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A method is  proposed of e l ec t r i ca l ly  s imulat ing heat  and m a s s  t r a n s f e r  p r o c e s s e s  which can 
be descr ibed  by a s y s t em  of nonl inear  equations,  us ing fo r  this  purpose  nonl inear  r e s i s t a n c e s .  

1. We f i r s t  cons ider  solving by e l ec t r i ca l  s imulat ion the nonl inear  heat  conduction equations of the 
genera l  f o rm 

0 ~q = % , (1) 
ax -~x or 

with I = �94 Such problems can be solved, for  example, by the Liebmann method with resistance net-  
works .  This  method,  where  t ime  de r iva t ives  a re  r ep resen ted  in d i sc re t e  t e r m s ,  i s  r a t he r  c u m b e r s o m e .  

The author p ropos e s  to solve the t r a n s f e r  p rob lem with the aid of analog c o m p u t e r s  using nonl inear  
c i rcui t  e l ement s ,  with voltage s imulat ing the t e m p e r a t u r e  and cur ren t  s imulat ing the t he rma l  flux densi ty .  
In the nonl inear  heat  t r a n s f e r  p rob lem the t e m p e r a t u r e  gradient  and the t h e r m a l  flux density a r e  re la ted  
through a propor t iona l i ty  f ac to r  which is  a function of the t e m p e r a t u r e :  

jq = - -  [~q (t)] grad t. (2) 

This re la t ion will be rewr i t ten  as a di f ference equation for  the one-d imens iona l  case :  

- -  ~ (t~) t~ + ~q (tO t~ 
jq m Ax " 

Equation (1) becom es  a di f ference equation: 

2 Tq (t,) t~ + (to) t o - -  (t 0 t~ cq Ot~ 
(Ax)~ = a~-  (3) 

Here  the specif ic  heat  i s  a lso a function of the t e m p e r a t u r e .  

Fo r  the s y s t e m  of nonl inear  di f ference equations (3) one can const ruct  the nonl inear  model shown in 
Fig.  1, where  the nonl inear  r e s i s t o r s  in blocks N. R-1  and N. R-2 s imula te  the nonl inear  coeff icients  
Cq/Xq(t). These  r e s i s t o r  b locks  a r e  made up of diodes Connected in pa ra l l e l ,  with both the i r  b ias  vol tages  
and the s lopes of t he 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  adjustable  ove r  wide ranges  so as  to ensure  the 
feas ibi l i ty  of p i ecewi se - l i nea r ly  approx imat ing  the nonl inear  curve  

Fig.  1. Schematic  d i ag ram of the e lec t r i ca l  model  for  
solving a nonl inear  heat  t r a n s f e r  p r o b l e m .  
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Fig.  2. Schematic diagram of the e lectr ical  model for  
solving a nonlinear heat and m a s s  t r ans fe r  problem.  

~__.s_q (t) t. 
r 

(4) 

The corresponding relation on the model is  

1 
i = - - - v ,  

R(v) 

where R(v) is the nonlinear res i s tance  of an N.R block [5, 6]. 

Into a certain nodal point A (Fig. 1) flow the following cur ren t s :  

dv 1 
)' 

(the capacitance in an integrating circui t  is taken as equal to unity) and, as a resul t ,  the following equation 
is simulated: 

Vo v~ v 1. 2 dv~ = 0 ; (5) 

the la t te r  being an analog of the difference equation (3). 

A major  advantage of the proposed model is that all nonlinear N. R-1 blocks,  which simulate non-  
l inear  thermal  res i s tances  eq/Xq(t), a re  the same; the N. R-2 blocks are  also all the same,  but differ f rom 
the N. R-1 blocks by the factor  2: this foUows f rom Eq. (5), where the third t e rm appears  with the coef-  
ficient 2. 

It is  well known that the nonlinear c i rcui ts  of analog computers  contain up to 20 adjustable diode 
elements,  i . e . ,  that the nonlinear relation between cur ren t  and voltage can be approximated by a broken 
straight line of up to 20 segments ,  while the n e c e s s a r y  accuracy  can be obtained almost  ent irely with not 
more  than 3-4 segments .  A fur ther  convenience offered by this model is that,  unlike in the Liebmann 
method, it is set up once and for  all with identical components and the r e s i s t o r s  do not have to be changed 
during a simulation process ;  ra ther ,  the voltage is varied continuously, which contributes to the stability 
and the convergence of the simulation p r o c e s s .  

2. We will now consider  solving by electr ical  simulation the nonlinear heat and mass  t r ans fe r  equa- 
tion in i11: 
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Fig.  3. Schematic  d i ag ram for  solving the special  heat  and 
m a s s  t r a n s f e r  p r o b l e m .  

Ot 0 )~q + er -~ ,  , 
cq OT Ox 

i ooo  oo) o( ot) 
�9 o, ox ["m x +-o7 

(6) 

A method of e l ec t r i ca l ly  s imulat ing such a sy s t em of nonl inear  equations by means  of r e s i s t a n c e s  
has  been proposed  by L.  A. Kozdoba in [2] and, fo r  a m o r e  genera l  ca se ,  in [3]. 

We p ropose  h e r e  to s imula te  s y s t em (6) by means  of ampl i f i e r s  and nonl inear  r e s i s t o r s .  

As in the p reced ing  ca se ,  we approx imate  Eqs .  (6) by di f ference  equations 

Ot,§ _ (;~q_) C_~ a,~) t,.2 + (Xq + Cm am) t, 
0~; Cq i+2 Cq 

Cq / i + l  $+2 

\ Cq \ Cq $ i ~ 

00i+l - -  (amO)i+~ + (araO)$ - -  2 (ara0)$+l 
0~ 

+ (am60t)i+: + (amS0t)$ - -  2 (am60t)$+l. (7) 

These  d i f ference  equations can be s imulated on analog compu te r s  by two ampl i f i e r  ne tworks  with 
nonl inear  r e s i s t o r s .  Two s tages  of th is  model  a re  shown in Fig.  2. 

Let  each coefficient  of the unknown functions in Eqs .  (7) depend on one of the unknown functions 
only, name ly  the function with which it  i s  a s soc ia ted .  

The N. R-1 Mocks s imula te  the nonl inear  dependence of 

(~,q + C_~m 
Cq am) 

on the t e m p e r a t u r e  t ,  the N. R-2  blocks  s imula te  the dependence of ar(Xm/Cq) on 0; the N. R-3 Mocks 
s imula te  the dependence of am60 on the t e m p e r a t u r e  t ,  and the N. R-4 blocks s imula te  the dependence of 
a m on O. 

Doubling the N. R-3 resistance is indicated on the diagram by 2N. R-3. 

Similar designations indicate here the doubling of other resistances. 

3. The process of heat and mass transfer is particularly strongly affected by the nonlinear depen ~ 

dence of ~q on t and a m on 0. In view of this, we will consider the problem with 5 0 = const, and e = const., 
i.e., with the Pn number and the Ko* number both constant, while X = k(t) and am = am(0) are given. 
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Then Eqs.  (6) in dimensionless  fo rm become [1]: 

OT 0 ~, OT + K o *  0Fo 
0 Fo OX 

OT (8) 
- ~ o  I1 -t- Lu Pn KO*]mean = ~-~ Lu - ~  + (Lu Pn)mea a 0 Fo" 

Here  the coefficients  of 8 |  and 8T/SFo  r e f e r  to some mean values of the thermophysical  p rop -  
e r t i e s  in the given p r o c e s s .  The Luikov number  (Lu =am~a;)  is  a nonl inear  function of | with some 
constant (mean) quantity a m in the denominator .  

The rat io  Xq/X*q i s  also a nonl inear  function of T. 

As in the preceding case ,  Eqs.  (8) will be conver ted to  difference equations and a model will be 
constructed as shown in Fig. 3. Here  the capaci tances  C1, C2, C3, and C 4 a re  a l ready different ,  r e s p e c -  
t ively proport ional  to 1, Ko* (1 + PnKo*Lu)mean,  and (PnLu)mea n.  

N O T A T I O N  

t 
0 

T 

Xq 
Cq 

am 
E 

r 

50 
Jq 
T 

Fo 
Lu 
Ko* 
Pn 
vand w 
R(v) 
T e  

is  the t empera tu re ;  
is  the m a s s - t r a n s f e r  potential; 
is  the t ime; 
is  the thermal  conductivity; 
is the specific heat; 
~s the mass  diffusivity; 
is  the rat io of mass  change by phase t ransformat ion  to total mass  change; 
is the specific heat of phase t ransformat ion;  
is the t empera tu re  gradient coefficient;  
is the vector  of thermal  flux density; 
is  the dimensionless  t empera tu re ;  
is  the dimensionless  mass  t r an s f e r  potential; 
is the Four i e r  number;  
is  the Luikov number;  
is  the Kossovich number;  
is the Posnov number;  
is  the e lec t r ic  potential simulating t and 0, respect ively;  
is the nonlinear e lec t r ica l  r es i s t ance ,  a function of v; 
is  the machine t ime (on the e lec t r ica l  model); 
a re  the charac te r i s t i c  thermophysica l  constants .  
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