
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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[(k + 1) = A[(k) + Cq(k) = R(k)a; 

[*(k + 1) = R(k) a + n~(k + 1). 

The m a t r i x  e lements  of R(k) a r e  the values  of the components  of the vec to r s  ~(k), q(k) and the known 
m a t r i x  e l emen t s  of A and C; the vec to r  a includes the m a t r i x  e lements  of A and C that  a r e  to be es t imated .  
Substituting ~{k) and q(k) f r o m  Eqs .  (3) and (4) into Eq. (6) g ives  the r e su l t  

tS) 

(6) 

[* (k + 1) = A (t* (k) - -  n t (k)) + C (q* (k) - -  nq (k)) + n t (k + 1) 

= R* (k) a - -  An, (k) - -  C% (k) + n~ (k + I). (7) 

The m a t r i x  e l emen t s  of R*(k) a r e  the m e a s u r e d  values  of the vec to r s  t(k) and q(k). 

Assuming  that  the p a r a m e t e r s  of the s y s t e m  a re  constant ,  new equations of s ta te  and observa t ion  for  
the e s t ima t ion  of the p a r a m e t e r s  a r e  obtained: 

where  

a (k + 2) = a (k + I); 

{*(k+ 1)=  R * ( k ) a ( k +  1) + n~(k + 1), 

(s) 

(9) 

n,(k + 1) = nt(k + 1 ) - -An , ( k ) - -Cnq(k ) .  (10) 

The new noise na(k + 1) is  a s s u m e d  to be the noise of the (k + 1)-th m e a s u r e m e n t  se s s ion .  It is evident 
f r o m  Eq.  (10) that  this  is  a r andom  Gauss ian  s e r i e s  with ze ro  mean and covar ianee  m a t r i x  

cov (n~) = P + APA ~ + CNC' .  (11) 

The K a l m a n - f i l t e r  equation may  be applied d i rec t ly  to the s y s t e m  in Eqs.  (8) and (9). I nc rea se  in the 
eovar iance  m a t r i x  of the m e a s u r e m e n t  e r r o r  leads to d e c r e a s e  in the ampl i f ica t ion fac tor  of the Kalman f i l t e r ,  
as  would be expected,  s ince the d i f ference  between the pred ic ted  and m e a s u r e d  values of the vec to r  t (k  + 1) is 
the r e su l t  of the addit ional  e r r o r  due to the inaccu racy  of the m e a s u r e m e n t s  at t ime  k. 

The r e su l t s  obtained al low the K a l m a n - f i l t e r  equation to be used success fu l ly  in p a r a m e t e r  es t imat ion  
for  m a t h e m a t i c a l  models  of hea t -eng ineer ing  s y s t e m s  desc r ibed  by equations of the type in Eq. (1), when the 
m e a s u r e m e n t  r e su l t s  a r e  d i s to r t ed  by Gauss ian  noise with ze ro  mean .  

As an example ,  cons ide r  the hea t -eng inee r ing  s y s t e m  desc r ibed  by the s c a l a r  equation 

dT 1 
- -  [c~(T o - -  T) + Q sin ([~)1. (12) 

d'~ r 

It is required to correct the parameter l/c, the standard value of which is 0.0713~ while to a priori 

value is 0.0144~ with dispersion 103(~ 2. The measurement value is taken from the analytic solution of 

Eq. (12) and then distorted by Gaussian noise with zero mean and distortion 0.i (~ 2. The value of the other 
parameters were: ~ = 0.502.10 -2 W/~ T o = 293~ Q = I0 W; fl = 0.278.10 -3. The correction was carried out 

in a time interval of 180 sec. For measurements made with a step of 15 sec, the estimate of i/c was 0.0710 

~ and for 60 sec it was 0.0739~ The dispersion of the measurement noise has a great effect on the 

accuracy of the estimate. 

NOTATION 

T,  t ,  t e m p e r a t u r e ;  a ,  h e a t - t r a n s f e r  e o e f f i c i e r ~  c,  speci f ic  heat;  Q, q, heat l iberat ion;  n, random Gaus-  
s ian s e r i e s ;  P ,  N, c o v a r i a a c e  m a t r i c e s .  Indices:  T, t ranspos i t ion .  
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D Y N A M I C  M E T H O D  O F  M E A S U R I N G  H E A T  

BY B A T T E R Y  H E A T  F L O W M E T E R S  U S I N G  

A .  S .  G o l ' t s o v ,  D .  F .  S i m b i r s k i i ,  
a n d  S .  V .  K u d r y a s h o v  

F L U X E S  

A K A L M A N  F I L T E R  

UDC 536.629.7 

A method is  developed for  the a c c e l e r a t e d  de te rmina t ion  of s t a t ionary  heat f luxes by ba t t e ry  
heat f l owmete r s  in the dynamic m e a s u r e m e n t  mode.  

Ser ia l ly  manufac tu red  ba t te ry  heat  f l owmete r s  [1], which are  f avo rab ly  dis t inguished b y t h e  s imp l i c i ty  of 
cons t ruc t ion ,  the ease  of fabr ica t ion ,  and the high r e sponse  to the flux being m e a s u r e d ,  a re  used  ex tens i -  
vely in the p rac t i ce  of hea t - f lux  m e a s u r e m e n t .  

However ,  the t h e r m a l  iner t i a  of these  heat f l owmete r s  i n c e r t a i n c a s e s  of p rac t i ca l  impor tance  will e i ther  
d i s to r t  the r e su l t s  being obtained or i n c r e a s e  substant ia l ly  the total  t ime  for  pe r fo rn~ng  the expe r imen t .  F r o m  
this viewpoint,  methods of  improving  the dynamica l  c h a r a c t e r i s t i c s  of heat f lowmete r s ,  which a re  r ea l i zed  during 
subsequent  p roces s ing  of d i rec t  m e a s u r e m e r ~ ,  r e su l t s  by solving the i nve r se  p rob lem of heat  conduction which 
occu r s ,  a r e  of indubitable i n t e re s t .  In pa r t i cu l a r ,  the p rob lem of computing the i r  values  at the ini t ia l  sec t ions  
of the t r ans i en t  c h a r a c t e r i s t i c  of the heat  f l owmete r  can be posed in the  m e a s u r e m e n t  of s t a t iona ry  heal  fluxes. 

The solution of such a p rob lem is desc r ibed  in [2] for  the case  of measu r ing  the radiant  heat  flux by using 
a c a l o r i m e t r i c  he at f lowmete r .  The s e n s o r  of such ahea t  f lowmete r  is a single c apacit ance link whose dynamics  is  
desc r ibed  by an ord inary  d i f ferent ia l  equation. The magnitude of the heat flux was hence de te rmined  s u c c e s s -  
fully by using the f a m i l i a r  K a l m a n - f i l t e r  a lgor i thm [3,4] .  However ,  d i rec t  application of a K a l m a n f i l t e r  to the 
p rob l em of m e a s u r i n g  a s t a t ionary  heat flux by ba t t e ry  heat  f l o w m e t e r s  is imposs ib le  since t he i r  dynamics  is de-  
s c r i b e d b y t h e  par t ia l  d i f ferent ia l  equation of heat conduction. At the s ame  t ime ,  the Kalman f i l te r  is intended 
for  an opt imal  es t imat ion  (in the sense  of the r o o t - m e a n - s q u a r e  deviation) of the s ta te  v a r i a b l e s  oil dynamical  
s y s t e m s  with lumped p a r a m e t e r s .  

The a lgor i thm of the Kalman f i l t e r  is  dis t inguished by i ts  s impl ic i ty ,  is quite adaptable  for  rea l iza t ion  
on an e lec t ron ic  compute r ,  takes  account  of the p r e s e n c e  of r andom e r r o r s  in the m e a s u r e m e n t s ,  and p r o -  
c e s s e s  in format ion  r e c u r r e n t l y  as it  comes  in. It can be applied to both l inea r  and nonl inear  dynamica l  s y s -  
t e m s .  M o r e o v e r ,  ut i l izat ion of the Kalman f i l t e r  in the p rob l em of de te rmin ing  the heat flux p e r m i t s  p e r f o r -  
mance  of a p rac t i ca l  invest igat ion of quest ions of the uniqueness and accu racy  of the r e su l t s  obtained [2], which 
is e spec ia l ly  impor tan t  s ince the i nve r s e  heat -conduct ion p rob l em to be solved is  hence i n c o r r e c t l y  posed.  

In o r d e r  to apply the Kalman f i l t e r  to the p rob lem of m e a s u r i n g  heat fluxes by ba t t e ry  heat  f lowmete r s ,  an 
approx ima te  h e a t - m e t e r  model  is  p roposed  in this  pape r  which is desc r ibed  by a s y s t e m  of o rd inary  d i f f e ren-  
t ia l  equations and is  obtained by the method of l ines [5, 6]. 

In fo rming  the ma thema t i ca l  model ,  the s enso r  of the heat  f l o w m e t e r w a s  cons ide red  as a finite rod, heat 
insula ted along the side su r face ,  and executed as a whole ~ t h  a galvanic  copper - -Cons tan tan  d i f fe rent ia l  t h e r -  
mal  ba t te ry  [1]. Some junctions of the t h e r m a l  ba t t e ry  a r e  brought  out on the endface Surface of the sensor  
which is  fas tened to the housing and whose t e m p e r a t u r e  is  m e a s u r e d  by using a Chromel - -Alumel  t h e r m o -  
couple.  Other junctions a r e  d isposed  on a plane r e m o v e d  a d is tance  B = 0.2.10 -3 m f r o m  the detect ing su r face  
of the s enso r .  
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