
measuremen t s ,  it is found that the number  of unknowns in the problem exceeds the number  of points for  t e m -  
pera ture  measuremen t  even for the s implest  case z = 1. This case  applies to  the diode. ".- 

To reduce the number  of unknowns, the experiment  may be set  up in such a way that ql(r) = q2(r) -~ 0. 
Fur the r ,  for  a sufficiently thick c rys ta l  (~ 1 mm),  it is possible to d i s rega rd  the thickness of the lmat- l ibera-  
tion region 6 i and to regard  the d iscre te  source  as plane. The remaining three unknowns -- the output per  
unit volume of the distr ibuted sources  w 0 (r), the output per  unit volume of the d iscre te  source  w i (T), and i ts  
position x i --  may be determined by recording the su r f ace - t empera tu re  variat ion of the c rys ta l  with t ime and 
the variat ion with t ime of the total  losses  in the c rys ta l .  /[ number  of experimental  procedures  are  possible.  
The next problem is to determine the thickness 5 i of the region in which the heat s o u r c e  ac ts .  Another pos-  
sibility to be investigated is the use of the method outlined in combination with the use of heat-sensi t ive  pa ra -  
me te r s  [7] requi res  fur ther  analysis .  

The method of success ive  intervals  may also be used to obtain an approximate th ree-d imens iona l  p ic-  
ture .  This involves the use of a diode with a cel lular  base.  The c rys ta l  may then be considered as a col lec-  
tion of independent cur rent  tubes,  and the t empera tu re  var ia t ion at severa l  points of the c rys t a l  end surfaces  
may be determined experimental ly .  The use of the inverse  problem allows the  t r ansve r se  distr ibution of the 
output per  unit volume of the d i sc re te  sources  in the c rys ta l  to be approximately determined.  

i. 

2. 

3. 
4. 

5. 

6. 
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S O L U T I O N  OF C O N J U G A T E  P R O B L E M  IN S U C C E S S I V E  I N T E R V A L S  

L .  D.  K a l i n n i k o v  a n d  N.  V.  S h u m a k o v  UDC 536.24 

The conjugate problem is solved for  nonsteady heat t r ans f e r  through a plane wall with con-  
vective heat t r ans f e r  at the edges.  

On the basis of experimental  data on the s tar tup conditions of heat t r ans f e r  [1, 2], the energy equation 
for the the rmal  boundary layer  and the heat-conduction equation for  the wall a re  solved jointly. Having obtained 
the solution, the variat ion with t ime in the t empera tu re  of the hea t - t r ans fe r  surfaces  and the heat flows in the 
course  of nonsteady heat t r ans fe r  may be determined for  given pa rame te r s .  

In formulat ing the problem it is  assumed that the flow of liquid is stable,  the flow rate  is given, and its 
mean velocity over  the c ros s  sect ion is known. The liquid-flow tempera tu re  is assumed to be constant and 
equal to the liquid t empera tu re  at the inlet to the hea t - t r ans fe r  section.  The liquid is incompress ib le  with 
constant thermophys ica l  p roper t ies .  Energy dissipation due to viscosi ty  and heat conduction of the wall m a t e '  
r i a l in the longi tud ina l  direct ion of liquid flow is neglected. The mean hea t - t r ans fe r  coefficient is r e fe r red  to 
the difference between the t empera tu re  of the hea t - t r ans fe r  surface of the wall and the liquid tempera ture .  

Transla ted f rom Inzhenerno-Fiz icheski i  Zhurnal,  Vol. 33, No. 6, pp. 1031-1036, December ,  1977. 
Original ar t ic le  submitted April  5, 1977. 
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T A B L E  1. Coeff ic ients  of Eq.  (3) 

Experi- [ 
rnentNc Material Re h Re c C~ BI q 10, O) C: i B, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

I0 

Co 
Ag 
Co 

Ag 
Co 

Ag 

1800 
1815 
1800 
1815 

"4450 
4500 
7150 
7150 
7150 
7150 

1810 
1790 
3360 
3320 
1810 
1810 
1810 
1790 
3360 
3320 

i,4026 
1 , 3 0 5 1  
1,4026 
1,2074 
2,785 
2,44 
4,00 
3,62 
4,00 
3,62 

432,3 
403,3 
432,3 
373,1 

1160,5 
1020,6 
1952,3 
1766,8 
1952,3 
1766,8 

'29683 
27697 
29683 
25620 
42251 
37156 
71076 
64325 
71076 
64325 

2,2546 
2,2546 
2,771 I 
2,221 
2,2546 
2,2546 
2,2546 
2,2546 
2,771 
2,387 

1169 
1165 
1766 
1410 
1169 
1169 
1169 
1169 
1766 
1515. 

The joint  so lut ion of the  e n e r g y  equat ion fo r  a t h e r m a l  boundary  l a y e r  and the hea t - conduc t ion  equa -  
t ion  fo r  the  sol id  wall  will  be r e p r e s e n t e d  as  a combina t ion  of independent  solut ions  sa t i s fy ing  boundary  
condi t ions  of the four th  kind at  the contac t  plane between the liquid and the sol id  ~ 1 1 .  

In so lv ing  the e n e r g y  equat ion  for  a t h e r m a l  boundary  l a y e r ,  it is  a s s u m e d  that  the veloci ty  d i s t r i b u -  
t ion  in the  l iquid f low c o r r e s p o n d s  to the t t a gen - -Po i s eu i l l e  law,  and the t e m p e r a t u r e  d i s t r ibu t ion  is de-  
s e r l b e d b y  aeub l c  pa r abo l a .  The solut ion of the e n e r g y  equat ion wr i t ten  in in t eg ra l  f o r m  [3] d e t e r m i n e s  the 
heat  flux: 

qw(~:) -- 0"84 (t, - -  tw) [ (Pc~-~w}~--I'/~'rx 3 

Hence the  m e a n  h e a t - t r a n s f e r  coef f ic ien t  i s  d e t e r m i n e d  in the f o r m  

cZ= 1.26[ (PcP)fi~'~w ] ' /~  
rl 

o r  in the f o r m  of a d i m e n s i o n l e s s  n u m b e r  

Nud__ 1.5876 (Re~Pr: _~_) ~'3 (1) 

Using th is  me thod  of solving the ene rgy  equat ion fo r  o the r  ve loc i ty  and t e m p e r a t u r e  d i s t r ibu t ions  in 
the f low leads  to  ana logous  so lu t ions  tha t  d i f fe r  in  the value of the cons tan t  coeff ic ient .  A s i m i l a r  solut ion 
has been used  [4] to d e t e r m i n e  the m e a n  value of Nu in the ini t ia l  t h e r m a l  reg ion  of a plane tube with con-  
s t an t  wall  t e m p e r a t u r e .  F o r  nons teady  heat  t r a n s f e r  it is  i m p o s s i b l e  to  p red ic t  in advance  the f o r m  of the 
t e m p e r a t u r e  and ve loc i ty  d i s t r ibu t ion  in the f low and so  it  is  expedient  to wri te  Eq.  (1) in the g e n e r a l  f o r m  

N u = C  R % P r ! T  (2) 

Ana lys i s  of the e x p e r i m e n t a l  da ta  of [1, 2] shows tha t ,  f o r  nons teady  heat t r a n s f e r  at a heated s u r -  
f a c e ,  the  h e a t - t r a n s f e r  coef f ic ien t  in l a m i n a r  f low changes  in p r o p o r t i o n  to (Pr*)l/3 = ( P r w / P r f ) l / 3 ,  w h e r e -  
as  in t r a n s i e n t  f low condi t ions  the i n v e r s e  r e l a t ion  holds .  (Pr*) 1/3 = ( P r / P r  )1/3 On a cooled s u r f a c e  of �9 ~ f  w �9 
the wal l ,  the  h e a t - t r a n s f e r  coef f ic ien t  r e m a i n s  cons tan t ;  i . e . ,  P r*  = P~r. 

Taking  into account  the  e x p e r i m e n t a l  r e l a t i o n s ,  Eq.  (2) t akes  the f o r m  

--- { l-,d )1/3 Nu~ = C ~ Re~Pr* (3) 

The so lu t ion  of the  hea t - conduc t i on  equat ion in s u c c e s s i v e  i n t e r v a l s  with v a r i a b l e  s tep  fo r  a p i e c e -  
w i s e - l i n e a r  a p p r o x i m a t i o n  of a s y m m e t r i c  boundary  condi t ions  of the second  kind and a r b i t r a r y  ini t ia l  t e m -  
p e r a t u r e  d i s t r i bu t ion  is g iven  in [5]. 

The so lu t ion  of the s y s t e m  of equat ions  cons i s t ing  of two equat ions  fo r  the  t e m p e r a t u r e  of the  h e a t -  
t r a n s f e r  s u r f a c e s  [5] and the  two re l a t ions  in Eq.  (3), r e so lved  with r e s p e c t  to  the heat  f luxes (taken, r e -  
s p e c t i v e l y ,  fo r  the two h e a t - t r a n s f e r  s u r f a c e s  of the wall) ,  is  as  fo l lows:  

t (0, Fo~.)= I ~- B 2 ~ -  - -  A (0, eo 
A w 
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where 

R A(I, ~%)q*(l, Foh)+B2A(I,  r 
- -  B a - ~ w  

~ - [ A Z (  0' %,)--  Aa( 1, ~i,)]+ BIA(O,%) tt, Pr*l/a 

t( 1, Fok) = {q* (I, Fo~,) + B2A (0, oJj,) it, . -  B~A (1, c%) [tt, 

- - t (0 ,  Fok)lPr *~,'3 -~- B.A(O, r j , 

q* (0, Fo~,) = ; ~  L (0, Fo~,) " q (0, 0) E (0, Fo h) 
R 

(4) 

(5) 

k - - I  k - - I  

--q(l'0)E(l'F~ Z q(0, Fo,)r(0, F o ~ ) - - Z  q0,  Fo,)/'(1, Fo;), 
/ : 1  i ~ !  

q*(l, Foj,)= ~'~---L(I, F%)--q(0 ,  0)E(I ,  Fo~)--q(1, 0) E(0, Fob) 
R 

k - - I  k--1 

_,_ ..x'- q (o, Vo3 r (1, Vo;) -- ~.  q (I, Vo,) r (0, F@, 
( = l  i = 1  

( Re4, '~1"a {Re~, Prf, ' i/a 

The functions A, E ,  and F a r e  defined and tabulated in [5]. 

Having solved the conjugate p rob lem in Eqs .  (4) and (5) it is poss ible  to de t e rmine  the t e m p e r a t u r e  
of the h e a t - t r a n s f e r  su r faces  for  given values of C1, C2, t f l ,  tf2, to, R, and }'w in succes s ive  in te rva l s  in 
the course  of nonsteady heat t r a n s f e r .  Simul taneously ,  the heat fluxes q(0, FOk) and q(1, Fo k) and the 
h e a t - t r a n s f e r  coeff icient  eft0, FOk) at the cor responding  moment  of t ime  a re  de te rmined .  In the f i r s t  i n t e r -  
val ,  t(0,  Fol) i s  f i r s t  de te rmined  f rom the value of P r  w at the ini t ial  t e m p e r a t u r e  t(0, 0). F r o m  the value 
of t(0, Fo 1) obtained, a m o r e  accura te  value of P r  w is found and i t e ra t ive  reca lcu la t ion  of t(0, Fo 0 is  begun. 
The las t  value of P r  w in the f i r s t  in te rva l  is the ini t ial  value for  the calculat ion in the second in t e rva l  and 
so on until the final moment  of t ime .  

It is  easy  to obtain the solution of the conjugate p rob lem in the specia l  case  when the t e m p e r a t u r e  of 
one of the h e a t - t r a n s f e r  su r faces  is known or  when one of the s ides  of the wall is heat insulated.  

The solution of the conjugate p rob lem has been used to ca lcula te  the var ia t ion  of the t e m p e r a t u r e s  of 
the h e a t - t r a n s f e r  su r faces  t(0,  Fo) and t(1,  Fo),  the heat fluxes q (0, Fo) and q(1, Fo),  and the h e a t - t r a n s f e r  
coefficients  ~ (0, Fo) and a (1, Fo) in s t a r tup  conditions of h e a t - t r a n s f e r  for  two wall m a t e r i a l s .  The wall 
p a r a m e t e r s  adopted a r e  as follows: t{0, 0) = 25~ R = 0.05 m,  l : 0.015 m,  Xw(CO) = 71.176 W/re .  ~ Xw 
(Ag) = 418.68 W / m .  ~ (?P)Co = 4024.3 k J / m  3. ~ (cP)Ag = 2461.8 k J / m  s- ~ the cor responding  l iquid-flow 
p a r a m e t e r s  a r e : t ~  =75 C, t~ c =25 C, d h =0.0347 m,  d c =0.0344 m,  ~fh =0.6647 W/re.  C,X f =0.6065 
W/m.  ~ P r J  3 =~1'~332, P r ~ 3  = 1.830, where the subsc r ip t s  h and c denote hot and cold flows, rCespectively. 

J h  Ye 
Values of the constant  coeff icients  in Eq. (3) calculated f r o m  the exper imen ta l  data a r e  shown in 

Table  1. 

Compar i son  of expe r imen ta l  and calculated r e su l t s  for  the t e m p e r a t u r e s  of the h e a t - t r a n s f e r  su r f ace s  
and the heat f luxes in the cour se  of nonsteady heat t r a n s f e r  shows that  in all  the e x p e r i m e n t s  the max imu m 
d i sc repancy  between exper imen t  and calculat ion does not exceed 3-4%. 

Calculated values of the h e a t - t r a n s f e r  coefficient  as a function of the t e m p e r a t u r e  head a (0, ~) and 
(1, ~) a r e  shown in Fig.  1 ; the continuous l ines show data for  the cobalt  wall and the dashed lines data for  

s i l ve r .  
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Fig. 1 Fig. 2 
Fig.  1. Dependence of hea t - t r ans fe r  coefficient on t empera tu re  head (calculated resul ts) :  the numbers  
on the curves  r e fe r  to the experiment  No. ~ ,  W/m 2. ~ 0, ~ 

Fig.  2. Dependence of reduced hea t - t r ans fe r  coefficient on surface t empera tu re :  I) t ransient  conditions, 
(PrJl>rw)~/s; Nu 0 = C 1 ( R e d P r * . d / l ) l / 3 ;  Pr* = P r f / P r 0 ;  II) laminar  flow, (Prw/Pr0)l/3; Pr* = P r e / P r f ;  
P r  o cor responds  to t o = 25~ 1) Co; 2) Ag. 

The variat ion in C 1 as a function of Re h for  a given ~11  mater ia l  is in good agreement  with the l inear 
dependence C 1 = C O + kwReh, where C o = 0.55, kw(CO) = 0.49.10 -3, kw(Ag) = 0.4242"10 -3. The slope coeffi-  
cient va r i es  in propor t ion to the cube root  of the bulk specific heat of the wall mater ia l .  

Exper imenta l  resul ts  fo r  s tar tup conditions of nonsteady heat t r a n s f e r ,  general ized with respect  to 
the var ia t ion in the reduced hea t - t r ans fe r  coefficient (the rat io of NUFo to the initial value Nu 0) , are  shown 
in Fig.  2 as a function of the t empera tu re  of the hea t - t r ans fe r  surface:  for laminar  flow, A :- (Prw/Pr0)l/3; 
for t rans ient  flow, A = (Pr0/Prw)l/3.  Here P r  o cor responds  to the initial t empera ture  and Pr  w to the c u r -  
rent  t empera tu re  (including the steady value) of the hea t - t r ans fe r  surface.  Regardless  of the wall m a t e r i a l ,  
all the exper imental  data for  different conditions of hea t - t rans fe r -agen t  flow were in good agreement  with 
the ra t ios  of the reduced hea t - t r ans fe r  coefficient.  

For  l aminar  flow in the absence of natural  convection (as in the experiment) heat t r ans fe r  normal  to 
the di rect ion of motion is by heat conduction; then, neglecting the variat ion in the kinematic viscosi ty of the 
liquid with inc rease  in t empera tu re  of the hea t - t r ans fe r  surface ,  it follows that 

Pr*-- Prw ~,_ at  (6) 
Pr! a w 

For  turbulent flow (including t rans ient  conditions), there  is additional heat t r ans fe r  in this direct ion as a 
resul t  of pulsations (convection) and the pulsational t r ans f e r  considerably exceeds the heat t r ans f e r  by con- 
duction. In this case ,  neglecting the var ia t ion in the the rmal  diffusivity of the liquid with increase  in the 

. temperature  of the hea t - t r ans fe r  sur face ,  it follows that 

P r * -  Prt ~ y ~ .  (7) 
Prw vw 

For  water  the the rmal  diffusivity inc reases  with inc rease  in t empera tu re  and hence, according to 
Eq. (6), Pr* dec reases  in laminar  flow; the kinematic viscosi ty dec reases  and, according to Eq. (7), Pr* 
increase  in t rans ient  conditions. In accordance  with the variat ion in l>r *, the hea t - t r ans fe r  coefficient 
also changes:  inc rease  in t empera tu re  of the hea t - t r ans fe r  surface leads to decrease  in a in laminar  flow 
and to increase  in a in t rans ient  conditions, in accordance  with experimental  resu l t s .  

Note, in conclusion, that solving the conjugate problem in success ive  intervals  on the basis of the 
quasisteady approximation,  taking into account the change in Pr* ,  leads to a descr ipt ion of convective heat 
t r ans fe r  and the identification of a number of laws determining the value of the hea t - t r ans fe r  coefficient.  

NOTATION 

x, coordinate,  m; r ,  t ime,  sec;  t ,  t empera tu re ,~  0, t empera tu re  head,~ p, density,  kg/m3; c ,  
specific heat,  J /kg .  ~ X, the rma l  conductivity, W / m  �9 ~ ~ v, kinematic viscosi ty ,  m 2/see;  q, specific heat 
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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. 
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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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