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Experiments  ca r r i ed  out to study the t rans ient  thermal  effects in the initial stage of the heat-  
ing of a solid in a hot a i r  flow are  descr ibed .  Pre l iminary  resu l t s  of an analysis  and g e n e r -  
al izat ion of the experimental  data a re  repor ted .  

It has been noted in many studies (see, e .g . ,  [1-9]) that the heat fluxes under unsteady hea t - t r ans fe r  
conditions can be quite different f rom their  s teady-s ta te  counterpar t s .  For  this reason,  in theory  for 
t rans ien t  the rmal  conditions it is neces sa ry  to solve the problem of heat and mass  t r ans fe r  in a boundary 
layer ,  which is related to the problem of heat t r ans fe r  in the solid [1, 2]. For  severa l  complicated p r o c -  
esses  involving a the rmal  in teract ion between a solid and a hot gas flowing around it, the solution of such 
re la ted  problems is at present  quite difficult, f rom both the theore t ica l  and the computational standpoints.  
Under these  conditions, experiments  consti tute our basic  tool. It should be noted that in this case  the r e -  
quirements  on the formulat ion and execution of the experiments ,  on the one hand, and on the analysis  and 
in terpre ta t ion  of the experimental  data, on the other,  a re  unusually s t r ingent .  

In the present  paper we repor t  p re l iminary  resul ts  of experiments  ca r r i ed  out in a p lasma sys t em 
to study the t rans ient  thermal  nature of the events in the initial s tage of the heating of a solid object in a 
hot a i r  flow. The e l e c t r i c - a r c  heater  used to heat the a i r  has the cen t ra l - e l ec t rode  geomet ry .  The a r c  
is stabil ized by means of a magnet coil. The operating conditions cor respond  to an a rc  voltage of U = 200 
V and a cur ren t  of I = 700 A. The a i r  flow ra te  through the nozzle is m ~- 0.3 -10 -2 kg/see ,  and the d iam-  
e te r  of the exit c ross  section of the nozzle is de = 0.012 m. 

Special probes with heated sensi t ive elements made f rom vacuum copper (TsMTU 3205-52) were  
tes ted  (Fig. 1). The total impurity level in this mater ia l  did not exceed 0.01%, so we can assume that the 
the rma l  cha rac te r i s t i c s  of the sensi t ive elements a re  known highly accura te ly  [10]. The probe cons t ruc -  
t ion permit ted a one-dimensional  t empera tu re  field in the body of the element over  the tes t  t ime.  The 
thickness  of the sensi t ive elements  was var ied {b = 0.002 and 0.05 m) to achieve a cer ta in  var ia t ion in the 
ra te  of change in the t empera tu re  in the heated surface .  

The t empera tu re  at a given point in the inter ior  of the element was measured  with Chrome l - -  Copel 
thermocouptes  with electrode d iameters  of 0.5 "10-4-0.1 �9 10 -3 m. These thermocouples  were  contact-  
welded to the body of the element.  Up to six thermocouples  were welded in place in each pickup; these 
thermocouples  were spaced uniformly along a c i rc le  in a given cross  sect ion of the element or over the 
entire internal  end surface .  Fo r  the element with b = 0.05 m, the thermocouples  were  placed near the 
heated surface  (0.002-0.003 m), so that the increase  in the t empera tu re  at these points occur red  at essen-  
t ial ly the same  t ime as the beginning of the interact ion between the plasma s t r e a m  and the object. The 
t ime over which a given probe could be tested was limited to the t ime in which the melting point of the 
sensi t ive element ~-as reached;  this t ime was usually 0.3-0.8 sec .  

The t empera tu re  of the internal  end surface  of the elements with a thickness of b = 0.05 m did not 
change during the test  t ime, so that this element can be thought of as corresponding to a model of an in- 
finite object. 
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Fig. 1 
Fig. 1. Probe .  a) b = 0 . 0 0 2 m ;  b) b = 0 . 0 5 m .  

Fig.  2 
1) The rmocoup le  junc- 

tion; 2) sens i t ive  e lement ;  3) cover  {type M2 copper) ;  4) inse r t ;  5) nut; 
6) p lug- in  connector .  

Fig.  2. Exper imen ta l  cu rves  of the change in the heat  flux q (kW/m 2) to 
the sens i t ive  e lement  of the  probe  over  t i m e  r (sec). a) b = 0.05 m; b) 
b = 0.002 m.  1) h = 0.005 m f r o m  the end of the p l a s m a t r o n  nozzle;  2) 
hea t - f lux  function for  ~ < ~ i .  

The in te rac t ion  between the probe  and the hot gas  began when a p ro tec t ive  shut te r  was opened or 
when the probe  was inse r t ed  into the p l a s m a  s t r e a m  a f t e r  the appara tus  had r eached  a s teady s ta te .  The 
s ignals  f r o m  the the rmocouples  of the sens i t ive  e lements  were  r eco rded  on an N-010 loop osci l lograph.  
F r o m  these  o sc i l l og rams  we obtained the m e a s u r e d  t e m p e r a t u r e s  for  each the rmocoup le .  Then we c a r -  
r i ed  out a s t a t i s t i ca l  ana lys i s  [11] of t hese  data on the bas i s  of the fami l i es  of t e m p e r a t u r e  curves  and on 
the bas i s  of the individual cu rves ;  in the cou r se  of this  ana lys i s  we found e s t ima te s  of the expected values 
and d i spe r s ions  for  var ious  t i m e s .  The r e su l t s  of th is  s t a t i s t i ca l  ana lys i s  consti tuted the init ial  data for  
the  cons t ruc t ion  of the uns teady boundary condit ions.  

To  check the suggest ion that  a t r ans i en t  zone exis ts  during the init ial  s tage  of the heating, we con-  
s ide r  a quali tat ive,  somewhat  ideal ized p ic ture  of unsteady heat exchange for  the cases  of a t he rma l ly  
thick e lement  (b = 0.05 m) and a thin plate {b = 0.002 m). 

The exper imenta l  conditions cor responded  approx ima te ly  to a s tep change in the gas t e m p e r a t u r e  
ahead of the object at  the beginning (r 0) of the in te rac t ion  of the hot gas with the sol id.  At this t ime ,  a 
t h e r m a l  boundary fo rmed  at  the object ,  and the th ickness  of this boundary layer  inc reased .  T h e r e  is 
t h e r e f o r e  a bas i s  for  a s suming  that the heat  f luxes into the  object d e c r e a s e  at r > r 0, approaching s teady-  
s ta te  va lues .  It can be a s s u m e d  that ,  under  ident ical  heat ing conditions for  both objects in the init ial  
s tage ,  up to  t i m e  T = The, the t e m p e r a t u r e  fields in the objects  a r e  ident ical .  The  boundary of this s tage,  
�9 he, is governed by the sca l e  t i m e  for  the heating of the thin pla te ,  i . e . ,  by the t i m e  at  which the t e m p e r a -  
tu re  at the r e a r  su r face  of the plate  (which we a s s u m e  to  be  t h e r m a l l y  insulated) begins to  r i s e  above i ts  
ini t ial  value.  It can be a s s u m e d  that  be fo re  this  t i m e  the heat fluxes into these  objects  a r e  equal at  any 
g iven t ime .  Af ter  r = the ,  however ,  the t e m p e r a t u r e  dis t r ibut ions in these  objects  and the t e m p e r a t u r e  
gradients  near  the heated su r face  begin to be different ,  s ince the t e m p e r a t u r e  equalizat ion in the plate  
occurs  more  rapidly  than in the th icker  object .  The t e m p e r a t u r e  prof i les  in the thin plate at a g iven in-  
stant  tu rn  out to be "ful ler"  than in th icker  e l emen t s .  If we adopt this physica l  model,  we can conclude 
that  the r a t e  of change of the heat fluxes into the thin pla te  is l a r g e r  than for  the t h i cke r  object .  

Analys is  of the expe r imen ta l  data conf i rms  this  a s sumpt ion  (Fig. 2). As the a lgor i thms  for  ana lyz-  
ing the expe r imen ta l  data we used  r egu l a r i zed  s chemes  for  solving the i nve r se  boundary-va lue  hea t -con-  
duction p rob l ems  [12, 13], which a r e  not r e s t r i c t e d  by  a condition on the s i ze  of the calculat ion s tep.  The 

832 



q 

2 
3 

o ~ .r 

Fig.  3. Solution of a model  p rob lem;  
he re  q is in k W / m  2 and T is in sec .  
1) Given function q(r); 2) r econ-  
s t ruc t ed  function q(r) with an e r r o r  
level  of 5 = 10% in the input data;  3) 
case  of exact  spec i f ica t ion  of the in-  
put data (6 = 0). 

calculations were accordingly carried out with small steps 

(AFo = 0.06), in order to distinguish possible changes in the 

heat fluxes into the object in the initial stage of the heating of 

the sensitive elements. 

Analysts of these results shows that all the time depen- 
dences of the heat fluxes into the sensitive element b - 0.05 m 
thick are decreasing functions, up to a certain time, As an 
example, Fig. 2a shows a typical curve of the change in the 
heat flux for the case in which the probe lies h = 0~ and 
0.01 m from the end of the plasmatron nozzle. We note that 
at small distances from the exit of the nozzle (n = 0.005-0.01 
m) the time derivative of the heat flux, dq/dr, at the begin- 
ning of the test of the probe is on the order of I05 kW/(m 2. 

sec). The transient effect has essentially disappeared by 
T i --~ 0.I see. 

For the probes with sensitive elements b = 0.002 m thick, 
we cannot find dq/dr and r i quantitatively, because of the very 
intense and brief transient processes. At very small values 

of the r egu la r i za t i on  p a r a m e t e r  a ( smal le r  than the values co r respond ing  to the d i s c r e p a n c y  pr inciple  
[13-15]), however ,  in which case  the r e s u l t s  a r e  osc i l la tory  because  of the i n c o r r e c t  fo rmula t ion  of the 
boundary -va lue  p rob l em s  (Fig. 2b), t h e r e  is an abrupt  d e c r e a s e  in the heat  flux at  the v e r y  beginning of 
the p r o c e s s  (up to  r < 0.01 sec) .  Because  of the ins t rumenta l  e r r o r s  involved in the m e a s u r e m e n t ,  de tec -  
t ion, and decipher ing  of the t e m p e r a t u r e  cu rves ,  it was not poss ib le  to  find any accu ra t e  value for  the t e m -  
p e r a t u r e  change during this  t ime  in te rva l .  

Since the t h e r m a l  p r o c e s s e s  studied h e r e  change ve ry  rapidly  and a r e  v e r y  br ief ,  and s ince the re  
a r e  e r r o r s  in the input in format ion  used in solving the inve r se  hea t -conduc t ion  p rob lem,  we a r e  confronted 
with the quest ion of the re l iab i l i ty  of the r e s u l t s .  To answer  this quest ion are solved the following model  
p rob l em.  The heat  flux into the object is speci f ied  to  be 

q(T)=0"8"105-~ , . ~  k! ( k + 2 )  ( t 0 * V z  I)~k'105" (1) 
k ~  

The  nature  of this curve  " s imula t e s"  to  s o m e  extent the q(r) dependences obtained through the ana lys i s  of 
the expe r imen ta l  data .  The calcula t ions  involved in this s imula t ion  included the solut ion of the d i rec t  hea t -  
conduction p r o b l e m  with boundary condition (1), the "per turba t ion"  of the t e m p e r a t u r e  cu rves  obtained 
f r o m  the d i rec t  p rob l em  with the help of p s e u d o r a n d o m - n u m b e r  g e n e r a t o r s  [16] at  an  e r r o r  level  (5 = 10% 
T m a  x) above the es t imated  expe r imen ta l  e r r o r ,  and, finally, solution of the i nve r se  hea t -conduct ion  p rob-  
l e m  on the bas i s  of these  pe r tu rbed  data .  The r e su l t s  (Fig, 3) show that  the a lgor i thms  used for  cons t ruc -  
t ing the boundary conditions a r e  quite a c c u r a t e .  

It can t h e r e f o r e  be a s s um ed  that  the hea t - f lux  behavior  found through the ana lys i s  of the expe r imen ta l  
data  is quite r e l i ab le .  

N O T A T I O N  

b, th ickness  of the sens i t ive  e lement  of the probe ,  m; r 0' t i m e  at  which the t es t  of the probe  begins,  
sec ;  The , t i m e  over  which the plate  b = 0.002 m thick is heated,  sec ;  r i ,  zone of the ini t ial  t r ans i en t  be-  
hav io r ,  sec ;  AFo, i nc remen t  in the F ou r i e r  number ;  h, d is tance  of sens i t ive  e lement  of p robe  f r o m  end 
of the p l a s m a t r o n  nozzle,  m; ~ i ,  r egu l a r i za t i on  p a r a m e t e r  cor responding  to the d i sc repancy  pr inciple ;  
q, heat  flux into the object,  kW/m2; Tmax ,  m a x i m u m  value of the t e m p e r a t u r e  curve  under  d iscuss ion ,  
deg; 5, e r r o r  level  of the input data,  as a pe rcen tage  of Tmax .  
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