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The possibi l i ty  of using e l ec t r i ca l  models  in o rde r  to solve heat-conduct ion p rob lems  a l -  
lowing for  rad ia t ion  is considered.  Two methods  a r e  envisaged: that  of nonlinear r e s i s -  
tances  and that  of combined c i rcui t s .  The la t ter  is genera l ized  to the case  of a nonlinear 
problem.  

Lit t le a t tent ion has  so fa r  been  devoted to the ana lys i s  of rad iant  h e a t - t r a n s f e r  p rob lems ,  par t ly  on 
account  of the complexi ty  of the p r o c e s s e s  taking place in radia t ion  and par t ly  on account  of the m a t h e -  
mat ica l  diff icult ies  a r i s ing  in any a t t empts  a t  solving the p rob lem analyt ical ly .  

Numer ica l  methods  of solving p rob lems  of radiant  heat t r a n s f e r  a r e  a l r eady  well  known; so a re  
e l e c t r i c a l - s i m u l a t i o n  techniques based on the pr inciple  of succes s ive  approx imat ions  [1]. 

The p rob lem was solved in [2] by using continuously acting e lec t ron ic  machines ,  the equations 
or ig inal ly  e x p r e s s e d  in par t ia l  de r iva t ives  being conver ted ,  for  this purpose,  into o rd inary  di f ferent ia l  
equations,  using the method of s t r a igh t  l ines.  In this method the de r iva t ives  a r e  approx ima te ly  rep laced  
by a lgeb ra i ca l  polynomials .  

The devices  which we shall  he re  be descr ib ing  enable us to solve the p rob lem of radiant  heat t r an s f e r  
without engaging in any i t e ra t ions ,  the compl ica ted t e m p e r a t u r e  dependences of the t he rma l  flux assoc ia ted  
with the su r f aces  taking pa r t  in heat  t r a n s f e r  being incorpora ted  into the model  by means  of ce r t a in  e l e -  
ments  fo rming  par t  of the actual  appara tus .  

It  is well  known that the exp re s s ion  for  the amount  of heat  t r a n s f e r r e d  by a body at  a t e m p e r a t u r e  T 1 
to one a t  a t e m p e r a t u r e  T 2 by rad ia t ion  may  be wr i t ten  as  follows: 

Q r = k ( ~  - -  T~). (1) 

If we r e m e m b e r  that a d i r ec t  solution of the heat -conduct ion equations may  be achieved by using p a s -  
s ive  models  (R and RC networks ,  e lec t ron ic  in tegra t ing c i rcu i t s ,  etc.) ,  then, as  we shall  subsequently 
show, rad iant  heat  t r a n s f e r  m a y  be s imula ted  by using specia l  p ieces  of equipment based on one of two 
pr inciples :  the method of nonlinear r e s i s t a n c e s  [3] and the method of combined c i rcui ts .  

It is hard to define the p rec i se  boundary  between these two methods,  s ince the second a lso  inco r -  
po ra te s  the ideas  of the method of nonlinear r e s i s t a n c e s ;  the i r  p rac t ica l  embodiment  takes  the fo rm of 
the cons t ruc t ion  of hybrid models  compr i s ing  pass ive  s y s t e m s  (R and RC networks) together  with devices  
opera t ing on the pr inciple  of e lec t ron ic  modeling. In a number  of a r r a n g e m e n t s  (including the one about 
to be descr ibed) ,  nonlinear  r e s i s t a n c e s  a r e  t he re fo re  accompanied  by e lements  bor rowed f r o m  elec t ronic  
s imula to r s .  

The appara tus  based on the f i r s t  pr inciple  (Fig. 1) consis ts  of four nonlinear r e s i s t a n c e s  NR and a lso  
two summing  devices  SUM and a device giving mul t ip l ica t ion by a constant  f ac to r  MU based on dc amp l i -  
f i e r s  DCA. As nonl inear  e lements  with v o l t - a m p e r e  c h a r a c t e r i s t i c s  of the I = AU 4 type, ce r t a in  e lec t ronic  
tubes with an adjus table  grid bias  and a r e s i s t a n c e  set  in para l le l  to regula te  the slope of the c h a r a c t e r -  
i s t i cs  may  be employed.  A study of the i r  v o l t - a m p e r e  c h a r a c t e r i s t i c s  showed that the des i red  r e l a t ion -  
ship could be obtained with t r iodes  (and a lso  ce r t a in  pentodes) on using the ini t ial  pa r t s  of the c h a r a c t e r -  
i s t i cs .  
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1. Representa t ion of boundary conditions using nonlinear 
res i s tances .  

The nonlinear res i s tances  NR-1 and NR-2 serve  to represen t  Eq. (1) in the model of the radiat ing 
body; for this purpose the cathode of NR-1 and the anode (plate) of NR-2 a re  connected to the boundary 
point. The multiplier  MU connected between the boundary point and the anode of NR-1 acts  as a doubler. 
In this way a potential difference proport ional  to the tempera ture  T 1 is created in the nonlinear res i s tance  
NR-1, and this means that a cu r ren t  proport ional  to T14 flows through it. 

The cathode of NR-2 rece ives  a signal f rom the summing device (adder) SUM-l,  in which the poten- 
tial at the boundary point of the radiat ion body is summed with the inverted potential at the boundary point 
of the body receiving the radiat ion (inverted in the inver ter  INV). In this way the cur rent  flowing through 
NS-2 is proport ional  to T24. 

The nonlinear r e s i s t ances  NR-3 and NR-4 simulate Eq. (1) in the model of the body receiving the 
radiation. The f i r s t  of these is connected by its cathode to the boundary point and by its anode to the sum-  
ming device SUM-2, in which the potentials of the boundary points of the two bodies a re  added. The anode 
of the nonlinear res i s t ance  NR-4 is connected to the boundary point and the cathode to the zero  busbar. 

If we use the method of combined circui ts ,  then there  will be no nonlinear res i s tances  (as such) in 
the model; Eq. (1) will be represented  by c i rcui ts  based on electronic  simulation elements.  

The apparatus (Fig. 2)* consists  of a var iable  res i s t ance  R connected between units of the passive 
models PM-1 and PM-2. The boundary points of the models a re  connected to the inputs of the functional 
conver te rs  FC-1 and FC-2,  in which the input signals a re  ra ised to the fourth power. The functional con- 
ve r t e r s  a re  connected to the a d d e r - s u b t r a c t o r  AS, which is also connected to the output of the amplif ier  
A-1. The input of the amplif ier  A-1 rece ives  a voltage taken f rom the measur ing  res i s tance  R m in se r i e s  
with R. 

The apparatus operates  on the principle of a t racking (servo) system. The res i s t ance  R is regulated 
by means of the servo drive motor  D, the ro tor  of which is coupled mechanical ly  to the slide of the r e s i s -  
tance R, until the cur rent  in the c i rcui t  between the models PM-1 and PM-2 is proport ional  to the r ight -  
hand side of Eq. (1). The mismatch  signal f rom the AS passes  to the input of the servo drive amplif ier  
A-2. 

The method of combined ci rcui ts  also constitutes the basis for other devices modeling radiant heat 
t ransfer .  We shall consider  one of these now. In contras t  to the one just described,  this apparatus  does 
not belong to the class  of se rvo  sys tems;  it has no mechanical  couplings, but may be ahnos t  ent i re ly  con- 
s tructed f rom devices existing in presen t -day  passive models.  

This sys tem (Fig. 3a) incorpora tes  two functional conver te r s  FC-1 and FC-2 ra is ing the potentials 
of the boundary points to the fourth power, a summing device SUM, a n d  two current  s tabi l izers  CS-1 and 
CS-2, the lat ter  being formed,  for example, by the channels represent ing  boundary conditions of the 
second kind "GU-2" incorporated in the universal  network model "USM-2" descr ibed in [4]. Between the 
summing device and CS-1 is an inver tor  INV designed to produce a current  of the opposite sign in CS-1. 
In this way currents  of equal and opposite sign a re  created in the current  s tabi l izers ,  these cur ren ts  being 
proport ional  to the voltages applied to the inputs, i.e.,  proport ional  to the r ight-hand side of Eq. (1). 

* This c i rcui t  was developed in conjunction with S. I. Chervonnyi. 
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Tracking (servo) sys tem for modeling radiant  heat 
t r ans fe r .  
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Fig. 3. Combined c i rcui ts  for  modeling radiant  heat t rans fe r ;  
a) l inear  problem; b) nonlinear.  

In solving a nonlinear problem of heat  conduction with due allowance for radiat ion,  we proceed in 
the same way as  in [3, 5, 6]. 

Since the apparatus  simulating radiant  heat t r ans fe r  may be used equally to solve s teady-s ta te  and 
t rans ien t  problems,  we may for  the sake of s implici ty consider  m e re ly  the problem of s teady-s ta te  heat 
conduction. 

The nonlinear equation of steady heat conduction 

0-T ~ +E-y ~ +~-z ~(T)Tz =0 

may be reduced to the Laplace equation by means of severa l  t ransformat ions .  
the in tegral  Kirchhoff t rans format ion  

T 

0 ~ f K(T)dT.  

(2) 
These  include, for  example,  

(a) 
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In solving the nonlinear  p rob lem of rad iant  heat  t r a n s f e r  between two bodies of different  kinds, we 
r equ i r e  the introduct ion of two such functions as  ~1 and ~,  the f ields of these  ref lec t ing  the potential  f ields 
obtained in the r e s p e c t i v e  pass ive  models .  

Since the potent ials  of the boundary points of the models  do not co r respond  to the t rue  t e m p e r a t u r e s  
at  these points, the use the device just  desc r ibed  in the f o r m  i l lus t ra ted  in Fig. 3a is i m p e r m i s s i b t e .  

F igure  3b shows the block d i a g r a m  of a s y s t e m  differ ing f r o m  the previous  in that additional func-  
tional conve r t e r s  FC-3  and FC-4 a r e  connected between the boundary points of the pass ive  models  and 
the cor responding  c o n v e r t e r s  FC-1 and FC-2;  the new conve r t e r s  t r a n s f o r m  the potentials  of the boundary 
points in propor t ion  to the cor responding  re la t ionships  T = T(~)  and T = T(~)  obtained by inver t ing ex-  
p r e s s ions  of type (3). The c o n v e r t e r s  FC-3 and FC-4 may  be based,  for  example ,  on dc ampl i f i e r s ,  with 
diode functional c o n v e r t e r s  effect ing t r a n s f o r m a t i o n  (3) in their  feedback c i rcui ts .  

A s i m i l a r  functional conver t e r  may  be incorpora ted  in the measu r ing  circuit .  This enables  us to 
der ive  the t e m p e r a t u r e  field d i rec t ly  r a t he r  than the field of the function 8, and avoids the necess i ty  of a 
subsequent  convers ion  f r o m  8 to the t e m p e r a t u r e .  

It is not difficult  to show that the solution of p rob l ems  of radiant  heat  t r a n s f e r  using the devices  he re  
desc r ibed  of fe rs  ce r t a in  advantages  over  exist ing numer i ca l  and analyt ical  methods,  s ince the p rob lem is 
solved in a single p roces s  without any i te ra t ions .  This is pa r t i cu la r ly  impor tan t  when solving a t rans ien t  
p rob lem on models  in which the p r o c e s s  p r o g r e s s e s  continuously in t ime  (RC network);  without the de -  
v ices  in quest ion the solution would be en t i re ly  imposs ib le .  

On the other  hand, the method of s t ra igh t  l ines and the assoc ia ted  app rox ima te  r ep r e sen t a t i on  of the 
de r iva t ives  a r e  not involved in this case .  

The use  of pass ive  models  for  model ing the t e m p e r a t u r e  f ields of in te rac t ing  bodies,  however ,  has 
ce r t a in  advantages  over  e lec t ron ic  models ,  which a r e  mos t  sui table  for  v e r y  s imple  p rob lems .  

T 
k = r Cr; 

~r 
Cr 

x, y, z 
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CS 

INV 

E 

is  the t empe ra tu r e ;  

N O T A T I O N  

is the reduced e m i s s i v i t y  of the sys t em;  
is the reduced radia t ion  coefficient;  
is the t he rm a l  conductivity;  
a r e  the Ca r t e s i an  coordina tes ;  
~s the cur ren t ;  
is  the vol tage;  
is the propor t iona l i ty  fac tor ;  
is  the nonl inear  r e s i s t ance ;  
is  the summing  device (adder); 
is the unit mul t ip l ica t ion by a constant;  
is the pass ive  model ;  
~s the functional conver t e r ;  
~s the a d d e r - s u b t r a c t o r ;  
is the ampl i f i e r ;  
is the r e s i s t a n c e ;  
is the s e r v o  dr ive  motor ;  
is the cu r r en t  s t ab i l i ze r ;  
is the i nve r t e r ;  
is the supply source .  

S u b s c r i p t s  

1, 2 r e f e r  to the radia t ing  (emitting) body and to the body rece iv ing  the radiat ion,  respec t ive ly .  
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