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A theoretical-experimental approach to the diagnostics of nonsteady heat trans- 
fer using a scale model of an aircraft prepared by heat-flux sensors is pro- 
posed. 

Experimental modeling of actual conditions of hypersonic or hyperspeed flow around air- 
craft of complex spatial form in the presence of nonequilibrlum physicochemical reactions 
in a shock layer is a complex engineering problem. Investigation of aerothermodynamic pro- 
cesses with M = 20-25 and Re = l0 s is often combined with the construction of mathematical 
models in a shock-compressed, partially dissociated gas. However, experimental confirma- 
tion of the heat-flux distribution at the surface is required for the creation of function- 
al and efficient theoretical calculation schemes for the thermal interaction when a real 
gas flows around three-dimensional bodies, in conditions of strong influence of the physi- 
cochemic~l effects. Moreover, the experimental method must approximate real conditions, 
which are ~ characterized by considerable temperature, density, and concentration differences 
of the components of the dissociated gas over the thickness of the shock layer. Therefore, 
the solution of the general problem of analyzing aircraft thermal conditions is based on 
complex theoretical-experimental investigation of the spatial heat-transfer pattern at the 
surface of a body of complex geometric form. 

It has been established [i] that, if binary similarity is observed in flow around geo- 
metrically similar models, the occurrence of dissociation in the region of nonviscous flow 
behind a shock wave may be experimentally modeled in the shock layer, and thus the corre- 
sponding full-size profiles of the gas-dynamic and thermodynamic flow parameters may be 
simulated up to the region at the body surface where the influence of dissipative processes 
becomes significant. Flow around geometrically similar scale models is characterized here 
by large values of the heat fluxes to the surface, which to some extent imposes constraints 
on the time of the experiment. 

Experimental investigation of the heat transfer in the present work is undertaken on 
a model with an angle of incidence ~ = 30 ~ in a hyperspeed aerodynamic apparatus with mag- 
netohydrodynamic acceleration of the air flow [2, 3], allowing velocities of up to 7 km/sec 
in pulsed conditions with ~pul ~ 1 sec to be reproduced. 

A scale model made from VN-2 niobium alloy in the form of a triangular vane with blunt 
leading edges for the diagnostics of the heat-transfer parameters realized on the stand is 
prepared on the basis of a sensor apparatus constructed for methods of inverse heat-conduc- 
tion problems (IHP). The sensitive elements (SE) of the heat-flux sensors (HFS) are also 
made from niobium alloy, which permits reduction in temperature-field distortion at the 
surface of the model due to its assembly. In addition, this alloy is distinguished not 
only by high thermal stability but also by a practically temperature-lndependent thermal 
diffusivity a = X/pC (m2/sec). This property allows linear formulations of IHP to be con- 
sidered; these problems may be solved by means of sufficiently simple and workable algo- 
rithms. 

In the general case, linear IHP are reduced to the solution of a system of algebraic 
equations [4, 5] for each diagnostic point of the model where the corresponding HFS is 
placed. In the investigation, the temperature is measured at two widely spaced points over 
the length of the HFS SE using Chromel-Alumel (C-A) thermocouples. The coefficients of the 
matrix of the system are determined by the geometric and thermophysical parameters of the 
mathematical model of heat conduction for the sensor SE in the specified formulation with 
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known boundary and initial conditions. Since the parameters characterizing the HFS remain 
constant in the course of the thermal tests, the coefficient matrices for a single discreti- 
zation of the measurement process Ax will also be changed. This creates the possibility, 
in principle, of automatic analysis of the experimental data using a computer in a time 
scale that is close to real [6]. 

The algorithms in the present work are based on the solution of the boundary inverse 
problem for the heat-conduction model consisting of a "wall of constant thickness." The 
mathematical formulation is as follows: 

_ o r  (x, "~) 02T  (X, "t) 
= a , xE(0, b), ~E(0, T,~]. (1) 

O~ Ox 2 

For the specified initial conditions 

T(x, 0)=-7"o, xEIO, b] (2) 

and the experimental temperature information at points x I and x 2 

T(xl, "Q . . . . .  [,(+), .~q6[0, x2), "~E(0, "rm], (3) 
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i t  i s  r e q u i r e d  to  d e t e r m i n e  t h e  h e a t - f l u x  d e n s i t y  a t  t h e  boundary  x = 0 

q (~) z aT (0, ~) := - , ~ E  (o, , , ,1 .  (4) 
Ox 

Using the Duhamel principle, this problem reduces to the solution of an integral equa- 
tion of the form [7, 8] 

~m o~,(x,,  ~ - ~ )  d~ .... / , (~)+!  f~(~)  ~ ( 5 )  i' q (T) . . ~-' O ~  (x~ - -  x , ,  ~ - -  ~) d~, 
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where %l(X, ~) is the temperature reaction at point x I per unit action at the boundary x = 
0; %2(x, ~) is the temperature reaction of the body at the point x I per unit action at the 
boundary x = x 2. 

With the aim of taking account of the dependence of the thermal conductivity on the 
temperature X(T), within the limits of the linear IHP formulation after Kirchhoff transfor- 
mation, the model temperature 8(~) is introduced, with the following definition [4] 

1 l f'(*) 
O,(~)=:-w- ( ~ ( T ) d T ,  02(~)-- j' A(T)dT. (6) 

~o ~ T o o  
As a r e s u l t  o f  s t e p  a p p r o x i m a t i o n  w i t h  a c o n s t a n t  i n t e g r a t i o n  s t e p  g x ,  Eq. (5) t a k e s  t h e  
form 

~ -  qnA~l . ln=- (g , ,  n = 1, 2 . . . . .  m, (7)  
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where 
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~-),, = ~ l n +  ~__~..,Ae.,,,; 'L -- 
i = i  

q~ + q.+l 
, AT = S - - - ~ m  ; 
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" - ' ~ j . i n  = ' ~  ( X j ,  T n - -  Ti) - -  A'(~ ( X j ,  T m - -  T i _ I )  ; ( '~j ,n = 6)J. , t  -4- 6 ) J . n + l  2 .... , j = l ,  2, 

or in matrix form 

A~q = 6). 
( 8 )  

The matrix A b is triangular, with diagonal equality of the elements, The coefficients of 
the matrix A%in are determined by the following dependences: for small times (n - p)A Fo < 
0.4 

2xo u, { [ 2 k + x ~ / x ~ ]  [ 2(k+ 1)_x,/x.~ ]/,, ~ 
bO,. i~=- ' - ff-  VAFo(n--  p) ~" (-- 1) k i~* - -  --  i(l)* , 

k='~o 2 ~ AFo(r~--p) 2 V~AFo (n - -  P) p=i-1 

(9) 
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Fig. i. ~ Derived values of heat-flux den- 
sity q(~) (W/m 2) at the diagnostic points 
in differentcross,sections of~the model: 
a) at points i, 2, 3, 9; b) at points 6, 
7, 8, i0; c) at:points 3, 4; d) at points 
9, i0, ii. 

for large (n - p)AFo ,> 0.4 

---:-" - exp sin (~,~) ( 10 ) 
~. "~ ~ 4 =._ h = l  p t I '  

where Pk =:~(2k + i); ~ = (1/2)(1 -xl/x2) ; AFo =aa~/X22. 

The,:coefficients h%2,in are defined as follows: for =small times 

"" ' [ 2k - -xdx . ,  [ 2 (k- - l )+x , / . , -~  ]lip=, ' A~,h, - = ' ~  (-- 1) a+' !(l)* - ~- (I)* (11) 
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�9 vlarge, times 

ex [ ] ]1'=' :~ k ~ (2k--  I)2AFo (n.--p) x cos (2k--1)(1 - -x i /x : )  (12) 
h = l  " p=i--I 

To obtain a stable solution of Eq. (8), the Tikhonov regularization principle is used [9]. 

The regularized formulation of the problem reducesto.finding the vector q= giving a 
minimum of ,the functional 

n~ tt 

n = l  i ~ l  n 

The parameter a > 0 is,determined- from the condition of-a minimum of the discrepancy, of the 
form 

n~ tl 

n ~ l  t = 1  

and agrees,with theintegral.error of=thetemperaturemeasurements 
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Fig .  2. Scheme of  s e n s o r  p o s i t i o n s  
and s p a t i a l  d i s t r i b u t i o n  o f  h e a t  f l u x  
a t  windward s u r f a c e  o f  t h e  model :  r0 ,  
i n i t i a i  base  s u r f a c e ;  F1, s u r f a c e  of  
f l u x  d i s t r i b u t i o n  f o r  t ime  "r -- 2 .3  
sec. 
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Fig. 3. Comparison of heat fluxes derived by 
different methods: I) accuratesolution; 2) 
solution by the iterative regularization 
method [I0], 30 iterations; 3) [i0], i00 itera- 
tions; 4) [i0], 300 iterations; 5) solution by 
the method proposed here. 

After minimization with respect to q, Eq. (13) reduces to a system of linear algebraic equation s with 
a positive-definitive matrix. In operator form, the system of equations takes the form 

B . q  = D, (14) 

where B = AAT,A A + ~C; AAT is the transposed matrix; D = AAT.o + g. 

The matrix C is a finite-dimensional analog of the smoothing functional taking account, 
correspondingly, of the smoothness of the first or second derivative of the desired func- 
tion. The vector g is determined by the boundary conditions [9]. Solving Eq. (14) with 
the specified condition of smoothness of the desired solution and the chosen value of ~, 
some approximation q~ to the true function q(~) is obtained. 

The results of deriving the density of local heat fluxes at the diagnostic points in 
the tested model with analysis of the experimental data using the above algorithm are shown 
in Fig. i. 

Generalized data on the heat fluxes over the whole of the heated surface of the model 
allow the pattern of their spatial distribution to be illustrated for the specified time 
(Fig. 2). 

To estimate the effectiveness of use of the given algorithm in analyzing similar exper- 
mental investigations characterized by a high intensity with brief heating, the results ob- 
tained are compared with solutions by another algorithm. In particular, for a pulsed heat 
flux specified a priori (~pul = 0.5 sec, qmax = 1"5"106 W/m2) and temperature information 
calculated at some distance (x I = 1.5 mm, x 2 = 4 mm) from the heated surface, the heat flux 
value derived by the regularization method is compared with the solution obtained by the 
method of iterative regularization [I]. This analysis shows that the algorithm described 
here is highly effective. This is confirmed by the small value of the relative error (ema x = 
0.2%), in combination with the small amounts of machine time required (~i min). To obtain a 
similar accuracy by the iterative method requires more than 400 iterations and around l-h 
machine time, even on the high-speed EC-I061 computer. The results of comparing the heat- 
flux values are shown in Fig. 3. 

NOTATION 

M, Mach number; Re, Reynolds number; a , X, thermal diffusivity and thermal conductiv- 
ity; P, density; C, specific heat; T, temperature; xl, x2, coordinates; ~, time; ~m, dura- 
tion of process; b, thickness; fi(~), experimental temperature values; q(~), heat-flux den- 
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sity; O, model temperature; a, regularization parameter; 6L2, integral error: of' experimental 
temperature. Indices: : max, maximum value; pul, pulse. 
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HEAT CONDUCTION IN THE QUASISTEADY HEATING OF MATERIALS 

K. B. Isaev and Yu. B. Polezhaev UDC 536.2+536.2 .01 

In determining the thermal conductivity of ablative thermally protective materials 
(APM) by solving thz inverse (coefficient) problem of heat conduction (ICP): and calculating 
the temperature fields in thermally protective coatings based on suchmaterials, investiga- 
tors encounter several difficulties. The main difficulty relates to the indeterminateness 
of certain parameters and eharacteristlcs in the mathematical model of heat transfer for 
these materials under conditions of intensive unidirectional heating. Foremost among these 
parameters and characteristics are the temperature dependences of the density and volumetric 
specific heat of the given material at high temperatures and the parameters of decomposition 
of the binder of the APM. 

Here, we use the example of th~ quasisteady regime of heating of APM (steady-state 
ablation) to analyze the effect of these factors on the thermal conductivity and tempera- 
ture field of the APM. 

With allowance for the heat: sinks, we will represent the solution of the direct heat 
conduction problem (DCP) for quasisteady heating of an:APM presented in [I] in the form 

1 ~r tz ~, (T) dT 
x - - , V  .~ r r 00= r r 0,o (i) .[  r/dr- A , ,  .[ dr - -  c, i .I dTdT 

OT OT r, T. r, r, 

In the heating regime being considered here, the capacity of the internal heat sinks has 
the form 
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