N - - x 2 '  (3) 
0 x 

i . e . ,  once again an Abelian equation but with r e spec t  to the i so l ines  of an e l l ipse  r a t h e r  than a c i r c l e  as in 
Eq. (1). A deficiency of such a t r e a t m e n t  of e l l ip t ical  s y m m e t r y  is  the need for  p r e l im ina ry  exper imenta l  
de te rmina t ion  of the or ientat ion of the t es t  e l l ipt ical  object  in the l abora to ry  coordinate  sy s t em.  

A la rge  amount  of work was devoted to solution of the Abelian equation by var ious  methods including the 
use  of regu la r iza t ion  of one kind or another  [3-6]. A compar i son  was made [7] of a number  of methods with 
r e s p e c t  to the in tensi f icat ion of the expe r imen ta l  e r r o r s  in them.  

In the gene ra l  ea se ,  the l a ck  of s y m m e t r y  in the p rob lem is  e x p r e s s e d  in the fo rm of an in tegra l  equa-  
t-ion of the f i r s t  kind: 
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