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Devices are descr ibed which make it possible to adapt existing models for a continuous- 
mode solution of both linear and nonlinear r eve r s e  t rans ient-heat -conduct ion problems 
with var iable  boundary conditions. 

In analyzing t ransient  thermal  process  in turbomachinery,  for example, it often becomes necessa ry  
to solve not only forward but also r eve r s e  t rans ient-heat -conduct ion problems with variable boundary con- 
ditions. 

According to [1], a r eve r s e  t ransient  problem is one where the solution yields the coefficients in the 
boundary conditions, the latter being stated in a known form. The given quantities in this case are those 
describing the geometry  of the body, the thermophysica l  propert ies  of its material ,  and the transient  t em-  
perature  distribution at var ious points in the body including points on its surface.  

Since analytical solutions to r eve r se  problems are available only for a few most  simple cases ,  hence 
in engineering pract ice  such problems are solved essent ial ly  by the Liebmann method with RC networks. 
The procedure here is ra ther  laborious,  because for each instant of time the answer is sought by i terat ion 
with a manual reset t ing of the boundary conditions. 

Forward  t rans ient -heat -conduct ion problems are nowadays solved widely by the use of e lect r ical  
models - RC networks - in a continuous-mode computation process .  Such networks are not suited for 
solving r eve r s e  problems,  however, and this limits their application. 

We propose here some device by means of which passive RC networks can be adapted for the solution 
of r eve r s e  t ransient-heat-conduct ion problems with variable boundary conditions, in a linear as well as in 
a nonlinear situation. The common feature of these devices is that they are designed on the principles of 
e lect ronic  simulation. As has been shown in [2, 3], the use of e lectronic  devices with passive models does 
considerably extend the range of solvable problems.  

The analog computer shown schemat ica l ly  in Fig. l a  will calculate the surface density of thermal  
flux qs(Z) which ensures  a given transient  tempera ture  distr ibution in a test object, i.e., will solve on an 
RC network the r eve r s e  problem with variable boundary conditions of the second kind: 

$ 

This device, like those which will be descr ibed here subsequently, r epresen t s  a closed-loop automatic con- 
trol  sys tem for  the test  object simulated by an RC network. The input quantity to this sys tem is a voltage 
U s (T) proport ional  to the surface tempera ture  of the body T s(~-), which var ies  with time according to some 
given law, and the output quantity f rom the sys tem is a cur rent  IT(T) fed to the terminal  point of the model. 
As is well known, the cur rent  in this model is the e lec t r ica l  analog of the thermal flux density. 

A function conver ter  (FC1) is used for shaping the voltage Us(T). This voltage is compared to the 
voltage at the terminal  point of the model Urn-r) and the mismatch  signal 

u~ (~) = us  (~) - -  ur  (~) 

is applied to the input of the amplif ier  (DCA) which has a high gain K. 
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Fig. 1. Schematic block d iagram of the device: 
a) for solving r e v e r s e  problems with variable 
boundary conditions of the Second kind; b) for 
solving r eve r s e  problems with variable 
boundary conditions of the third kind; c) for 
solving nonlinear r eve r s e  problems.  

The voltage 

f rom the DCA output proceeds to the input of the 
controlled cur rent  s tabi l izer  (CCS), where it is con- 
verted into a cur ren t  

tr (~) = Ki Ua (% 

Inasmuch as the sys tem is a closed one with 
a high gain K >> 1, so the voltage Ur(~'), which is 
determined by the magnitude of cur ren t  IT(~-), will 
be such that at every  instant of time the sys tem 
Ue('r) ~ 0. Since also Ur(~-), hence cur ren t  IT(~- ) 
will natural ly be proport ional  to qs (~'), i.e., 

IT,("r:) = /~rqs ('C), 

where K T = Kt /K R. 

It is eas ier  to measure  voltage than current  in 
the model and, therefore,  the magnitude of cur rent  
IT(~- ) can be indicated in t e rms  of voltage Ua(r), 
f rom which one may then proceed to evaluate qs (r)" 

qs (~) = Ir (~) KiKR Ua (~). 
KT Ks 

If the qs (r) level during heating of the body is 
maintained on the basis of boundary conditions of the 
third kind 

OT ~ ,  
(~) [Tm(~) - T~ (~)I = - k ~ - h U ] s  (2) 

then fur ther  computation will yield the rate  of heat t ransfer  c~ (~-) at the body surface:  

a ('Q = qs (~) (3) 
Tm (~) - -  r s  (~) 

The law according to which the tempera ture  of the medium var ies  with time, i.e., the function Tin(r) 
is assumed to be known here.  

In order  to cut out the intermediate  calculations involved in determining oe (T), it is worthwhile to 
solve r e v e r s e  problems with var iable  boundary conditions of the third kind by means of a device shown 
schemat ica l ly  in Fig. lb. This device, while solving Eq. (2) in implicit  form, makes it possible to de-  
termine c~ (~') and qs(~-) direct ly.  For  this purpose, a mult ipl icator  (MULT) and another function conver ter  
(FC2) are added so that a voltage Um(~- ) proport ional  to Tm(-r ) will appear. 

As has been noted already, voltage Ua(1- ) at the input to the CCS channel is proport ional  to qs(~'). At 
the same time, this voltage is also (see Fig. lb): 

Ua ('~) = / ( a  U~z (T) [Um(T ) - -  U s ('c)]. (4) 

It follows f rom express ion (4) that voltage U a ('r) at the mult ipi icator  input is the e lec t r ica l  analog of 
the hea t - t r ans fe r  ra te  a(~'), i .e.,  that 

where Kc~ = 1/KiKaK R. 

The devices just descr ibed make it possible, by means of RC networks,  to solve continuously r e -  
ve r se  t rans ient -heat -conduct ion  problems in a l inear situation, if the the rmophys ica l 'p roper t i es  of the ma -  
ter ia l  )t, c, y are independent of the temperature .  

We will show that the dependence of these thermophysical  proper t ies  on the tempera ture  can be ac-  
counted for  in the solution of r e v e r s e  problems,  i.e., that a r e v e r s e  problem can be solved with such a 
model in the nonlinear case too. 
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The nonlinear equation of t ransient  heat conduction 

OT 
= c (T) V (T) -- 

Or 

can, by means of the integral  t ransformat ion  
T 

0 

be reduced to 

(s) 

(6) 

02q ~ 0~r o~q~ 1 Oq5 
Ox "---~ -~ ~ @ Oz 2 = a (T) " O'~ (7) 

For  many mater ia ls  whose thermophysical  proper t ies  de-  
pend s t rongly on the tempera ture ,  the thermal  diffusivity a(T) 
= ~(T)/c(T) T (T) var ies  only slightly over the operating t empera -  
ture range and may be averaged. Then Eq. (7) becomes linear 
and can be simulated by a conventional RC network. The e r r o r  
in the solution incurred by averaging the coefficient a will be in- 
significant or at least  much smal ler  than when k - const and cy 
= const. The reason  for this is that the relat ion ~ = ~(T), as has 
been mentioned ear l ie r ,  is accounted for in the simulation of the 
boundary conditions. When coefficient a(T) cannot be averaged, 
however, then a special  model is required [4] for simulating Eq. 
(7). But even then the device which will be described here be-  
comes neces sa ry  for solving r eve r se  problems.  

The boundary condition of the third kind (2), with relat ion 
= )~(T) taken into account, becomes after t ransformat ion ac-  

cording to (6): 

(~) Ivm(~) - rs (r T)I = - ~o ~ s" is) 

It is not possible to solve Eq. (8) with the aid of the devices 
which have been descr ibed ear l ie r ,  since during simulation of 
Eq. (7) the potentials Ur at the terminal  points become pro-  
portional now not to the tempera ture  Ts(~s,  v) but to the var iable  
�9 (T). In order  to convert  voltage U~(T) into voltage Ur(T ) in ac-  
cordance with the functional relat ion T = f(~) based on (6) for a 
specified known 7~ = h(T) relation, one must  connect a nonlinear 
conver ter  (NC) into the feedback ci rcui t  of these devices,  as is 
shown in Fig. lc .  Now it is possible to determine qs(Z) and c~(~-), 
i.e.,  to solve a nonlinear r e v e r s e  t rans ient-heat -conduct ion prob-  
lem with var iable  boundary conditions of the third kind. 

For  the synthesis  of such devices,  the passive networks 
must  be augmented by all these components.  It is to be noted that 
existing models such as the USM-1 [5], for  example, contain 
these components except the MULT and the NC. But even they 
could be incorporated into a USM-1, based on DCA channels for 
the boundary conditions of the f i rs t  kind, which would make it 
possible to solve here r eve r s e  boundary-value problems.  

With the aid of these devices,  severa l  r e v e r s e  t rans ient -  
heat-conduction problems were solved on the USM-1 model. For  
i l lustration, we show in Table 1 the resul ts  of such a solution for 
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the case  of an a s y m m e t r i c a l l y  heated infinitely la rge  plate,  grade  EI-607 s tee l  l = 0.3 thick, where  the r a t e  
of heat  t r a n s f e r  at the su r f aces  under  t r ans ien t  conditions has been de te rmined .  As s ta r t ing  data  we used 
those descr ib ing  the va r i a t ion  of the d imens ion less  t e m p e r a t u r e ,  which had been obtained in [6] in the p ro -  
cess  of an analyt ical  solution of the forward  problem.  According to this table,  the d i s c r epancy  between the 
r e su l t s  of e lec t r i ca l  s imulat ion and of analyt ical  calculat ions is on the average  not g r e a t e r  than 1-2%, which 
indicates  an ag reemen t  between both solutions�9 

Thus,  a combinat ion of pass ive  networks  and devices  designed on the pr inciple  of e lec t ron ic  s i m u l a -  
tion makes  i t  poss ible  to cons iderably  extend the appl icabi l i ty  of exis t ing models  by adapting them for  the 
solution of fo rward  as well as r e v e r s e  l inear  and nonlinear  t r ans ien t -hea t -conduc t ion  p rob lems  with v a r i -  
able boundary conditions. 
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t e m p e r a t u r e ,  o C; 
h e a t - t r a n s f e r  coefficient,  W / m  2 �9 deg; 
t he rm a l  conductivi ty ~ at T = 0, W / m "  deg; 
new var iab le ,  ~ 
speci f ic  heat, W / k g .  deg; 
densi ty of ma te r i a l ,  kg /m3;  
the rma l  flux densi ty  at the body su r face ,  W/m2;  
t ime,  h; 
vol tage,  V; 
cur ren t ,  A; 
convers ion  fac tor  f r o m  T and ~ to U, V /deg ;  
convers ion  fac tor  f r o m  the rma l  r e s i s t a n c e  to e l ec t r i ca l  r e s i s t ance ,  ~ W / m  2 

convers ion  fac tor  f r o m  o~ to Uo~ , m 2 �9 deg /A ;  
convers ion  fac tor  f r o m  qs to IT, m2/V;  
t r a n s f e r  r a t io  of the DCA (dc ampl i f ier ) ;  
t r ans f e r  coefficient  of the CCS (controlled cur ren t  s tabi l izer )  channel, A /V;  
t r ans f e r  coefficient  of the MULT (muit ipl icator) ,  V-l;  
d imens ion less  t empe ra tu r e ;  
F o u r i e r  number ;  
Blot number ;  
Kirpichev number .  
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