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We inves t iga te  the identif icat ion methods of equivalent  boundary conditions for  a s y s t e m  
of bodies exchanging heat .  A s y s t e m  of equations is  p resen ted  which has been cons t ruc ted  
f r o m  the expe r imen ta l  data  fo r  the heat exchange in vacuum. 

The solution of the i nve r s e  heat-conduct ion p rob lem as an analysis  of the t e m p e r a t u r e  data al lows fo r  
any body a number  of equivalent  boundary conditions.  It is  impor tan t  in appl icat ions to  de te rmine  the actual  
condit ions of the ex te rna l  heat exchange:  the components  of the ex te rna l  heat  f luxes,  the degree  of b lackness ,  
the coeff icients  of accommoda t ion  and t e m p e r a t u r e  of the su r f aces ,  the h e a t - t r a n s f e r  coeff ic ients ,  angle coeff i -  
c ien ts ,  e tc .  This  is  the p rob lem of the i r  identif icat ion.  The heat f luxes qk, k = 1, 2, . . . ,  l ,  flowing through 
the boundary su r f a ce s  of the bodies ,  a r e  a s s u m e d  to be kno~x~ f rom a previous  solution of the i nve r se  heat -  
conduction p r o b l e m .  Each  of the heat f luxes cons is t s  of a sum of heat fluxes qk, J = 1, 2, . . . ,  nk, which 
depends on m k , j , i ,  i = 1, 2, . . . .  m k , j ,  and on the p a r a m e t e r s  Pk , j ,  i . e .  

nK 
qK : ~ q,~,J (P-k,J,i)- 

i=! 

(1) 

The mos t  na tura l  way of dividing the heat fluxes qk into components  qk, j  i s  the i r  construct ion f rom ex-  
p e r i m e n t a l  da ta ,  and by solving a sufficiently l a rge  number  of equations connecting the quanti t ies  qk with the 
va r i ab le  p a r a m e t e r s  P k , j , i -  To solve these  p rob l ems  we have to spec i fy the  funct ionaldepeudences  qk,j(Uk,j,i)- 

F o r  a l l  typ ica l  kinds of heat exchange we can wri te  down these functional dependences .  They a r e  the 
F o u r i e r  equation,  S tefan--Bol tzmann equation,  the conditional dependences for  the convect ive heat exchange,  
e tc .  The p a r a m e t e r s  P k , j , i  which appea r  in these  equations a r e  the coeff icients  of t h e r m a l  conductivi ty,  heat 
t r a n s f e r ,  and ac t iv i ty ,  the deg ree  of b l ackness ,  e tc .  The tota l  number  of unknowns is  equal to the number  of 
unknown p a r a m e t e r s  of i n t e r e s t  on all  su r f aces  of the p rob l em.  The formulat ion and solution of these  equa-  
t ions ,  toge ther  with the methods of obtaining the input data ,  al l  belong to the p rob l em of boundary-condi t ion 
ident i f icat ion.  

The identif icat ion methods  can be divided into: 

1) those  using the d i rec t  m e a s u r e m e n t  of the hea t - f lux  components  and of the p a r a m e t e r s  de te rmin ing  
the boundary conditions; 

2) those  using the va r ia t ion  of the s ta te  va r i ab l e s  of the sys t em:  the p r e s s u r e  of the med ium and the 
t e m p e r a t u r e  of the s u r f ace s  par t ic ipa t ing  in the heat exchange;  

3) those  based on the introduct ion of ex te rna l  pe r tu rba t ions  of the ref lect ion coeff ic ients ,  accomodat ion  
coeff ic ients ,  and other  p r o p e r t i e s  of the boundary su r faces  of the bodies ,  and a l so  the pe r tu rba t ions  
of the spec i f ic  heat ,  t he rma leondue t iv i ty ,  and o ther  p r o p e r t i e s  of the bodies of the sys t em;  

4) combined methods .  

Many va r ia t ions  a r e  poss ib le  in the organizat ion of the expe r imen t s  based on any of the poss ib le  ident i f i -  

cation methods .  

Only a l imited number  of p a r a m e t e r s  or  heat-flux components  can be d i rec t ly  de te rmined  in indus t r ia l  
conditions or  even by using sophis t ica ted  i n s t r u m e n t s .  The p re sen t  identif icat ion method can t h e r e f o r e  be only 

T rans l a t ed  f rom Inzhene rno-F iz i chesk i i  Zhurnal ,  Vol. 33, No. 6, pp. 1062-1066, D e c e m b e r ,  1977. 
Original  a r t i c l e  submit ted  Apri l  5, 1977. 

1464 0022-0841/77/3306-1464 $07.50 �9 1978 Plenum Publishing Corpora t ion  



used together  with other methods (excluding the s impler  experiments) .  It can be conveniently used to 
check the resu l t s  of identification by other methods.  

The method using the variat ion of the state pa r ame te r s  of the sys tem is applicable for any number of 
unknown pa r ame te r s .  The only l imitations imposed on it a re  by the limitations of the numer ica l  technique 
or by the length of t ime needed to p rocess  the experimental  resu l t s .  

In the formulation of the equations it is neces sa ry  to use experimental  data (together with the solution 
of the inverse  heat-conduction problem) on the total heat fluxes and on the variable state pa ramete r s .  

As an example we shall investigate the sys tem of 1 bodies enclosed in a vacuum chamber .  The heat ex- 
�9 change between the bodies is due to radiative heat t r ans fe r  and to the rmal  conductivity of the residual  gas .  At 

every  instant of t ime the heat exchange between the bodies is descr ibed by l equations of the form 

l i I t 

~ = l  ( ~ -  l 

l 

.= crFh ' ~  e,~ T;% 

~=, A': 17-' %.~. --I -~-cpr --I 

l 

l --1) (2) 

The f i rs t  two sums in these equations descr ibe  the heat  exchange by thermal  conductivity of the residual  gas 
and the other two by radiation. 

If the unknowns in Eqs.  (2) a r e ,  for example,  the accomodation and reflection coefficients ,  and the de -  
gree  of blackness,  the total number of unknowns is 3l .  For  their  determination we construct  3l equations of 
the type (2) in which we change e i ther  Too or  P,  and use the experimental ly determined (with the use of the 
solution of the inverse  heat-conduction problem) quantities Qk- Since the equations are  constructed for  l bod-  
ies the number  o f  experiments  used to construct  these equations must be such that,  for  example,  '.:he t e m p e r -  
ature of each surface is changed not less than three  t imes {given by the number of pa rame te r s  we want to de-  
t e rmine  for  the surfaces) .  If it is the t empera tu res  of all surfaces  that are  independently varied in each ex- 
per iment ,  the required number  of experiments  will be the minimum three .  If the number  of investigated p a -  
r a m e t e r s  is increased (for example, by the addition of the coefficients of mutual i rradiance)  the number  of 
required  experiments  is increased accordingly.  

An important  application of the present  method is to descr ibe  all experiments  using in the analysis  the 
same functional dependences qk, j (Pk, j , i )"  This represen ts  the necess i ty  of se l f - s imi la r i ty  conservat ion with 
respec t  to the variable pa rame te r s  in all exper iments .  The conditions for se l f - s imi la r i ty  are  in our example:  

1) free molecular  motion of the gas which is given by the condition kn <<1; 

2) negligibly smal l  changes of spec t ra l  proper t ies  in the whole range of wavelengths of the radiative 
emiss ion when the t empera tu re  of the bodies is changed. 

If the experiments  are  set up so that the p r e s s u r e  P is changed, it follows f rom the expression (2) that 
the radiative t r ans f e r  pa ramete r s  cannot be found f rom the experimental  data. On the other hand, if the p r e s -  
sure  does not change in the experiments  we cannot find the accommodat ion coefficients of the surfaces .  

Increas ing  the number of exper iments  above the number required for  the determining the investigated 
pa rame te r s  can be used to inc rease  the accuracy  of the determinat ion of these pa rame te r s  by well known 
methods.  

It is possible to elaborate the method of boundary-condit ion identification to use nonstationary the rmal  
p r o c e s s e s ,  provided they a r e  quas is ta t ionary .  This simplif ies the experiments  by reducing the teclmological 
requirements  needed for  the process ing  of the resu l t s .  

As an example of the application of the method of the rmal  constants perturbat ion we shall investigate the 
following two-s tage  method of the boundary-condit ion identification. In the f i rs t  stage we shall determine the 
effective values of the specific heat Cef at any point of the bodies by varying the heat evolution in the bodies of 
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the sys tem,  or  by varying the amount of heat passing through their  boundary surfaces  (using the solution of 
the inve r sehea t - conduc t ion  problem).  To this aim we consider  the thermal  balance at chosen points of the 
t empera tu re  measurement  at two instances of t ime T: 

I .  

Ce f dT 

The quantities Cef a re  now found f rom the express ion 

Cef = 

rn m 

{o==l ~o~1 

where the subscr ip ts  1 and 2 r e f e r  to the two instants of t ime.  

In the second stage we use Cef and apply a rb i t r a ry  perturbat ions of the thermal  constants of the bodies 
or  the i r  boundary sur faces  to determine the unperturbed values of the thermal  constants f rom the t empera tu re  
readings at var ious points: 

Cef [ (-~x ) --(  dT)~] = (LT)I--(LT)a" 

The known p a r a m e t e r s  a re  in this case the per turbed values of the the rma l  constants or  the magnitudes of the 
pe r turbat i  ons. 

In the previous example,  the opera tor  LT for  each boundary surface  (of index k) has the following form: 

a) If the per turbat ions  a re  used to obtain the degree  of blackness e, the reflection coefficient A, or  the 
ra t io  e /A,  

! 

.._ \ 1 _ _  

b) If  the per turbat ions  a re  used to obtain the accomodat ton coefficient a ,  

1 I ! 1 

(LT) k PFk~ PF~I~ -- -- -V-~ Z a,~Tco~ ~,,h -- " -~  r Z r 

If we consider  the thermal  reg ime of bodies exchanging heat with the surrounding medium by the rmal  
conductivity, 

(L T')~. = ~'k (grad T)k. 

If  the two instants of t ime 1 and 2 between which the perturbat ion is applied are  so close together  that 
the t empera tu res  of the sur faces  part icipating in the heat exchange do not change appreciably,  the express ions  
for  the difference of the opera tors  LT simplify.  We note that to determine the the rmal  constants of the s u r -  
faces or  bodies it is not neces sa ry  to per turb  exactly these the rmal  constants .  The problem therefore  a r i ses  
as to which sur faces  or  bodies a re  the optimal for  the the rmal -cons tan t  per turbat ion in rea l  situations. 

N O T A T I O N  

A, A k, and A w , the ref lect ivi t ies  of the bodies; a k and a ~ ,  accommodat ion coefficients of the sur faces ;  
B, molecu la r  weight of the gas;  fl, coefficient depending on the number  of degrees  of f reedom of the gas;  Cef, 
the effective value of the specific heat; e, ek, and ew, emiss iv i t ies  of the bodies; F k and Fw, surface a reas  
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of the bodies;  9 w , k  and Ck,w,  mutual  i r r a d i a n c e  coeff ic ients ;  Kn, the Knudsen number ;  L,  an o p e r a t o r ;  ;tk, 
heat  conductivity;  # k , j , i ,  an a r b i t r a r y  p a r a m e t e r ;  P,  p r e s s u r e ;  Qk, and Qw, the ra te  of heat  flow through the 
s u r f a c e s ;  Qb, the f low ra te  of heat  r e l e a s e d  inside the bodies;  qk, and qk , j ,  the to ta l  heat  flux and i ts  compo-  
nents;  a,  S te fan- -Bol tzmann constant ;  T ,  T k,  and Tw,  t e m p e r a t u r e s ;  T, t ime .  

S T A T I S T I C A L  P A R A M E T E R  C O R R E C T I O N  F O R  

M A T H E M A T I C A L  M O D E L S  O F  H E A T - E N G I N E E R I N G  

SYS T E  MS 

S .  N .  L o g i n o v  a n d  V .  V .  M a l o z e m o v  UDC 629.7.048 

The use  of the K a l m a n - f i l t e r  equations to  ca lcula te  p a r a m e t e r  co r r ec t i ons  fo r  mathematica]L 
models  of hea t -eng inee r ing  s y s t e m s  is  cons idered .  

Recent ly ,  d i s c r e t e  (point) models  have been used inc reas ing ly  widely for  the calculat ion and ;malysis  of 
complex  hea t - eng inee r ing  s y s t e m s .  However ,  the r e su l t s  of such calculat ions often d i s a g r e e  with e x p e r i m e n -  
t a lda t a .  The sou rc e s  of poss ib le  e r r o r  may  be conveniently divided into th ree  groups  [2]: i n c o r r e c t  d e t e r m i n a -  
t ion of the functional  (s t ructural)  des ign of the s y s t e m ,  m e a s u r e m e n t  e r r o r s ,  and e r r o r s  in the choice of the 
model  p a r a m e t e r s .  

In the f i r s t  ca se ,  it is n e c e s s a r y  to develop a new model .  In the las t  two c a s e s ,  i t  i s  poss ib le  to make  
a s t a t i s t i ca l  e s t ima te  of the model  p a r a m e t e r s  us ing the r e su l t s  of m e a s u r e m e n t s ,  and so obtain c o r r e c t e d  
va lues .  

Among the s t a t i s t i ca l  methods used to e s t i m a t e  the p a r a m e t e r s  of h e a t - e n g i n e e r i n g - s y s t e m  models  a r e  
a lgor i thms  based  on the equations of the l inear  op t imal  Ka lman  f i l te r ;  these  a r e  of r e c u r r e n t  f o r m  and al low 
the o r d e r  of the m a t r i c e s  used in the calcula t ions  to be cons iderab ly  reduced.  In [1, 4, 5] the f i l t e r  equations 
were  used  in the nonl inear  p rob lem of joint e s t imat ion  of the p a r e m e t e r s  and s ta te  by l inear iza t ion  of the in i -  
t ia l  equations in the vicini ty of a p r e l i m i n a r y  e s t i m a t e .  In [2], an es t imat ion  p r o b l e m  with ini t ial  equations 
that  were  l inea r  with r e s pec t  to the p a r a m e t e r s  was cons ide red ,  in the case  when the accura t e  value of the 
s ta te  vec to r  is  known. In this formula t ion ,  the e s t ima t ion  p r o b l e m  becomes  l inea r  and d i r ec t  solution is  p o s -  
s ible  using the K a l m a n - f i l t e r  equations [3]; e s sen t i a l l y ,  i t  r educes  to a r e c u r r e n t  l e a s t - s q u a r e s  method.  

In the p r e s e n t  work ,  the K a l m a n - f i l t e r  equations a r e  used in a p a r a m e t e r - e s t i m a t i o n  p r o b l e m  for  a point 
model  of a hea t -eng inee r ing  s y s t e m ,  desc r ibed  by the d i f fe rence  m a t r i x  equation 

t(k-,'- l) = AT(k) + Cq(k), (1) 

o r  for  an individual e l emen t  

It  is  a s s u m e d  that  the value 

i s  m e a s u r e d ,  and l ikewise for  

ti (k + 1) = t, (k) + ~ ce'---L (ti(k) - -  t i (k)) + qi (k) (2) 
Ci Ci 

~* (k) = 7(k) + ~, (k) (3) 

(k) = $(k) + nq (k), (4) 

where  nt {k) and nq~)  a r e  independent r andom Gauss i an  s e r i e s  of whi te-noise  type with ze ro  mean  and c o v a r i -  
ance m a t r i c e s  cov(nt) = P,  cov(no) = N. The p a r a m e t e r s  1/c i  and a i j / c i  a r e  to be e s t ima ted .  Then,  by iden-  
t i ty  t r a n s f o r m a t i o n s ,  the equations of s ta te  and of observa t ion  - -  Eqs .  (1) and (3), r e spec t ive ly  --  may  be r e -  
duced to the f o r m  
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