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The ar t ic le  analyzes  poss ib i l i t ies  of the p rac t i ca l  applicat ion of the method of inverse  problems 
of heat  exchange,  a new t rend of t he rmophys ica I  invest igat ions in the designing and tes t ing of 
modern  technical  models.  

Below we examine some genera l  p rob l ems  of t he rmophys i ca l  invest igat ions in designing the rma l ly  loaded 
technical  objects f r o m t h e  posi t ions of the new methods of identifying* p r o c e s s e s  of heat  exchange, in the f i r s t  
place methods based on the solution of inverse  p rob lems  of heat exchange (IPI-IE) [1-3]. These methods find 
applicat ion in the most  va r i ed  fields of sc ience and technology: aviat ion and space  flights, power  engineering,  
nuc lear  engineering,  chemica l  technology, machine building, etc. In view of the un iversa l  nature of the methods 
of identif icat ion under  examinat ion,  we will chiefly touch upon the fields of designing and tes t ing  a i r c r a f t  and 
spacecra f t .  

I. GENERAL CHARACTERISTIC 

OF THE METHODS AND FIELDS 

OF APPLICATION OF INVERSE 

PROBLEMS OF HEAT EXCHANGE 

In devising new models of aircraft and space rockets, thermophysical investigations play an increasingly 
important role. This is due to the ever more stringent requirements concerning the effectiveness and reliability 

of systems of heat protection and heat regulation, reduction of the weight of the craft concerned, the need in 
designing and experimentally testing craft to take into account the ever more complex pattern of thermal inter- 
action between the craft and the environment. Thistrend will most likely also be maintained in the future. This 
will, in particular, be due to the wider range of problems solved in space, and in connection with that the con- 
struction of reentry transport systems and launched craft [4]. 

The conditions of thermal interaction between the craft and the environment and the processes of internal 
heat exchange de te rmine  the se lec t ion  of the type of the heat protect ion sys tem,  other  sy s t ems  of ensur ing  the 
requ i red  t h e r m a l  r e g i m e s  of the craft ,  the solution of p rob lems  of seeking ra t ional  design p a r a m e t e r s  of these  
sys t ems ,  and in some cases  a lso  of more  genera l  p rob l ems  of design concerning the configuration and pr inc ipa l  
design c h a r a c t e r i s t i c s  of the craft .  The c o r r e c t n e s s  of the solutions adopted in the course  of the design p ro ce s s  
depends l a rge ly  on the thoroughness  and re l iabi l i ty  of the invest igat ion of h e a t - t r a n s f e r  phenomena, on the 
adequacy of the ma themat i ca l  t h e r m a l  models  of r ea l  t he rmophys i ca l  p r o c e s s e s  occurr ing  in the s t ruc tu re  and 
heat  pro tec t ion  of the craft .  Espec ia l ly  impor tan t  in this r e spec t  a re  invest igat ions of heat r e g i m e s  including 
bench t e s t s  and flight t e s t s  of hea t -p ro tec t ive  ma te r i a l s  and s t ruc tu res .  Such expe r imen t s  and invest igat ions 
a r e  marked  by g rea t  complexity,  l abor iousness ,  and high costs .  It  is then pa r t i cu la r ly  impor tan t  and essen t i a l  
to have avai lable  in fo rmat ive  and re l iab le  methods of t he rmophys i ca l  investigation,  p roces s ing  and analysis  of 
expe r imen ta l  data. Among such methods are ,  in par t icu la r ,  the new methods based on the solution of the c o r -  
responding types  of  inve r se  p rob l ems  of heat exchange. 

* The t e r m  "identif icat ion" has  a l ready  " taken root" suff icient ly both in s y s t e m  theory  and in other  fields of 
sc ience  and technology including t h e r m a l  modeling and opt imum control  of hea t -exchange  p r o c e s s e s  [2]. 
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Fig. 1. Simplif ied block d i a g r a m  of the p r o c e s s  of  t h e r m a l  des ign  and t e s t i ng  of  
the t h e r m a l  r e g i m e s  of a i r c r a f t :  HPS) heat  p ro t ec t ion  s y s t e m ;  tIRS) heat  r e g u -  
la t ion sys t em.  

This  does not mean  that  this  c l a s s  of methods  s u p e r s e d e s  other ,  m o r e  t r ad i t i ona l  app roaches .  We would 
like to draw at tent ion to  the p r e s e n t l y  s p r e a d i n g  view that  the in t roduc t ion  of methods  of i n v e r s e  p r o b l e m s  a l -  
t oge the r  e l imina te s  f r o m  p r a c t i c e  as super f luous  many  "old" methods  of  e x p e r i m e n t a l l y  inves t iga t ing  p r o c e s s e s  
of heat  exchange,  e .g. ,  some  methods  of d e t e r m i n i n g  heat  f luxes and t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s .  Such a 
view is e r r o n e o u s .  The methods  of i n v e r s e  p r o b l e m s  of heat  exchange were  not dev i sed  in o r d e r  to s u p e r s e d e  
ex i s t ing  and w e l l - p r o v e n  methods,  but fo r  use in those  ca se s  where  t r ad i t i ona l  app roaches  were  a l t oge the r  in -  
applicable,  o r  e l se  did not yie ld  suf f ic ient ly  a c c u r a t e  resu l t s .  In the las t  20 o r  30 y e a r s  many such ca se s  were  
brought  to the fore  by p rac t i ce ,  in  p a r t i c u l a r  in the des ign  and cons t ruc t i on  of new types  of  craf t .  A typ ica l  
s i tua t ion r equ i r ing  the adoption of new methods  was the model ing and inves t iga t ion  of highly in tens ive  non-  
s t e a d y - s t a t e  r e g i m e s  of heal ing craf t ,  p r o c e s s e s  of heat  and m a s s  t r a n s f e r  in h e a t - p r o t e c t i v e  m a t e r i a l s  and 
coat ings.  Under  these  condit ions the ex i s t ing  methods  of t h e r m o p h y s i c a l  m e a s u r e m e n t ,  p r o c e s s i n g  and i n t e r -  
p re t a t ion  of e x p e r i m e n t a l  data were  often u s e l e s s  because  they  had been dev i sed  fo r  d i f fe ren t  condi t ions :  
usua l ly  for  the inves t iga t ion  of s t e a d y - s t a t e  or  s lowly changing p r o c e s s e s  of heat  exchange with r e l a t i ve ly  low 
intensi ty.  

The methods  of i n v e r s e  p r o b l e m s ,  worked  out f o r  new p r a c t i c a l  appl icat ions ,  a l so  p rove  ef f ic ient  in s o l v -  
ing some  t r ad i t i ona l  t h e r m o p h y s i c a l  and h e a t - e n g i n e e r i n g  p rob lems .  

Thus,  the new methods  of  inves t iga t ing  p r o c e s s e s  of heat  exchange,  based on the solut ion of i n v e r s e  p r o b -  
lems,  appeared  as an object ive  necess i ty .  They  b roaden  and complemen t  the ex i s t ing  me thodo log ica l  appara tus  
of t h e r m o p h y s i c a l  inves t iga t ions .  To this  we may  add that  in des ign ing  and t e s t ing  t h e r m a l l y  loaded s t r u c t u r e s ,  
it is  usual  to have r e c o u r s e  to a whole complex  of methods that  c o m p l e m e n t  and ref ine  each  other ,  and in this  
sense  the t r end  unde r  examina t ion  c o r r e s p o n d s  fully to ac tua l  f ields of r a t iona l  p r a c t i c a l  appl icat ion.  

Most widely  used in p r a c t i c a l  inves t iga t ions  a re  now the i n v e r s e  p r o b l e m s  of  heat  conduct ion (IPHC), viz . ,  
boundary  and coeff ic ient  p rob l ems ,  and a l so  i nve r se  p r o b l e m s  of heat  exchange  in eng inee r ing  s y s t e m s . *  R e t r o -  
spect ive  i nve r se  p r o b l e m s  have so  f a r  no wide p r a c t i c a l  appl icat ion.  Methods of so lv ing  and of p r a c t i c a l  appl i -  
cat ion of g e o m e t r i c  i nve r se  p r o b l e m s  of heat  conduction,  which appa ren t ly  were  fo rmula t ed  fo r  the f i r s t  t ime  
in [5, 2], a re  a l so  only now beginning to  be e labora ted .  

It should be pointed out that  the planned and cons i s t en t  deve lopment  of methods  of i nve r se  p r o b l e m s ,  
which at p r e sen t  is becoming  a p r o m i s i n g  sc ien t i f i c  and t echn ica l  t rend ,  is connected  main ly  with the i nves t i ga -  
t ion  of t h e r m a l  r e g i m e s  in the des ign  and e x p e r i m e n t a l  t e s t ing  of craf t .  In this  field in p a r t i c u l a r  the main  

*We use  the t e r m i n o l o g y  of [2] whose au tho r  sugges ted  a c l a s s i f i ca t ion  of kinds, s t a t emen t s ,  and methods  of 
so lv ing  IPHE. 
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resu l t s  were  obtained and introduced in invest igat ing the s ta tement  of IPHE and cons t ruc t ive  methods )f solving 
them. Many methods, ini t ial ly worked out for  the identif icat ion of t h e r m a l  r eg imes  of craft ,  l a t e r  a l so  found 
applicat ion in other  branches  of sc ience and technology: in power  engineering,  meta l lurgy,  chemica l  technology, 
etc. 

F igure  1 shows the block d i a g r a m  of t h e r m a l  des ign and tes t ing  of the t h e r m a l  r eg imes  of c raf t  showing 
the pr incipal  fields of applicat ion of the expe r imen ta l  methods including those based on IPHE. We will b r ie f ly  
deal  with these  fields. 

Elabora t ion  of the Mathemat ica l  T h e r m a l  Models of the Invest igated Objects.  Rel iabi l i ty  of the m a t h e m a -  
t i ca l  models  is one of the mos t  impor tan t  fac tors  in the p rob l em of adopting substant ia ted  technical  solutions in 
a i r -  and s p a c e c r a f t  design, the devis ing of efficient  methods and s y s t e m s  of automated des ign [6]. With i n c r e a s -  
ing re f inement  of the configuration and design p a r a m e t e r s  of craft ,  the ma themat i ca l  models  a re  being con- 
t inuously improved  and broadened. Whereas  at the init ial  des ign stage (in working out the technical  proposi t ions)  
it  is often expedient to use the s imp le s t  models,  it is n e c e s s a r y  at the subsequent  s tages  (draft project ,  t echni -  
cal  projec t )  to have r ecou r s e  to more  complete  and accura t e  and as a rule  a l so  more  complex models [7]. 
These  models  a re  a l so  an ins t rument  fo r  ca r ry ing  out ver i fy ing  calculat ions of the t h e r m a l  reg ime of the craft .  

Thus,  in designing a craf t ,  some h i e r a r c h y  of the ma themat i ca l  t h e r m a l  models  (models of the p r o c e s s e s  
of heat  and mass  exchange) is being examined, and the models  of each level  have to complement  each other,  
have to be mutual ly coordinated. Quest ions of the e labora t ion  of t h e r m a l  models  have to be given se r ious  a t t en-  
tion, and the modern  appara tus  of the s y s t e m  theory,  the theory  of graphs,  etc. has to be used in the p rocess .  

By e labora t ion  of a ma themat ica l  t h e r m a l  model, we unders tand two succes s ive ly  solved p rob lems :  s e l e c -  
t ion of the fundamental  kind (s t ructure)  of the model and identif icat ion of i ts  cha rac t e r i s t i c s .  It must  be pointed 
out that  the p resen t  s ta te  of the p rob l em  of the ma thema t i ca l  modeling of the t h e r m a l  r e g i m e s  of c ra f t  is  c h a r a c -  
t e r i z ed  by the fact  that  in many  oases  it  is poss ible  to fo rmula te  the s t ruc tu re  of the ma themat i ca l  model  which 
re f lec t s  accu ra t e ly  enough the r e a l  p r o c e s s  of heat  exchange [8-11]. However,  such a s t r uc tu r a l  model  in con-  
nection with each  actual  case  has a number  of unknown c h a r a c t e r i s t i c s  ( pa r ame te r s  or  functions}: boundary 
conditions, t he rmophys ioa l  properLies ,  in te rna l  sources ,  etc.  Exper imen ta l  inves t igat ions  a re  widely used to 
de t e rmine  these  c h a r a c t e r i s t i c s  of heat  and m a s s  exchange. 

F r o m  the posit ions of the theory  of opt imum control,  the p r o b l e m  of de te rmin ing  the unknown c h a r a c t e r i s -  
t ics  in the s t ruc tu r a l  ma themat i ca l  model  accord ing  to some  expe r imen ta l  in format ion  on the t h e r m a l  r eg ime  
of the object  belongs to the p rob l em s  of identif ication ( inverse p rob lems  for  dynamic  sys tems) .  In applicat ions 
to t h e r m a l  invest igat ions of craft ,  dynamic  s y s t e m s  a re  used that  a r e  approx ima te ly  desc r ibed  by ord inary  di f -  
fe ren t ia l  equations and equations in pa r t i a l  der iva t ives ,  but the second kind of model  (with d is t r ibuted  p a r a m e -  
t e r s )  makes  it poss ib le  in many  oases  to desc r ibe  heat  exchange p r o c e s s e s  more  accurately .  

A dist inguishing feah~ 'e  of the t h e r m a l  r eg imes  of c ra f t  is t h e i r  nonsteady s ta te  which at  t imes  is  sub-  
stantial .  As was mentioned above, under  these  conditions the known s t eady - s t a t e  or  q u a s i - s t e a d y - s t a t e  methods 
may yield unsa t i s fac to ry  r e su l t s  in de te rmin ing  the c h a r a c t e r i s t i c s  of hea t -  and m a s s - e x c h a n g e  p r o c e s s e s .  A 
typica l  example  of such a s i tuat ion is  connected with the analys is  of the ope ra t ion  of heat  p ro tec t ive  coatings of 
composi te  m a t e r i a l s  during t h e i r  p r o c e s s  of dest ruct ion.  A compl ica ted  complex of phys icochemioaI  t r a n s f o r -  
mations occur r ing  in hea t -p ro t ec t ive  m a t e r i a l s  is the r eason  that  the c h a r a c t e r i s t i c s  of heat  and m a s s  exchange 
in the m a t e r i a l  depend on the heating ra te  [12]. The endeavor  to de te rmine  these  c h a r a c t e r i s t i c s  in the non- 
s t eady - s t a t e  case  makes  it  n e c e s s a r y  to solve coefficient  i nve r se  p rob l ems  for  nonl inear  s y s t e m s  desc r ib ing  
the p roce s s  of non - s t eady- s t a t e  heat conduction in the hea t -p ro t ec t ive  mate r ia l ,  taking the phys ieochemioa l  
t r an s fo rma t ions  into account.  It  is  t he re fo re  a topica l  t a sk  to work out methods and a lgor i thms  for  solving 
p rob l ems  belonging to this c lass .  

Methods of solving coefficient IPHC a re  at p r e sen t  being developed in two di rec t ions :  by using analy t ica l  
solutions of boundary p rob lems  of heat  conduction and by const ruct ing the cor responding  numer i ca l  a lgor i thms .  
In our  opinion, the second d i rec t ion  is  p r e f e r ab l e  in appl icat ions  to t h e r m a l  invest igat ions of c ra f t  because  it 
makes  it  poss ib le  to model  a much wider  range  of p rac t i ca l ly  impor tan t  p rob l ems .  Here ,  one of the p romis ing  
approaches  is  the devis ing of the cor responding  i t e ra t ion  p r o c e d u r e s  based on the grad ien t  methods of min imiza -  
tion in combinat ion with the pa rum e t r i z a t i on  of the sought functions [13]. 

Ve ry  impor tan t  fo r  pruc t ioa l  appl icat ions is the complex p r o b l e m  of the identif icat ion of models  desc r ib ing  
the in te rac t ion  of m a t e r i a l s  with a hot gas s t r eam.  F r o m  the data on m e a s u r e m e n t s  of the t e m p e r a t u r e s  in the 
inves t iga ted  m a t e r i a l  and a l so  on the heat  fluxes we have to e s t ima te  the c h a r a c t e r i s t i c s  of heat  and m a s s  ex-  
change, both inside the m a r t i a l  and on the su r face  in te rac t ing  with the gas.  

117 



P r e p a r a t i o n  of the Initial Data for  Designing Hea t -Loaded  St ructures .  We will show one of the c h a r a c t e r i s -  
t ic  p rob l ems  of p r epa r ing  the data whose solution may be based  on the pr inc ip les  of IPHE. We a re  concerned 
now with the de te rmina t ion  of t h e r m a l  loads: the densi ty  of heat  fluxes acting on different  sect ions of the outer  
su r face  of a craft .  In many cases ,  e spec ia l ly  with the fa i r ly  compl ica ted g e o m e t r i c  shapes  involved in space -  
craf t  an accura te  theore t i ca l  predic t ion  of the t h e r m a l  loads is usual ly  difficult. The cause l ies in the known 
"incalculabi l i ty"  of the conditions of ex te rna l  heat  exchange connected with the t r ans i t ion  of l a m i n a r  flow into 
turbulent  flow, the exis tence  of zones of de tachment  of the flow, the fo rmat ion  of eddies,  i n t e r fe rence  pheno-  
mena, a complex s y s t e m  of jumps in consolidation, etc. In such si tuat ions help is provided by expe r imen ta l  
methods:  models  and dummies  a r e  subjected to spec ia l  gasdynamic  and other  bench t e s t s  where  the r e a l  con- 
ditions of heat  exchange a r e  being s imulated.  The necess i ty  of modeling the non - s t eady - s t a t e  p r o c e s s  of heat  
exchange on the su r face  of the c ra f t  fo rces  us to take r ecou r se  to non - s t eady - s t a t e  methods of p roces s ing  the 
expe r imen ta l  data. Here  the t radi t ional  methods of measu r ing  t h e r m a l  loads fai l  in mos t  cases ,  and new methods 
a r e  needed that a r e  based on the solution of inve r se  p rob lems .  In our  case  we can m e a s u r e  the t e m p e r a t u r e  at  
points suitable for  placing heat  s enso r s ,  and by so lv ingboundary  IPHC, we can de te rmine  f r o m  the r e su l t s  of 
the m e a s u r e m e n t s  with a sufficient  degree  of a ccu racy  the t h e r m a l  loads (including non- s t eady- s t a t e  ones) on 
the su r faces  that  a r e  inaccess ib le  for  m e a s u r e m e n t s .  

Opt imizat ion of Design P a r a m e t e r s  of Craf t  Taking T h e r m a l  Cons t ra in ts  into Account. Opt imizat ion of 
the P a r a m e t e r s  of H e a t - P r o t e c t i v e  Sys tems.  The impor t ance  of this design s tage is obvious: at this  s tage,  in 
pa r t i cu la r ,  a r e  technical  solutions being adopted within the f r a m e w o r k  of the se lected concept of the s y s t e m  of 
heat  protect ion,  i ts  design p a r a m e t e r s  a r e  chosen, and some c h a r a c t e r i s t i c s  and regu la r i t i e s  of spacec ra f t  
control  a re  being refined. Such p r o b l e m s  a re  dist inguished by the i r  g rea t  complexi ty  and labor iousness ,  t he i r  
close in t e r r e l a t ion  with p rob lems  of other  design s tages ,  in p a r t i c u l a r  p rob l ems  of se lec t ing and ref ining the 
ae rodynamic  a r r angemen t ,  invest igat ion of the flight paths  and a lgor i thms  of control  of movemen t  of the c ra f t  
[14], ana lys is  of the dynamic  c h a r a c t e r i s t i c s  of the c ra f t  [15, 16], etc. F o r  instance,  the weight of the hea t -  
p ro tec t ion  s y s t e m  of the launched craf t  (and consequently of the ent i re  craft)  can be reduced not only by more  
ra t ional  design and more  thorough tes t ing  of this sys tem.  The s ame  effect  can be at tained by adequate se lec t ion 
of the ae rodynamic  shape and of the g e o m e t r i c  p a r a m e t e r s  of the craft ,  and a lso  as a resu l t  of reducing the 
t h e r m a l  loads during launching in the a t m o s p h e r e  by se lec t ing the requ i red  regula r i ty  of control l ing the r eg ime  
of motion of the craft .  

At p r e s e n t  one of the p r inc ipa l  ways of improving  the quali ty and eff ic iency of planning and design work  is  
the automat ion of designing based on the use  of computers  [6]. The use  of computers  in seeking and adopting 
technical  solutions makes  i t  poss ib le  to analyze and se lec t  with more  substant ia t ion the p a r a m e t e r s  of the 
planned objects.  An impor tan t  t rend of automated designing consis ts  in working out methods of de l ibera te  
s ea r ch  fo r  ra t ional  design solutions and p a r a m e t e r s ,  p roceeding  f r o m  technical  and technoeconomie  c r i t e r i a .  

With the aid of h igh-speed  computers  on the bas i s  of modern  methods of compute r  ma themat ics ,  many 
p rob l ems  concerning the planned s t r u c t u r e s  under  the conditions of highly intensive and non - s t eady - s t a t e  
t h e r m a l  loads a r e  being solved. An ana lys i s  of the t h e r m a l  r eg imes  of the s t ruc tu re  obtained as  a r e su l t  of 
these  calculat ions makes  i t  poss ib le  to judge to a ce r ta in  extent  how rat ional  the examined design va r i an t  is; 
however ,  i t  does not make i t  poss ib le  to en s u r e  that  the m o s t  ra t ional  va r i an t  will  be found. That  is due to the 
fact  that  s i m i l a r  calculat ions apply to the solution of d i r ec t  p rob l ems ,  i .e. ,  p r o b l e m s  in which f r o m  specif ied 
(on the bas i s  of the d e s i g n e r ' s  intuition o r  of s ta t i s t i ca l  data) t he rmophys i ca l  c h a r a c t e r i s t i c s  and g e o m e t r i c  
p a r a m e t e r s  of the s t ruc ture ,  i ts  t h e r m a l  r eg imes  a r e  a lso  calculated.  In these  p rob l ems  the re  is  no a lgor i thm 
for  the purposefu l  choice of des ign p a r a m e t e r s  in accordance  with ce r ta in  technical  requ i rements .  

P r o b l e m s  of opt imizing the des ign p a r a m e t e r s  of t he rma l ly  loaded s t ruc tu r e s  a re  s i m i l a r  in s t a tement  
to the e x t r e m a l  fo rms  of i nve r se  p rob lems :  the sought p a r a m e t e r s  a r e  de te rmined  in accordance  with some 
c r i t e r ion  r ep re sen t ed  in the f o r m  of a c r i t e r i a l  function or  functional, and a lso  with a view to var ious  kinds of 
const ra in ing conditions. Natural ly,  such p r o b l e m s  are  more  complex because  they include the solution of the 
d i r ec t  p r o b l e m  as well  as  an a lgor i thm for  the purposefu l  s ea r ch  for  p a r a m e t e r s  of the s t ruc ture .  

In the ma themat i ca l  fo rmal iza t ion  of such a p rob lem,  the planned s t ruc tu re  may be desc r ibed  by a se t  of 
g e o m e t r i c  p a r a m e t e r s ,  the rmophys ica l ,  mechanica l  p rope r t i e s ,  etc.  The v a r i e t y  of these  magnitudes f o r m s  a 
mul t id imensional  space  of p a r a m e t e r s .  Each design va r i an t  is  de te rmined  by a se t  of the g ivenmagni tudes  (this 
is  usual ly  some v e c t o r  p) and is  cha rac t e r i zed  by some value of the se lec ted  c r i t e r ion  F(p). In addition to that, 
any c h a r a c t e r i s t i c  (e.g., t e m p e r a t u r e s  T, s t r e s s e s  ~, e tc . )  o r  range of change of the sought p a r a m e t e r s  is  sub-  
jec t  to the cor responding  const ra in ts .  Although by t he i r  phys ica l  nature  these  cons t ra in ts  usual ly  differ ,  in the 
gene ra l  case  they may be desc r ibed  in the f o r m  of a s y s t e m  of inequali t ies  gi (T, p )--- 0, i = 1, n. Such inequali t ies  
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define the region of admiss ib le  solutions because  each of i ts  points de t e rmines  a des ign va r ian t  satL' lying al l  
the cons t ra in ts .  The op t imum solution will be the one f r o m  the admiss ib le  region that  has the s m a l l e s t  ( largest)  
value of the c r i t e r ion  F(p). 

In the genera l  ma themat i ca l  s ta tement ,  the examined p r o b l e m s  of se lect ing the opt imum values  of the 
design p a r a m e t e r s  co r respond  to p r o b l e m s  of nonl inear  p r o g r a m m i n g  for  which by now many methods of solving 
them have been worked out. However,  on account  of the pecu l ia r i t i es  of the ma thema t i ca l  models  used in the 
design of t he rma l ly  loaded s t ruc tu res ,  one of the chief  p r o b l e m s  of the p r a c t i c a l  rea l iza t ion  of these  methods is  
the devis ing of eff icient  p rocedu re s  of seeking op t imum solutions.  La rge ly  dependent on how success fu l ly  this 
p r o b l e m  is solved is the number  of  labor ious  (in t e r m s  of compute r  t ime) calculat ions of di f ferent  va r i an t s  of the 
designed s t ruc ture .  A poss ib le  way of improv ing  the e f fec t iveness  of a lgor i thms  for  automated t h e r m a l  design 
cons is t s  in the appl icat ion of methods of the theory  of op t imum control  of s y s t e m s  with d is t r ibuted  p a r a m e t e r s .  
We want to point out that  some genera l  approaches  to the solution of p rob l ems  of opt imizing hea t -p ro t ec t ive  
s t r u c t u r e s  may be based  on methods worked out for  solving IPHC, in p a r t i c u l a r  on gradient  a lgor i thms  of 
minimiza t ion  with the p rocedu re  of calculat ing the gradient  c r i t e r ion  of quali ty via  the solution of the conjugate 
p rob lem.  A s t a t ement  of the p r o b l e m  of op t imum des ign of mul t i l ayered  hea t -p ro t ec t ive  coatings in the t r e a t -  
ment  s i m i l a r  to the i nve r se  p r o b l e m  was given in [17], an a lgo r i t hm for  i ts  solution using the spec i f ic  mass  of 
the coating as c r i t e r i a l  function was p re sen t ed  in [18]. 

In-Fl ight  Modeling of T h e r m a l  Regimes .  Ground conditions of ca r ry ing  out t h e r m a l  expe r imen t s  and t es t s  
a re  often unsuitable for  reproducing  sa t i s f ac to r i l y  the actual  t h e r m a l  r eg ime  of a spacec ra f t  and i ts  units taking 
into account  the course  of complex phys icochemica l  p r o c e s s e s  behind the shock wave, in the boundary  layer ,  
and in the heat  protect ion.  Such a s i tuat ion is typica l  of va r ious  kinds of launched craft .  In s i m i l a r  s i tuat ions 
it may p rove  useful  to c a r r y  out flight t e s t s  with spec ia l  models  equipped with the requ i red  s e n s o r s  a n d i n s t r u -  
ments  [19, 20]. 

A r e s e a r c h  p r o g r a m  of in-f l ight  modeling of t h e r m a l  r eg imes  is usua l ly  cons iderably  b r o a d e r  than the 
p r o g r a m  of a t h e r m a l  expe r imen t  c a r r i e d  out within the f r a m e w o r k  of flight design tes t s .  The chief  a ims  of in-  
flight modeling consis t  in ver i fy ing  and a s s e s s i n g  the a c c u r a c y  of exis t ing methods of calculat ing heat  t r a n s f e r  
used in the design of the heat  protect ion,  in de te rmin ing  the ranges  of applicat ion of these  methods,  ref ining 
exis t ing and devis ing new calculat ion methods,  working out more  efficient  s y s t e m s  of heat  protect ion.  I t  may be 
a s sumed  that  the use of methods of IPHC will make it poss ib le ,  with a fa i r ly  high degree  of i n fo rma t ivenes s  
and the required  degree  of accuracy ,  to r econs t ruc t  the c h a r a c t e r i s t i c s  of the p r o c e s s e s  of heat  exchange that  
i n t e re s t  us. In some cases  such a way of obtaining e s sen t i a l  in format ion  f r o m  t h e r m a l  in-f l ight  expe r imen t s  is  
in fact  the only way. 

Bench Tes t s .  Cor rec t ion  of T h e r m a l  Models. During the i r  construct ion,  s p a c e c r a f t  pass  through a 
complex sequence of bench t e s t s  to which different  components  and units o r  even the c ra f t  as a whole a r e  sub-  
jected.  During the t e s t s  the surrounding flight conditions a r e  modeled, the design and the s y s t e m s  of the c ra f t  
a r e  t es ted  in o r d e r  to improve  t h e i r  c h a r a c t e r i s t i c s  and rel iabi l i ty .  This  includes for  many types  of c ra f t  bench 
t e s t s  for  invest igat ing t h e r m a l  r e g i m e s  and ver i fy ing  the e f fec t iveness  of opera t ion  of the s y s t e m s  of heat  p ro -  
tect ion and heat  regulat ion.  Spacecra f t  in p a r t i c u l a r  pa s s  through labor ious  and complex t h e r m o v a c u u m  tes t s .  

During bench t e s t s  it becomes  n e c e s s a r y  to r econs t ruc t  fields of t e m p e r a t u r e s  and heat  fluxes in the 
t es ted  object, to de te rmine  the in tens i ty  of in te rna l  heat  sources  and sinks and heat  exchange coeff icients  b e -  
tween var ious  e l emen t s  of the craft .  As ini t ial  expe r imen ta l  informat ion,  we usual ly  have the known t e m p e r a -  
t u re s  at a number  of d i s c r e t e  points of the object.  Thus, to obtain the requi red  t e s t  resul t s ,  it is indispensable  
to solve inve r se  p rob l em s  of heat  exchange in technical  s y s t e m s ,  and with the i r  aid to refine (correct )  the 
ma themat i ca l  models  of hea t -exchange  p r o c e s s e s  occur r ing  in the sec t ions  and units of the c ra f t  [2, 10]. 

We want to point out that  the neces s i ty  of solving s i m i l a r  p r o b l e m s  of identif icat ion may not only a r i s e  in 
bench t e s t s  but a l so  under  conditions of space  flight of a c ra f t  equipped with an adaptive heat  control  sys tem.  
In this case the c ra f t  is a l so  equipped with a board  computer .  Since the optical  radia t ional  c h a r a c t e r i s t i c s  of the 
outer  su r faces  of the c ra f t  and the coeff icients  cha rac t e r i z ing  the t h e r m a l  connections between sepa ra t e  
e l emen t s  of the object  change in t ime,  the quanti tat ive desc r ip t ion  of the model  of the control led heat  exchange 
p r o c e s s  is a l so  bound to  change. One way of improv ing  the eff ic iency of opera t ion  of an au tomat ic  heat  control  
s y s t e m  cons is t s  in co r r ec t ing  the coeff icients  of the t h e r m a l  model  introduced into the control  a lgor i thm.  It is 
usua l ly  imposs ib le  to p red ic t  the changes of these  coefficients ,  and these  coeff icients  must  t he re fo re  be e s t i -  
mated accord ing  to the data of t e m p e r a t u r e  m e a s u r e m e n t s  c a r r i ed  out on board  the craft .  The cor responding  
i nve r se  p r o b l e m s  a re  solved by the board  computer .  Such an approach  makes  it  poss ib le  to imp lemen t  the 
adaptive method of op t imum control  of the t h e r m a l  r e g i m e  of the craft .  
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Flight  Tes t s .  During flight t e s t s  the construct ion of the c ra f t  p a s s e s  through i ts  final s tages ,  and the 
c r a f t ' s  t h e r m a l  r e g i m e s  a r e  subjected to final inspection.  Here ,  the t h e r m a l  s tate  of the s t ruc tu re  of the 
hea t -p ro t ec t ive  coatings,  etc, ,  can be fa i r ly  re l iab ly  diagnosed with the aid of the methods of IPHE. In addition 
to that,  the t h e r m a l  s ta te  of individual e l ements  of the s t ruc tu re  and of the heat  pro tec t ion  of the c ra f t  may a lso  
be checked under  r e g u l a r  flight conditions or  in flight path control  according to the r e su l t s  of de termining  the 
cha r ac t e r i s t i c s  of the ex te rna l  t h e r m a l  r eg ime  (e.g., the sur face  t e m p e r a t u r e  of the craft)  obtained in r ea l  t ime  
f r o m  the solution of the boundary  IPHC. 

Thus; the pr inc ip les  and methods of IPHE are  or  may  become an impor tan t  means  of t he rmophys i ca l  
invest igat ions at the mos t  va r i ed  s tages  of the design and const ruct ion of modern  spacecra f t .  The ful lest  and 
mos t  effect ive use  of the methods of i nve r se  p rob l ems  is poss ib le  in devis ing s y s t e m s  of au tomat ic  p roces s ing  
of data  obtained in t he rmophys i ca l  invest igat ions [21-24]. In this case  the a lgor i thms  of solving IPHE a r e  
usua l ly  the bas i s  of spec ia l  ma thema t i ca l  p rov i s ions  for  ensur ing  the p r o c e s s  of secondary  p r o c e s s i n g  of the 
expe r imen ta l  information.  

II. PLANNING OF THERMOPHYSICAL 

EXPERIMENTS 

Closely connected with the problem of efficient utilization of the methods of IPHE in experimental investi- 
gations is the problem of optimum planning of experiments. The theory and general methods of solving many 
problems of planning experiments have been fairly well worked out and are dealt with in the specialized litera- 
ture. Less satisfactory is the situation as regards the practical application of these methods. 

As regards the thermophysical investigations carried out during the construction of new technical models, 
of greatest interest is the planning of experiments designed to reveal the mechanism of phenomena. To this 
trend belong the experiments whose object is thermal modeling, i.e., composing and substantiating mathematical 
models of heat exchange processes. Here it should be pointed out that the use of the methods of planning is just 
as topical in physical as in purely mathematical thermal modeling. 

In dependence on the kind of a priori information on a model we can formulate various experimental 
problems and the corresponding problems of the planning of experiments. For instance, if the structure of the 
thermal model is unknown, and the problem of recognition of this structure is being solved, then in its planning, 
the problem usually corresponds to discrimination of the model. If the kind of thermal model is specified, then 
the problem of determining the unknown characteristics of the model is solved. To this problem may correspond 
the planning of regression experiments. 

An important stage in planning thermal experiments is the determination of the number and disposition 
of measurements in space and time (the problem of planning the measurements); the object of this stage is to 
obtain results with the required accuracy and with a minimum number of measurements. Here, in particular, 
is it of interest to work out methods using the apparatus of splines [25]. 

In planning thermal experiments, it is indispensable to take into account their technical peculiarities. It 
is therefore expedient to divide these experiments into two classes. 

It  is  suggested to include in the f i r s t  c lass  those expe r imen t s  which, on account  of technicoeconomic  con- 
s idera t ions ,  do not p e r m i t  the appl icat ion of succes s ive  planning methods.  These  a r e  t h e r m a l  expe r imen t s  c a r -  
t ied  out with complex and expensive  models  and actual  objects o r  using unique bench- t e s t  equipment;  all  these  
expe r imen t s  requi re  la rge  m a t e r i a l  expenditure.  

As a rule, the poss ib i l i t i es  of repeat ing such expe r imen t s  a re  v e r y  l imited.  In these  cases  it  is n e c e s s a r y  
to  use  s ta t ic  (a p r io r i )  methods of planning based  on the fullest  poss ib le  a p r io r i  informat ion  on the inves t igated 
phenomena and e r r o r s  of measurement .  Such informat ion  may be obtained in the p r o c e s s  of numer i ca l  modeling 
of a phys ica l  phenomenon, and a lso  f r o m  the resu l t s  of analogous invest igat ions and spec ia l  model exper iments .  

The second c lass  of expe r imen t s  includes those which make it poss ib le  to c a r r y  out ref ining tes t s .  In that 
case  i t  is poss ib le  to use  success ive  methods of planning, and the cor responding  p rob l ems  can be solved with 
fa i r ly  l imited information.  These  a r e  usual ly  s imple  l abora to ry  exper imer~s  connected with the tes t ing  of 
individual units o r  e l emen t s  of s t ruc tu res ,  the invest igat ion of the t he rmophys i ca l  cha r ac t e r i s t i c s  of h e a t - p r o -  
tec t ive  ma te r i a l s ,  and the modeling of individual c h a r a c t e r i s t i c s  of heat  exchange. To this  c lass  a l so  belong 
expe r imen t s  c a r r i ed  out in the p r o c e s s  of r egu la r  operat ion or  control  of the object. 

In addition to i ts  own impor tance ,  the second c lass  of expe r imen t s  a lso  plays  a subs tant ia l  role  in p r e p a r -  
ing the informat ion  that  is indispensable  f o rp l ann ingexpe r imen t s  belonging to the f i r s t  c lass .  
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We want to point out that  devis ing methods of planning is  a l so  impor tan t  f r o m  the point of view of con- 
s t ruc t ing  automated  s y s t e m s  of control l ing t h e r m a l  t es t s .  

I I I .  T H E  S T A T E  A N D  P R O S P E C T S  

O F  F U R T H E R  D E V E L O P M E N T  

O F  M E T H O D S  O F  S O L V I N G  I P H E  

One of the chief  diff icult ies  of solving inve r se  t h e r m a l  p r o b l e m s  and of the p r a c t i c a l  applicat ion of the 
cor responding  methods consis ts  in the fact  that  these  p rob l ems  in the i r  ini t ial  , 'physical"  formula t ion  usual ly  
cor respond  to ma themat ica l ly  i nco r r ec t l y  s ta ted p r o b l e m s .  This s i tuat ion is the r e su l t  of inf r ingement  of 
causal i ty  in the t rans i t ion  f r o m  the s t a t ement  of d i r ec t  p rob l ems  of heat  exchange to  the s t a tement  of i nve r se  
p rob l ems .  The solution of d i rec t  p r o b l e m s  in fact  s imula tes  r ea l  phys ica l  p r o c e s s e s  of heat  t r ans f e r :  on the 
bas i s  of known causal  cha r ac t e r i s t i c s  the consequence is  sought, whereas  the s t a t ements  of inverse  p rob lems ,  
r e g a r d l e s s  of t he i r  absolute ly  concre te  phys ica l  content, usual ly  cannot be reproduced  in the f o r m  of a r ea l  
phys ica l  p roce s s .  Espec ia l ly  impor tan t  a re  t he re fo re  the analys is  of the c o r r e c t n e s s  of the s t a t ements  of the 
IPHE,  in p a r t i c u l a r  revea l ing  the ma themat i ca l  conditions of the exis tence  and uniqueness  of the solution, and 
a l so  the inves t igat ion of the poss ibi l i ty  of implement ing  these  conditions in e x p e r i m e n t a l  invest igat ions.  The 
th i rd  c l a s s i ca l  condition of c o r r e c t n e s s  is  the s tabi l i ty  of the solution of the p rob l ems  which r equ i re s  that  to 
inf ini tes imal  changes of the input p rob l em s  in the functional space  of the input data  co r respond  inf in i tes imal  
deviat ions of the solution in the solution space. A common c h a r a c t e r i s t i c  fea ture  of the input s t a tements  of 
va r ious  types of i nve r se  p rob l em s  of heat  exchange is  that the condition of s tabi l i ty  of t he i r  solution is  not ful-  
filled as a rule.  Consequently,  the methods of solving IPI-IE have to be r egu la r i zed  in some  way [2, 26, 27]. 

By now the foundations have been laid of an applied theory  and methodology of r egu la r i zed  solution of in-  
v e r s e  p r o b l e m s  of heat  exchange, and a number  of methods have been worked out for  p r o c e s s i n g  the e x p e r i m e n -  
ta l  in format ion  and for  identif icat ion of h e a t - t r a n s f e r  p r o c e s s e s  based  on the r egu la r i za t ion  method of A. N. 
Tikhonov, methods of s t e p - b y - s t e p  and i te ra t ion  regular iza t ion .  Out of the fa i r ly  la rge  number  of newly devised 
approaches  (see, e.g. ,  the works  [2, 28-34]), in our  opinion the most  in te res t ing  and p r o m i s i n g  is the c lass  of 
expe r imen ta l  s t a t ements  of i nve r se  p rob l em s  and of the cor responding  methods of solving them. Our inves t iga -  
t ions showed that v e r y  un ive r sa l  and efficient  a r e  gradient  a lgor i thms  of solving IPHE with regu la r i z ing  s top-  
page of the i t e ra t ion  p r o c e s s e s  according to the condition of ag reemen t  between the number  of approximat ions  
and the accu racy  of specifying the ini t ial  information.  The given method of i t e ra t ion  regu la r iza t ion  of gradient  
a lgor i thms  was suggested in [35, 36] and substant ia ted in [37, 38], where  it was es tab l i shed  that  fo r  a fa i r ly  
b road  c lass  of i te ra t ion  methods the re  exis t  ru les  for  ending i te ra t ion ,  with which they a r e  r egu la r i z ing  a l -  
gor i thms  a f t e r  Tikhonov, and conditions were  formula ted  of ending i t e ra t ion  p r o c e s s e s  for  methods of the 
quickest  descent ,  m i n i m um  d i sc repanc ies ,  and conjugate gradients .  The new f o r m  of r egu la r i za t ion  of gradient  
a lgor i thms  sugges ted  in [2, 39] yields approximat ions  of the requi red  o r d e r  of smoothness .  

The method of i t e ra t ion  regu la r iza t ion  was made the bas i s  for  devis ing a complex of working methods and 
a lgor i thms  for  solving boundary and coefficient  i nve r se  p rob l ems  of heat  conduction and i nve r se  p rob l ems  of 
heat  exchange in engineer ing  sys t ems .  These  a lgor i thms  use effect ive methods of calculat ing the gradients  of 
d i s c r epancy  functionals with the aid of solving the conjugate boundary  p rob lems .  Methodological and ex p e r i -  
menta l  ver i f ica t ion  of the a lgor i thms  in question in connection with va r ious  p rac t i ca l  s i tuat ions showed that  they 
a r e  highly sui table both fo r  l i nea r  and nonl inear  IPHE, and that  i t  is poss ib le  to take into account  not only the 
quali tat ive but a l so  the quanti tat ive a p r io r i  in format ion  on the sought magnitudes.  

In a s s e s s i n g  the p re sen t  s ta te  of the methods based  on the solution of i nve r se  hea t -exchange  p rob l ems ,  
we may s ta te  that  these  methods are  an effect ive means  of t he rmophys i ca l  invest igat ions,  a l so  in designing and 
tes t ing  t h e r m a l l y  loaded engineer ing s y s t em s .  

In r ega rd  to the r equ i r emen t s  of p r ac t i c e  in the plan of fu r the r  development  of this scient i f ic  t rend,  the 
following s e e m s  indispensable:  

1) to continue the study and devis ing of methods of solving IPHC for  cases  of two-d imens iona l  and t h r e e -  
d imens iona l  heat  p ropaga t ion  in sol ids;  

2) to give much at tention to  the solution of non - s t eady - s t a t e  boundary and coeff icient  IPHC for  complex 
cases  of hea t  t r a n s f e r  that  include phenomena of heat  and mass  t r a n s f e r  both inside the body and on i ts  sur face ;  

3) to inves t igate  the reg ions  of poss ib le  p r a c t i c a l  appl icat ion and methods of solving r e t ro spec t i v e  and 
g e o m e t r i c  IPHC; 
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4) to continue the investigation and development of methods for solving inverse problems of heat exchange 
in engineering systems; 

5) to carry out a qualitative and quantitative comparative analysis of different methods of solving inverse 
problems in order to discover the regions of the most rational practical application of these methods; 

6) to carry out work in the further introduction of methods of inverse problems into experimental investi- 
gations and the identification of heat exchange processes in the designing and testing of thermally loaded techni- 
cal objects; 

7) to continue investigations and introduce the methods of optimum planning of thermophysical experi- 
ments and tests; 

8) to pay particular attention to questions of ~he automation of information processing, using methods of 
inverse heat-exchange problems including the processing of experimental data in real time. 
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S H O C K  W A V E S  I N  A L I Q U I D  C O N T A I N I N G  V A P O R  B U B B L E S  

R.  I .  N i g m a t u l i n ,  V.  Sh .  S h a g a p o v ,  
N. K. V a k h i t o v a ,  a n d  Z.  A.  S h i k h m u r z a e v a  

UDC 532.529.5.533.6.011.72 

The s t ruc tu re  of shock waves  in a liquid containing v a p o r  bubbles is invest igated,  and an ex-  
planat ion is given for  the m e c h a n i s m  of the anomalously  high p r e s s u r e s  in shock waves p ropa -  
gating in cer ta in  v a p o r -  liquid media.  

C o n d e n s a t i o n  S h o c k  

When a weak shock wave p ropaga tes  in a liquid containing v a p o r  bubbles,  the t e m p e r a t u r e  of the liquid 
does not change apprec iably .  Consequently,  with the at tendant i nc rea se  in p r e s s u r e  and, hence, in the sa tu ra t ion  
t e m p e r a t u r e  of the s y s t e m  the pos t shock  v a p o r  becomes  supercooled,  resu l t ing  in i ts  condensation. Situations 
a r e  t he re fo re  poss ib le  in which a shockwave  reduces  a two-phase  mixture  to a s ing le -phase  mixture.  

Accordingly,  the formula t ion  of p r o b l e m s  for  bubbly liquids with al lowance for  the poss ib i l i ty  of the an-  
nihilation of bubbles must  incorpora te  sheets  o r  boundar ies  F (i2) s epara t ing  regions  of s ingle-  and two-phase  
flow. On these  sheets  F (12), which a re  aptly called condensation shocks,  i t  is n e c e s s a r y  to se t  up boundary con- 
ditions analogous to those on sheets  of discontinuity.  

We cons ider  the s ta ted conditions in a coordinate s y s t e m  wherein  the s h e e t  F (12) is at rest .  The two-phase  
s ta te  (with bubbles) of the medium ahead of this shock is  designated by the index 0, and the s ta te  of the medium 
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