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D e v i c e s  a r e  d i s c u s s e d  wh ich  m a k e  i t  f e a s i b l e  to  ex tend  the  a p p l i c a t i o n  of e l e c t r i c a l  s i m u l a -  
t o r s  and use t hem for  s o l v i n g  r e v e r s e  p r o b l e m s  in t h e r m o e l a s t i c i t y .  

In a c c e l e r a t e d  c y c l i c  h e a t - r e s i s t a n c e  t e s t i n g  of  s t r u c t u r e s  one mus t  d e t e r m i n e  the h e a t i n g  mode of 
s o m e  d e s i g n e d  e l e m e n t  f r o m  the g iven  magn i tude  of t h e r m a l  s t r e s s e s .  It then b e c o m e s  n e c e s s a r y  to s o l v e  
a r e v e r s e  p r o b l e m  in t h e r m o e l a s t i c i t y ,  w h e r e  the t i m e  c h a r a c t e r i s t i c  of t h e r m a l  s t r e s s e s  at  s o m e  po in t  
in the s t r u c t u r a l  e l e m e n t  is g iven  and the b o u n d a r y  cond i t ions  of  the  f i r s t ,  of  the  s e c o n d ,  o r  of  the  t h i r d  
kind a r e  to be d e t e r m i n e d .  

J u s t  as  the so lu t ion  of r e v e r s e  p r o b l e m s  in hea t  conduc t ion  [1], the so lu t ion  h e r e  a l s o  involves  c e r -  
t a in  d i f f i c u l t i e s .  When s o l v i n g  a r e v e r s e  p r o b l e m  in t h e r m o e l a s t i c i t y ,  one f inds  it n e c e s s a r y  to i m p o s e  
s o m e  l i m i t a t i o n s  on the g iven  s t r e s s - t i m e  c h a r a c t e r i s t i e .  T h e s e  a s p e c t s  wi l l  be d i s c u s s e d  h e r e ,  wi th  
r e g a r d  to  so tv ing  one such  r e v e r s e  p r o b l e m  in t h e r m o e l a s t i c i t y  by  e l e c t r i c a l  s i m u l a t i o n .  

L e t  the  s t r u c t u r a l  e l e m e n t ,  i ts  s h a p e  and d i m e n s i o n s  shown in F ig .  1, c o n s i s t  of t h e r m a l l y  thin 
c o v e r  p l a t e s  1 and a s u p p o r t i n g  g i r d e r  2 made  of d i f f e r e n t  m a t e r i a l s  and j o i n e d  t o g e t h e r .  Th i s  s t r u c t u r M  
e l e m e n t  is h e a t e d  s y m m e t r i c a l l y  a t  both  c o v e r  p l a t e s .  It w i l l  be a s s u m e d  tha t ,  for  e x a m p l e ,  the h e a t i n g  
is e f f ee t ed  under  b o u n d a r y  cond i t i ons  of the  t h i r d  k ind ,  wi th  the a m b i e n t  t e m p e r a t u r e  T and the  h e a t - t r a n s -  
f e r  c o e f f i c i e n t  c~ be ing  known func t ions  of t i m e .  

Be tween  the  p l a t e s  and the I - b e a m  t h e r e  t a k e s  p l a c e  c o n t a c t i v e  h e a t - t r a n s f e r  c h a r a c t e r i z e d  by  the 
c o e f f i c i e n t  c~ c.  

If T 1 and T 2 a r e  the so lu t ions  to the equa t ion  of h e a t  conduc t ion  

OT~ O~T1 a ~.c -- a t @ - -  (T - -  T,) - -  z (T~ - -  T._,), (1) 
& Ox ~ ci?~61 q7~6, 

OTo O"To ~c . . . .  ao " -'c ~ . . . . . . .  (T, ..... T2), (i .... 1, 2), (2) 
& " Ox~ c.,A'25.,. 

where 

10 for 0 . . < x  Wd, (1 for i == 1, 
for d<~.v : .  l, i0  for i 2 

with the initial and the boundary conditions 

T t (x, 0) =: Y 2 (x .  0) = T o, 

OT~(O, ~) _ OT,,(I, ~) _ OT.(d, ~) .... OT 2(h, T) 

Ox Ox Ox~ Ox 2 
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Fig. 1. Designed element.  

then in the two-dimensional  problem of thermoelas t ic i ty  the 
conditions of equilibrium and compatibil i ty with respec t  to s t ra ins  
in a plate 1 and in the g i rder  2 

l d h 

81S (~ldx + 82 .l ff~-dXl ~ 6a I (~2dx2 : O, e 1 = s 2 = e  
0 0 0 

yield the following expressions for the thermal  s t r e s s e s  in both 
components 1 and 2 

~ ~= E~5 - -  ~EiO ~, 

where 

(3) 

A = 

l d h 

0 0 0 

6liE z + 6~dE~ -~ 6~hE~ 

O~ ---- T i T o. 

The time charac te r i s t i c s  of T, ~,  and the thermal  s t r e s s e s  al, which have been calculated acco rd -  
ing to Eq. (3) for a point of the s t ructura l  element at section x = l, are  shown in Fig. 2a. 

Let  it be required  to acce le ra te  the test ,  i.e., to shorten the t ime hea t - res i s tance  test  cycles under 
the same ext reme levels of thermal  s t r e s se s .  An example of such an acce lera ted  s t r ess  cycling has been 
selected here ,  on some rational bas is ,  for a point at x = l and is depicted by curve 3 in Fig. 2b. 

In order  to determine the needed t ime charac te r i s t i c  of the ambient t empera ture  T = T(T) for given 
values of the hea t - t r ans fe r  coefficient a = a(T), we used an e lect r ical  model shown schemat ica l ly  in Fig. 3. 

The e lec t r ica l  model represen ts  a closed-loop static sys tem of automatic regulation which includes 
an RC network for simulating the geometr ica l  dimensions and the thermophysical  proper t ies  of the ma-  
ter ia l  of the designed element,  a hea t - t r ans fe r  s imula tor  (HTS) for select ing the appropria te  kind of 
boundary conditions, and a s t r e s s  s imulator  (ST) for establishing the n e c e s s a r y  t rans ient  thermal  s t r e s s e s  
at the point under study. The regulation sys tem includes also an amplif ier  (A), to the input of which are  
applied uniscale bipolar signals of the re fe rence- leve l s  and the actual- level  s t ress  in the designed element. 

The actual s t r e s s  level is determined according to formula (3) by the method of finite difference 
approximations.  Here r e s i s to r s  R 1 . . . . .  R n synthesize the f i rs t  t e rm on the r ight-hand side of the equa- 
tion, the inverter  (INV) and r e s i s t o r  Rm synthesize the second t e rm on the r ight-hand side, the summator  
(SU) adds its input s ignals ,  and the measur ing device (MD) records  the boundary conditions. 

In order  to establish the stabil i ty l imits of the regulation sys tem,  we have analyzed a s impler  ve r -  
sion of it. The RC network was represen ted  here by three aperiodic f i r s t -o rde r  t e rms .  

In this case ,  with the amplif ier  and the inver ter  t reated as l inear  devices ,  the t ransfer  function 
of the open-loop regulation sys tem can be written as follows: 

c5 ~ T, oc 

6 150 

lO0 

Z 58 

O 0 

-~ -5O 

,11 L 
/ 

Jl, 
k 

\ 

01- // 8 T 

- ,  -lO0 -/~ '-I00 

Fig. 2. Original cycle (a) and acce lera ted  cycle (b): 1) 
T; 2) ~; 3) cr. Time T-10 - 3 s e c  in (a) a n d T - 1 0  -2 sec 
in (b). 
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Fig .  3. S t r u c t u r a l  d i a g r a m  of 
the e l e c t r i c a l  model .  

C o n s i d e r i n g  that  the t r a n s f e r  ftmetion for  an ape r iod ic  c o m -  
ponent  is 

1 
Wi 

1 -',- m~p 

we obtain 

tV (p) = 

where  

k o [k~(l + m~.p) (1 -!- m~p) -b k2(l + m~p) -I- k, - -  k41 
N 

N:=,( I  I m,p)(I --l-m,,p)(l i m:~p). 

F o r  the t r a n s f e r  function of  the c l o s e d - l o o p  s y s t e m  we have 

~:/, (p) = _ ~V (p) 

1 + W(p) 

The c h a r a c t e r i s t i c  equat ion will  be wr i t t en  as  

ko[kl(l @ m.,p)(1 -]~ m3p ) -I- k~(l --l- m~p) i- k~ - - k j  -i- N = 0, 

In se r t i ng  he re  the n u m e r i c a l  values  of  the p a r a m e t e r s ,  we obtain 

4.3p 3 -[-k0(12.4p 2 + 4.9p)-i- 18.4p ~ @ 17.6p-i- 1 =: 0. 

Us hag Rou th ' s  a l g e b r a i c  c r i t e r i o n ,  we find that  the s y s t e m  r e m a i n s  dynamica l l y  s tab le  with an 
a m p l i f i e r  gain within the 10-1000 range .  An addi t ional  check  by Mikhai lov ' s  c r i t e r i o n  c o n f i r m s  that  the 
s y s t e m  with such  p a r a m e t e r  values  is s tab le .  

We w ill now dis cuss  the 1 im itat ion which  m u s t  be imposed  on the input s ignal s imuIa t ing  the t h e r m a l  s t r e s s  
O o 

The t r a n s f o r m  of the output s ignal  in a c l o s e d - l o o p  regu la t ion  s y s t e m  is 

u (p) in ~ W (p) u (P)out (4) 
L e t  a h a r m o n i c  s ignal 

~t (p) in =:  M~c~ (p)  (5)  

f r o m  the s t r e s s  s i m u l a t o r  (SU) a p p e a r  at  the input. F r o m  re la t ions  (4) and (5) we have 

Dl(p) u (P) out-- u (p) in =, M~ci(p) 1 (6) 
1 -~- W (p) 

The t r a n s f o r m  Au(p) happens to be the solut ion to the r e v e r s e  p r o b l e m  and, t h e r e f o r e ,  the vol tage 
at  the a m p l i f i e r  output is r e l a t e d  to the ambien t  t e m p e r a t u r e  T(~). The magni tude of T(7) is a lways  l imi ted  
for  s o m e  r e a s o n ,  i ,e . ,  T = Tmaxfl(c~T)with I fl(osT)l ~ 1. 

In view of th i s ,  the m a x i m u m  vol tage at the ampl i f i e r  input can be e x p r e s s e d  as 

Mr ku 

When ~ = Crmaxf2(w~ ) with I f2(w~-)l ~ 1, then exp re s s ion  (6) yie lds  

o r  

Au >~ Af~o~m~x F 

where  V = 11/(1 +W(iw))l .  

TII I I  K 
o- ...... . <  , (7 )  

Mr M~k.V 

Inequal i ty  (7) def ines  the l im i t  which  mus t  be imposed  on a m a x ,  in o r d e r  to e n s u r e  the ex i s tence  
of  a solut ion to this r e v e r s e  p r o b l e m  in t h e r m o e l a s t i e i t y .  This l im i t  is not  only r e l a t ed  to Tma  x but a l so  to 
the f r e q u e n c y  w = 2~/~-ey , w h e r e  Tcy denotes  the dura t ion  of one heat ing cyc le ,  and to the bounda ry  con-  
di t ions  for  V in t e r m s  of m 1 = (R'  + Roz)C'. Here  Rc~ = Mce/c~(r) and, when the boundary  condi t ions  a r e  of  
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the third kind, one must  let c~(T) = a rea  x for an es t imate  of amax .  

The proposed  e lec t r ica l  model is to some  extent universa l  with r e s p e c t  to boundary conditions and, 
t h e r e f o r e ,  will yield a solution a lso  for  boundary conditions of the f i r s t  or  the second kind. In the f i r s t  
case  m 1 = (R' + Rq)C' ,  where  Rq denotes some a r b i t r a r y  constant  r e s i s t a n c e ,  and the the rma l  flux q(T) 
is propor t ional  to the output cu r r en t  f rom the ampl i f i e r  (A). 

An example  of a solution to this pa r t i cu l a r  r e v e r s e  p rob lem in t he rmoe la s t i c i t y  obtained by the 
p roposed  scheme  of e l ec t r i ca l  s imulat ion is shown in Fig. 2b. 

Curve  1 r e p r e s e n t s  the ambient  t e m p e r a t u r e  T(T) cor responding  to a given s t r e s s  var ia t ion a( , )  
{curve 3) at  a constant  h e a t - t r a n s f e r  coeff icient  a (curve 2). 

The accu r acy  of the solution to this r e v e r s e  p rob lem was evaluated on a digital computer  by the 
method of e l e m e n t a r y  balances  in the forward  p rob lem,  With the ambient  t e m p e r a t u r e  T(T) found on the 
e l ec t r i ca l  model.  The re la t ive  e r r o r  of calcula ted s t r e s s e s  did not exceed 6% of those s t ipulated in the 
r e v e r s e  p rob lem.  
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N O T A T I O N  

is the ambient  t e m p e r a t u r e ,  ~ 
is the h e a t - t r a n s f e r  coeff icient ,  W / m  2-deg ;  
is the coeff icient  of contact ive heat t r ans fe r ;  
is the t ime,  sec;  
a r e  the t e m p e r a t u r e ,  the t he rma l  diffusivity,  the specif ic  heat,  and the specif ic  
weight of a plate (i = 1) and of the g i rde r  (i = 2), r espec t ive ly ;  
a re  space  coordinates ;  
a re  the g e o m e t r i c a l  d imensions  of  the s t ruc tu ra l  e lement;  
a r e  the t h e r m a l  s t r e s s  (dyn/mm2),  the e las t ic i ty  modulus,  the t he rma l  expan-  
s ivi ty ,  and the trait s t ra in  of a plate (i = 1) and of the g i rde r  (i = 2), r e spec t ive ly ;  
a re  the t r a n s f e r  function, the switching coeff icient ,  and the t ime constant  of an 
aper iodic  component;  
is the ampl i f i e r  gain; 
ts the Laplace  opera tor ;  
is the t r a n s f e r  ftmction of an open-loop sys tem;  
Is the t r a n s f e r  function of a c losed- loop  sys tem;  
~s the modulus of f requency cha rac t e r i s t i c ;  
is the t r a n s f o r m  of an input signal;  
Is the t r a n s f o r m  of an output signal;  
m the t r a n s f o r m  of t he rma l  s t r e s s ;  
a r e  the sca le  fac tors  for the s t r e s s ,  the t e m p e r a t u r e ,  and the h e a t - t r a n s f e r  coe f -  
fic ient, r espec t ive ly ;  
a re  the r e s i s t a n c e  and the capaci tance  which s imula te  the g e o m e t r i c a l  d imensions  
and the the rmophys ica l  p r o p e r t i e s  of a plate.  
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