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A new method of thermal  test ing and process ing  the resul t ing data is developed on the basis 
of Tikhonov's  regular izat ion method. Nonsteady heat t r ans f e r  is investigated on an elongated 
model. 

A new method of t reat ing the resul ts  of thermal  tes ts  in an aerodynamic  tube has been developed r e -  
cently [2, 3] based on A. N. Tikhonov's  regular izat ion technique for  the solution of inverse  heat-conduction 
problems.  This method can be used for  hea t - t r ans fe r  investigations in significantly nonsteady conditions and 
hence, in contras t  to existing the rmal - t es t ing  methods using regular  heating conditions, it is unnecessary  to 
wait some t ime af ter  tube s tar tup so as to ensure  that the model is introduced into steady flow. The model 
may be introduced into the working part  of the tube ea r l i e r ,  and flow with a uniform field over  pract ical ly  the 
whole of the charac te r i s t i c  rhomb of the nozzle may be used. As a resul t ,  a comparat ively smal l  working 
par t  of the tube may provide a large value of Re, calculated over  the length of the model ,  corresponding to 
t ransient  and turbulent s tates of the boundary layer .  

In the present  work, hea t - t r ans fe r  experiments  were car r ied  out in a supersonic  (M = 5.0) aerodynamic 
tube with an ax i symmet r ic  nozzle of d iameter  0.29 m. The model (Fig. 1) was in the fo rm of a tapering hollow 
cylinder (length 1.15 m; d iameter  0.04 m; wall thickness 0.002 m) of 1Khl8N9T stainless  steel .  To allow heat-  
flux measurements  at two c ross  sections of the model (I, x = 0.3 m f rom the nozzle;  II,  x = 1 m f rom the 
nozzle) ,  Chromel--Alumel  thermocouples  of thickness 0.0002 m were welded to the inside of the model wall. 
The model was attached to a fixed mount in the tube. The tes ts  were carr ied  out for  unsteady conditions of 
tube operat ion,  associa ted with tube s tar tup and with t ransient  p rocesses  due to t empera tu re  variat ions of the 
incoming flow (between 300 and 500~ The p re s su re  in the tube antechamber  was held constant (Pea = 8. l0 s 
N/m 2) by means of an automatic choke. The gas- f low stagnation tempera ture  was recorded  using a t h e r m o -  
couple assembly  in the tube antechamber .  The thermal  inertia of the thermocouple  assembly  was determined 
experimental ly and taken into account in the analysis  of the tes t  resul ts  by an appropria te  cor rec t ion  in the 
t e s t - r e s u l t  p rocess ing  program.  

The tes t  resul ts  were p rocessed  by numer ica l  methods using an algori thm for  the solution of the one- 
dimensional l inear  inverse  heat-conduction problem.  In this case ,  the unsteady heat flux qff) at the surface 
of the model is determined by an integral  Vol te r ra  equation of the f i rs t  kind: 

h (T) = ~ q r K (T, ~) d~, 
0 

where f5  (T) is a known function of the initial delta. For  a plane plate with a heat- insulated inner  wall and 
constant initial t empera tu re ,  
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f8 ('0 = r ('0 - -  T (0), 

The function q(T) is found as an ex t remum of the regular iz ing functional 

= [ i  + 
0 0 0 

and is de termined by the wel l -es tabl ished sys t em of l inear  a lgebraic  equations [2] 

w h e r e  

m 

Z P t , k q k = [ t ,  I = 1 ,  2 . . . . .  m,  

pk,t~ = h ~ i A~ [Ki,kl z + r k --  1, k = m, 

m 

pk.k = h ~ Z.Ai [Ki,k] z -~- 2Cd, k~- 1, k------~m, 
i = k  

P~.~+l =~ h 4 ~ A i K i , k K i , k + l  - -  r k = 1, 2 . . . .  , r n - -  1, 
i = k + l  

m 

p t , k = h a ~ A i K i , k K i , r  k ~ 1 4 , . 2 ,  

p t . k =  pkJ,  l, k =  1, 2 . . . .  , m,  
m 

J~ " " h 3 " ~  AiKz . t  Ti ,  l .... 1, 2 . . . . .  m. 

The regular iz ing  p a r a m e t e r  a*  is chosen by matching the d iscrepancy with the e r r o r  of the initial data. 
When the information on the measurement  e r r o r  is inadequate, it is expedient to use the quas iopt imal-pa-  
r a m e t e r  method in conjunction with solution of the direct  problem on the basis of the observed heat flow, 
compar ing  the resu l t s  with exper imental  data. 

To solve this problem on a. BI~SM-6 computer ,  a p rog ram was written in FORTRAN with graphical  
display of the resu l t s .  Cubic curves  were used in interpolating the resu l t s .  

The purpose of the tes ts  was twofold. F i r s t ,  it was neces sa ry  to establish the effect iveness of the 
new the rmal - t e s t ing  method in the more  complicated conditions of nonsteady heating of the model and, 
second, it was required to investigate t rans ient  conditiOns of aerodynamic- tube  operation in t e rms  of the 
pa r ame te r s  charac te r iz ing  heat t r ans fe r .  Trans ient  conditions a re  of in teres t  not only for their  own sake 
but a lso because  they may be associa ted with the nonreproducibil i ty of exper imental  hea t - t r ans fe r  data ob- 
tained by the regula r -hea t ing  method in this tube, which has yet  to be sa t is factor i ly  explained. The cha rac -  
te r i s t ic  feature  of this aerodynamic  tube is that the a i r  is heated before it reaches  the antechamber  by 
means of fuel combustion in the a i r  flow and, depending on the chosen conditions of preheat ing,  evidently, 
different  degrees  of turbulence may appear  in the flow at the nozzle output. There fore ,  two very  different 
t rans ient  conditions were invest igated.  The tes ts  were ca r r i ed  out for  fast  and smooth transi t ions to steady 
tube operat ing conditions in t e r m s  of the stagnation tempera ture ;  the p r e s s u r e  in the antechamber  and the 
volume output f rom the nozzle were held constant in all cases .  

The tes t  resu l t s  a re  shown in Figs .  2-4,  in the fo rm of curves  of the var ia t ion with t ime in the s tag-  
nation t empera tu re  in the an techamber  T0(T ) , the t empera tu re  of the internal  model wall T (r), the heat-flux 
density q(T) determined by numer ica l  solution of the inverse  heat-conduction problem,  and the hea t - t r ans fe r  
coefficient 

q (~) 
To 0:) - -  Tw (x) 
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Fig. 1. Diagram of model.  

Fig. 2. Stagnation t empera tu re  vs t ime;  1, 2) different tube-s tar tup  conditions. 
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Fig.  3. Tempera tu re  of i n te rna l  model  wa l l  vs time-" the f i r s t  
f igure  corresponds to the st~rtup condit ions and the second gives 
the cross sect ion. 

The surface  t empera tu re  Tw(T ) iS found f rom tile solution of the direct  problem in t e rms  of the recovery  
of the nonsteady t empera tu re  field of the plate. 

The number  Re x calculated f rom the stagnant-f low pa rame te r s  is 4.106 and 1.3.107 for the two test  
c ross  sections of the model,  i . e . ,  cor responds  in the f i rs t  case to a laminar  and in the second to a t u r -  
bulent boundary layer .  The theore t ica l  values of the hea t - t r ans fe r  coefficient given by the formulas  r e c -  
ommended in [41 for  these values of Re x are  C~ll = 11.3 and a2T = 60.6 W/m 2. ~ respect ively .  As is 
evident f rom Fig. 4, because of its g rea t  length, the model supports  both laminar  and turbulent boundary 
l aye r s .  The steady experimental  values of the hea t - t r ans fe r  coefficients are  in good agreement  with the 
theore t ica l  values.  The repreductibi l i ty  of the experimental  resul ts  in steady hea t - t r ans fe r  conditions is 
~5%. 

It is  evident f rom Figs.  2-4 that the hea t - t r ans fe r  coefficient changes considerably during the t r a n -  
sient phase of tube operation. In the f i rs t  seconds of the experiment  ~ is very large;  it then rapidly de-  
c reases  and tends to a constant value af ter  approximately 2-5 sec for  the fast  t ransient  conditions and about 
13-15 sec for  the smooth t rans ient  conditions. The ext remely  intense heat t r ans fe r  in the f i r s t  few seconds 
of the experiment  remains  to be explained. It may be associa ted with the combustion of fuel that accumu-  
lates inthe flow part  of the tube before it ignites,  because of ignition lag; this is often observed when the  
preheating is maintained at low t empera tu r e s ,  i . e . ,  when the flow rate is small  and hence the fuel d i spe r -  
sion is poor.  These are  prec ise ly  the conditions that a r i se  in the case of the smooth t ransient  conditions. 
Note that~ af ter  stable f lame-combust ion  conditions a re  reached in the p rehea te r ,  fur ther  regulation of 
the flame t empera tu re  is not accompanied by any marked deviation of the hea t - t r ans fe r  coefficient f rom 
the s teady value. 

Thus the experimental  resul ts  show that the new method of thermal  test ing,  using numerical  
t rea tment  of the experimental  r e su l t s ,  not only extends the exper imental  uses of existing aerodynamic 
tubes but a lso provides the basis for  a new approach to the improvement  of thermal - tes t ing  quality 
and accuracy .  
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Fig.  4. Heat- f lux densi ty (a) and h e a t - t r a n s f e r  coefficient  (b) 
v s  t i m e :  the  f i r s t  f igure  eor respond~ to the s ta r tup  condi-  
t ions and the second gives the c r o s s  sect ion.  

N O T A T I O N  

M, Mach number ;  Re,  Reynolds number ;  P0, s tagnation p r e s s u r e ;  To, s tagnation t e m p e r a t u r e ;  Tw, 
t e m p e r a t u r e  of ex te rna l  model  su r face ;  T ,  t e m p e r a t u r e  of in te rna l  model  su r face ;  q, unknown heat flux; 7, 
t ime;  r m ,  t ime  of p r o c e s s ;  a * ,  r egu la r i za t ion  p a r a m e t e r ;  a ,  t h e r m a l  diffusivity;  k, t h e r m a l  conductivity; 
a ,  h e a t - t r a n s f e r  coefficient;  R,  th ickness  of model  wal l .  
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A one-d imens iona l  conjugate model  is p roposed  fo r  the nousteady flow of chemica l ly  reac t ing  
ni t rogen te t roxide  in a s t e a m - g e n e r a t i n g  channel and the boundar ies  of hydrodynamic  s tabi l i ty  
a r e  inves t iga ted .  

1 .  M a t h e m a t i c a l  M o d e l  

The conjugate nonsteady p rob lem of a flow of chemica l ly  reac t ing  heat c a r r i e r  - -  n i t rogen te t roxlde  
(N204) --  in a s t e a m - g e n e r a t i n g  channel is inves t iga ted .  In formulat ing the ma thema t i ca l  model  of the two-  
phase  flow, the s t e am -gene ra t i ng  channel is cons idered  as a s y s t e m  with d is t r ibuted  p a r a m e t e r s ,  using in-  
t e g r a l  c h a r a c t e r i s t i c s  such as the h e a t - t r a n s f e r ,  s l ip ,  and f r ic t ion coeff ic ients ,  the mean  flow vapor  content 
taken over  the channel c r o s s  sec t ion ,  and the m e a n - m a s s  flow r a t e .  The s y s t e m  of one-d imens iona l  non- 
s teady equations descr ib ing  the behavior  of the induced N204 flow is  complemented  by the nonsteady hea t - con -  
duction equation fo r  the channel wall.  

F o r  a m o r e  comple te  descr ip t ion  of the induced two-phase  flow in the channel ,  the channel is  divided 
into f ive reg ions  di f fer ing in conditions of mot ion,  h e a t - t r a n s f e r  m e c h a n i s m s ,  and the balance of d issoc ia t ion  
in the s y s t e m  N204 ~ 2NO 2 ~ 2NO + O 2 . 
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