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UDC 536.2 

A description is given of an electrical model which permits simulation 
of problems in field theory involving relative motion of parts of the 
field simulated. The solution of one problem of this type is presented. 

The method of e l ec t r i ca l  network analogs has found 
wide use in solving problems  of field theory.  Fo r  the 
study of s ta t ionary  fields in isotropic  media,  desc r ibed  
by the equations of Laplace V2~0 = 0 or  of PoissonV2~p = 
= const, it is usual to employ re s i s t ance  networks;  
for  unsteady fields in isotropic  media,  desc r ibed  by 
the F o u r i e r  equation, V2~ = (1/X)(O~o/~t)--resistance- 
reac tance  networks a r e  used, as well as r e s i s t ance  
networks [4, 5]. The des i r ed  function ~p(x, y, z, t) is 
r ep resen ted  by e lec t r i c  potentials .  

The quantity 399/at is r ep resen ted  by a current ,  and 
the quanti t ies ~2~/3x2, 02~0/ay 2 and 02~0/az2--by the 

potential  d i f ferences  genera t ing  this cur rent .  
Hcwever, the equations of the types named a re  only 

spec ia l  cases  of the genera l  equation of field theory, 
which, as is known, has the following form [1, 2]: 

~ ax~ ay ~ ~ + (K~ + K.~) ~ + 

+ (K~, + K,~) ~ + (~._ + Ks,) ~ + ux + 

+uy a~p ~_uza~ 1 c]~ 
ag ~ + -  - -  + A = O. (1) 
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Fig. 1. Network for  s imulat ing 
a braking mechanism.  

In this express ion  the coefficients Kpq a re  compo- 
nents of a t ensor  defining the anisot ropic  p roper t i e s  
of the medium. F rom this s tems the well-known method 
of s imula t ing  and anisot ropic  medium by a network 
analog in which r e s i s t ances  and capaci tances  in the 
d i rec t ions  of the coordinate  axes must  be co r re spond-  
ingly propor t ioned [3, 2]. The invariant  quantity A(x, 
y, z) is the d is t r ibu ted  power supplied to the s imula ted  

par t  of the medium. The t e rms  Ux(O~p/Ox), Uy(O~/ay) 
and Uz(O~/Oz ) a r e  components of the vector  of mechan-  
ical d isplacement  of the s imula ted  par t  of the medium 
re la t ive  to another par t  of the medium, specifying 
the boundary conditions. 
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Fig. 2. Diagonal network for  
commutation of ba r s  of the 
s t e p - b y - s t e p  switches (the 
ver t ica l  dashes a r e  ba r s ;  the 
thin l ines the wi res  joining 

them). 

Problems  of this type a re  often encountered in 
engineering. They a re  involved, for example,  in the 
study of the dis t r ibut ion of heat in bear ings  and braking 
mechanisms where there is mutual  s l ippage of f r ic t ion 
surfaces ,  in heat exchangers  under conditions of l a m i -  
nar  fluid flow, in hea te rs  with mixing, etc. They a re  
desc r ibed  by an equation obtained from (1) by omitt ing 
the third to the fifth t e rms .  

For  the s imulat ion of such p r o c e s s e s  in the analog 
s imulat ion and p rogramming  l abora to ry  of the Moscow 
Institute of Technology, a spec ia l  e l ec t r i ca l  s imula to r  
has been developed and built.  In this equipment the 
s imulated par t s  of a medium are  r ep resen ted  by RC 
networks of appropr ia te  configuration, while the i r  
re la t ive  d isp lacement  is s imula ted  with the aid of an 
appropr ia te  switching c i rcui t  based on re lays  and 
s t e p - by - s t e p  switches.  

The requi red  configuration of the par t s  of the med i -  
um being s imula ted  is obtained by connecting to the 
ends of the e lementa ry  r e s i s t o r s  and capac i tors ,  led 
out in a definite o rde r  to plug connectors,  an in te r -  
changeable plug-in panel which links the ends of these 
elements  in conformity with the problem in hand. The 
plug-in panel is a network which is e i ther  so ldered  
together  from wires  or  obtained by photoetching in the 
form of a set  of pr in ted  pla tes .  



86 INZHENERNO-FIZICHESKII  ZHURNAL 

The swi tch ing  c i r c u i t  m a y  s i m u l a t e  e i t h e r  cyc l i c  
r o t a r y  o r  cyc l i c  r e c i p r o c a t i n g  mot ion  of one p a r t  of 
the m e d i u m  r e l a t i v e  to the o ther .  An example  of 
p r o b l e m s  of the f i r s t  type is s imu la t i on  of the hea t ing  
of a b r a k e  m e c h a n i s m ,  and of the second  t y p e - - s i m u l a -  
t ion of a p r o c e s s  in a hea t  exchange r  o p e r a t i n g  on the 
coun te r f low p r inc ip l e .  

A - - _  . 

Fig .  3, O s c i l l o g r a m  obta ined  f rom 
s i m u l a t i o n  of the hea t  conduct ion 
equat ion with d i s p l a c e m e n t  of p a r t s  

of the m e d i u m .  

A m o d e l  of a b r a k e  m e c h a n i s m  is shown in Fig .  1. 
The f ixed p a r t  of the b r a k e  is r e p r e s e n t e d  by shoes  
II and r e s i s t o r s  III s i m u l a t i n g  the a i r  cool ing  of the 
b r a k e  d rum IV. The d r u m  IV is the moving  p a r t  of the 
b r a k e .  

At  f ixed ins tan ts ,  d e t e r m i n e d  by t im ing  pu l ses  f rom 
a s p e c i a l  o s c i l l a t o r ,  swi tch ing  occu r s  in swi tch ing  
c i r c u i t  I. W h e r e a s  at  the f i r s t  ins tant  points  1, 2, 
3, . . . ,  15, 16 a r e  connec ted  with poin ts  1' ,  2 ' ,  3 '  . . . .  

. . . ,  15', 16',  r e s p e c t i v e l y ,  a t  the second  ins tan t  they 
a r e  connec ted  with 16',  1', 2' ,  . . . ,  15 ' ,  r e s p e c t i v e l y ,  
and then with 15' ,  16' ,  1 ' ,  2 ' , . , . ,  13',  14',  e tc .  In 
th is  way the c l o c k w i s e  ro ta t ion  of the b r a k e  d rum IV 
is s imu la t ed .  

The swi tch ing  c i r c u i t  is  c o n s t r u c t e d  as  fo l lows.  
Two e i g h t - b r u s h  s t e p - b y - s t e p  swi tches  a r e  c o n t r o l l e d  
f rom a s ing le  pu l se  g e n e r a t o r  and m a y  be r e g a r d e d  as  
a s ing le  s i x t e e n - b r u s h  swi tch .  The c o m m u t a t o r  b a r s  
of th is  swi tch  a r e  c o m m u t a t e d  in a c c o r d a n c e  with the 
d iagona l  ne twork  shown in Fig .  2. The points  1' - 16' 
of the ne twork  a r e  connec ted  to b r u s h e s  wi th  c o r r e -  
sponding c o m p a r t m e n t s ,  and the poin ts  1 - 1 6 - -  to b a r s  
with c o r r e s p o n d i n g  n u m b e r s .  

A v a i l a b l e  s t e p - b y - s t e p  swi tches  have 25 b a r s  on 
each  t r ack ,  w h e r e a s ,  fo r  so lu t ion  of spec i f i c  p r o b l e m s ,  
it might  be n e c e s s a r y  to use  a c l o s e d  c y c l e  with a 
s m a l l e r  number  of pos i t ions  (for example ,  in the c a s e  
under  examina t ion- -16) .  F o r  c h a n g e - o v e r  of the s i m u l a -  
t o r  to d i f fe ren t  p r o b l e m s ,  a s p e c i a l  a r r a n g e m e n t  has  
been  p rov ided ,  c o n s i s t i n g  of s u p p l e m e n t a r y  r e l a y s  and 
a s t e p - b y - s t e p  swi tch .  On r e c e i p t  of a t iming  s igna l  
b r i n g i n g  the swi tch  b r u s h e s  to the l a s t  b a r  for  a g iven 
cyc le ,  the c o m m u t a t e d  points  of the p a r t s  of the m e d i -  
um a r e  d i s connec t ed  f rom the s t e p - b y - s t e p  swi tches  
and i n t e r connec t ed  with the a id  of b lock ing  r e l a y s .  

The s t e p - b y - s t e p  swi tches  a r e  sh i f ted  f rom con t ro l  
by the t iming  p u l s e s  to power  feed;  t h e i r  b r u s h e s  a r e  
r e t u r n e d  to the o r ig ina l  pos i t ion  at  high speed,  and 
then power  feed is d i sconnec ted .  The next  t iming  pu l se  
r e c o n n e c t s  the  e o m m u t a t e d  po in t s  of  p a r t s  of the  m e -  
dium to the  s t e p - b y - s t e p  swi tch ,  r e t u r n i n g  the s y s t e m  
to the o r i g i n a l  pos i t ion .  

By examin ing  the connec t ions  f o r m e d  by  the d i ago -  
na l  network,  for  s u c c e s s i v e  loca t ion  of the b r u s h e s  
in the  f i r s t ,  second,  e tc .  rows  of b a r s ,  i t  can  be d i r e c t -  
ly  v e r i f i e d  tha t  the  poin ts  1 - 1 6  and 1 ' - 1 6 '  a r e  co rn -  
mu ta t e d  in p r e c i s e l y  the o r d e r  r e q u i r e d  to s i m u l a t e  
r e l a t i v e  ro ta t ion  of the two p a r t s  of the m e d i u m .  

If i t  is n e c e s s a r y  to s i m u l a t e  r e l a t i v e  r e c i p r o c a t i n g  
mot ion,  then fol lowing r e t u r n  of the swi tches  to the 
o r i g i n a l  pos i t ion ,  the group of s u p p l e m e n t a r y  r e l a y s  
d i s connec t s  points  1 -16  f rom the d iagona l  ne twork  
and r e c onne c t s  them in r e v e r s e  n u m e r i c a l  o r d e r .  Thus 
mot ion  in the oppos i t e  d i r e c t i o n  is s imu la t e d .  A f t e r  
r e t u r n  of the swi t ches  to the o r i g i n a l  pos i t ion ,  the 
g roup  of r e l a y s  a l so  r e t u r n s  to the o r i g i n a l  pos i t ion ,  
and the c y c l e  r e p e a t s .  

F i g u r e  3 ,shows an o s c i l l o g r a m ,  obta ined  on this  
s i m u l a t o r ,  g iv ing the so lu t ion  of the hea t  conduct ion 
equat ion fo r  the ne twork  ana log  shown in Fig .  1. The 
o s c i l l o g r a m  shows the t e m p e r a t u r e  va r i a t i on  in the 
b r a k e  d rum as  a function of the angle  of ro ta t ion  of 
the d rum,  th is  be ing  the x ax i s .  The upper  cu rve  is 
t e m p e r a t u r e  va r i a t i on  on the d rum su r f ace ;  the lower  
c u r v e s  show the t e m p e r a t u r e  va r i a t i on  at  d i s t a n c e s  
of (3/4)r ,  (1 /2) r  and (1/4)r ,  r e s p e c t i v e l y ,  f rom the 
d r u m  c e n t e r .  T h e s e  c u r v e s  a l low one to a s s e s s  the 
na tu re  of t e m p e r a t u r e  d i s t r i b u t i o n  in the b r a k e  m e c h a -  
n i sm.  One can d e t e r m i n e  the t e m p e r a t u r e  d i s t r i bu t i on  
quan t i t a t i ve ly  in the s i m u l a t e d  f ie ld  us ing  the fo rmu la  

= v R~__q_q, (2) 
Rei 

having  f i r s t  e s t a b l i s h e d  the va lues  of the po ten t i a l s  at 
the o b s e r v a t i o n  points  f rom the c a l i b r a t i o n  c h a r a c t e r -  
i s t i c s  of the o s c i l l o g r a p h  loops .  

This  e x a m p l e  was so lved  for  a t yp i ca l  ho i s t i ng  
m a c h i n e  shoe  b r a k e  [6], the p a r a m e t e r s  of which w e r e  
changed  somewha t  fo r  convenience  of s i m u l a t i o n  on our  
s i m u l a t o r .  A c c o r d i n g  to the da ta  of [6], this  s y s t e m  
c o n s i s t s  of a b r a k e  d rum and two shoes  spanning  90 ~ 
each  in c i r c u m f e r e n c e  and has  the fol lowing c h a r a c t e r -  
i s t i c s :  b r a k e  pu l l ey  d i a m e t e r  Dp = 300 mm;  nomina l  
b r a k i n g  m o m e n t  Mf  = 150 kgm;  nomina l  number  of 
r evo lu t ions  of pu l l ey  p e r  minu te  n = 15 rpm;  the f r i c -  
t ion m a t e r i a l  is r o l l e d  s t r i p ,  and the m a t e r i a l  of the 
pu l l ey  and shoes  is  45 s t ee l .  F o r  this  p r o b l e m  we 
have 1 ~- 40 k c a l / m  • h r  .~ C ~- 46.52 W / m . ~  C = 0.11 
k c a l / k g  ~ ~ 460.6 ]"/kg. ~ ~, = 7900 k g / m  3 ~ 76.489 
kN/m3; oz = 5 k c a l / m . h r  ~ ~ 5.815 W/m.~  

The t h e r m a l  r e s i s t a n c e  of the i - th  volume e l emen t  
of the ne twork  in p o l a r  c o o r d i n a t e s ,  in the r a d i a l  
d i r ec t ion ,  is  d e t e r m i n e d  f rom the f o r m u l a  [7] 
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At the edge of the pu l l ey  (i = 4) R4r ~ 0.0075 m . h r .  
�9 *C/kcal  ~ 0.0066 m '*K/W.  F o r  the given ne twork  it 
was  a s s u m e d  that  H4e = 103 ohm. 

Cor r e spond ing ly ,  the r e s i s t o r s  s i m u l a t i n g  the heat  
t r a n s f e r  of the pu l l ey  and the a i r  w e r e  a s s u m e d  to be 
8.104 ohm. 

The hea t  c a p a c i t y  of the i - th  volume e l e m e n t  was 
d e t e r m i n e d  f rom the f o r m u l a  [6] C iq  = CTrmACAIAr .  
On the s u r f a c e  of the pu l l ey  C4q -- 30kca l /*C  ~ 125.1 
kg/*-K. The value of the e l e c t r i c a l  c a p a c i t a n c e  at  the 
c o r r e s p o n d i n g  poin ts  was 10 -5 F. 

F r o m  this  we d e t e r m i n e d  the t i m e  s c a l e  Nt, which, 
in a c c o r d a n c e  with the r a t e  of ro ta t ion  of the b r a k e  
pu l l ey  at  t ime  ze ro ,  g ives  the r a t e  of supp ly  of p u l s e s  
to the swi tch ing  c i r cu i t :  

Nt = t_~_~ = Ri~ Ci~ _-_ 2.25. 
t~ R~Ci~ 

Knowing the f r i c t i o n  power  

Nf = M f  2~n ~ 2 3 5 k g m / s e c ~ 2 3 0 5  W, 
60 

we can d e t e r m i n e  the hea t  f lux 

q = 1985 kcal/hr . 

The m e a s u r e d  supp ly  c u r r e n t  to the s i m u l a t o r  was 
0.34 m A  with a po ten t i a l  at  the node point  on the  s u r -  
f ace  of 28 V; the c o r r e s p o n d i n g  t e m p e r a t u r e  on the 
s u r f a c e  of the s i m u l a t e d  d r u m  was  a m a x i m u m  of 

116" C. F r o m  the o s c i l l o g r a m  one can  find the t e m -  
p e r a t u r e s  a t  o t h e r  t i m e s  and at  o t h e r  poin ts  on the 
d r u m  by p r o p o r t i o n .  

NOTATION 

q--temperature of simulated medium, ~ X--thermal conductivity, 
W/m.~ C--specific heat capacity, j/kg.~ 7--specific weight, 
kN/m~; a--heat transfer coefficient j/kg-~ R0~--thermal resistivity, 
m ~ At--mesh size in radial direction, m, rim--mean radius of a 
layer of the network, m; A~--sector angle, equal to 1; A/-length of 
simulated element along z axis, extual to 1; q-heat flux, W; i-current, 
A; v--voltage, V; re--rime in system studied, sec; re--time in model, 
Sea .  
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