
3. P. D. Van Buren and R. Viskanta, "Interferometric measurement of heat transfer during 
melting from a vertical surface," Int. J. Heat Mass Transfer, 23, 568-571 (1980). 

4. Sparrow and Broadbent, "The melting process in a vertical tube, allowing expansion of 
the medium with phase changes," Teploperedacha, No. 2, 85-92 (1982). 

5. Sparrow, Patankar, and Ramal'yani, "Analysis of melting with natural convection in the 
melt," Teploperedacha, No. 4, 15-22 (1977). 

6. V. V.Galaktionov and A. P. Ezerskii, "Analysis of the melting process, accounting for 
free convection," Dep. VINITI, No. 5906-82. 

7. H. Rieger, U. Projahn, and H. Beer, "Analysis of the heat transport mechanism during 
melting around a horizontal circular cylinder," Int. J. Heat Mass Transfer, 25, 137-147 
(1982). 

8. C.-J. Ho and R. Viskanta, "Heat transfer during melting in a horizontal tube," Int. J. 
Heat Mass Transfer, 27, 705-716 (1984). 

9. C.-J. Ho and R. Viskanta, "Heat transfer-during melting from an isothermal vertical 
wall," J. Heat Transfer, 106, 12-19 (1984). 

i0. A. P. Ezerskii, "Method of solving the problem of convection and heat transfer in re- 
gions whose boundary shape varies with time," Inzh.-Fiz. Zh., 4_88, Issue No. 5, 765-771 
(1985). 

ii. Sparrow, Lee, and Shamsudar, "Convective instability in a melting layer heated from be- 
low," Teploperedacha, No. i, 94-102 (1976). 

12. A. V. Lykov, Theory of Heat Conduction [in Russian], Vysshaya Shkola, Moscow (1967). 
13. Sparrow, Ramad'yani, and Patankar, "The influence of supercooling of a solid medium on 

its melting in a cylindrical layer," Teploperedacha, Issue No. 3, 10-17 (1978). 
14. S. Patankar, Numerical Methods of Solving Problems of Heat Transfer and Dynamics of a 

Liquid [in Russian], Energoizdat, Moscow (1984). 

DETERMINATION OF THE HEAT FLUX ON THE SURFACE OF COMPOSITE MATERIALS 

UPON INTERACTION WITH HIGH-ENTHALPY GAS STREAM 

V. E. Abaltusov, S. F. Bachurina, G. Ya. Mamontov, 
G. A. Surkov, and A. S. Yakimov 

UDC 536.245.022 

The article deals with the determination of heat fluxes on the surfaces of 
composite materials upon interaction with a gas stream of high enthalpy. 

For the calculation of processes of heat and mass exchange occurring upon interaction of 
composite heat insulating materials with a gas stream, and for the evaluation of the efficiency 
of the material it is indispensable to know the boundary conditions on the surface, in particu- 
lar the specific heat flux [i, 2]. It is difficult, and in many cases altogether impossible, 
to measure it directly because of the physicochemical transformations occurring on the surface 
of and inside the material. The problem of finding specific heat fluxes usually reduces to the 
solution of the inverse problem for the equation of nonsteady heat conduction on the basis of 
experimentally measured temperature fields in the material. 

The present work involves the determination of the heat fluxes on the interface of the 
media by different methods on the basis of the experimental data in measurements of the surface 
temperature and of the temperature field within the bulk of the specimen of composite material. 

The experiments were carried out in jets of air plasma of an electric-arc plasmatron ~DP- 
104A and a vortex plasmochemical reactor (PCR) with the following parameters of the stream: 
enthalpy of the gas H0 = 2-10 MJ/kg; Reynolds numbers Re = (0.5-5).103 , Ma ~ 0.3. The gas 
temperature in the jet was determined by the method of relative intensities with a spectro- 
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Fig. i. Dependences of temperature on time at the points: 
i) R = 0; 2) R l = 1.10 -3 m; 3) R 2 = 2.10 -3 m; 4) R 3 = 3.10 -3 
m; a) H 0 = 3.2 MJ/kg; b) H 0 = 6.2 MJ/kg; solid curves, ex- 
periment; dashed curves, calculation by the method (i)-(i0). 

graph ISP-30 [3], and also by a method presented in [4]. The method and results of diagnos- 
tics of a jet of air plasma are presented in more detail in [3, 5]. 

The heat insulating composite materials that were used were glass fiber reinforced plast- 
ics on the basis of epoxy binder [6]. For measuring the temperature field inside the glass 
fiber reinforced plastic and on its surface, four Chromel-Alumel microthermocouples with 5.10 -~ 
m diameter were pressed preliminarily into the specimens at the time of the heat treatment; 
they were placed 10 -3 m from each other (the first one on the surface). The signals from the 
thermocouples and from the photoelectric pyrometer [7] were recorded by an oscillograph N-If5. 
The results of measurements of the temperature in dependence on time at different points 
across the thickness of the specimens are presented in Fig. i. 

A number of ways are used for calculating heat exchange on the surface of composite 
materials failing under thermal effects. 

i. On the basis of mathematical models [i, 2, 8, 9] a new model of the process of heat 
and mass exchange in composite polymer materials (CPM) is suggested. Assume that the de- 
struction in the CPM is due to the irreversible homogeneous chemical reaction of decomposi- 
tion of the binder Ar + Agas, then the mathematical formulation of the problem is as follows: 

@1 --B91,o P~= -Z P, exp - -  , 01 > O t, ( 1 )  
= �9 ~ 1 , 0  

dt O, p ~ ,  

0';92 0 @1 K OP 
- - -  q- . (p:?v) = - - ,  v --  , ( 2 )  

Ot Ox dt ~ Ox 

OT ~ OT 0 [~  O T )  dpa 

g y , & Ox - Q d---U' ( 3 )  

p = _ _  o~RT R = K* ~-----J-~ = - -  
M2 (1--~') 2 g (I y) PrCp (r), (4)  

~ , - 'V 'T ,  y : l - -  P__&.x, X=%(T),  
PT ( 5 )  

Tl t=o=To,  PJlt=o=P~,o, y = l ,  2, ( 6 )  

Tl~=o = T~(t), ( 7 )  

__ ~ 07" I = 0r (T I~=z - -  To), 
Ox x=L ( 8 )  

P [x=o = Po, 
( 9 )  

v I~=o :: O, (10)  
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where X(T), Cp(T) are known as functions of the temperature and PT, generally speaking, is 
found experimentally. 

Expressions (1)-(3)are equations of conservation of mass of the polymer binder and of 
the gaseous product of the pyrolysis reaction, the law of conservation of kinetic energy 
(d'Arcy's law) and of the energy of the biphase reacting medium, respectively. The first 
equation (4) is the thermal equation of state of the gaseous filtration products, and the value 
of permeability K was determined by the Kozeni-Karman formula [2]. 

It is assumed that the temperature Tw(t) in (7) on the heated surface of the heat insulat- 
ing material (HIM) is known from experiments. Relations (8)-(10) are the boundary conditions 
of the initial system of equations. 

The system of equations (1)-(4) with the boundary conditions (6)-(10) was solved by the 
iteration-interpolation method [2]. The heat flux into the condensed phase (the K-phase) 
was found with an accuracy 0(z + h 2) by the formula 

(ii) 

f = Cp,P2'/r R : Q  alP1 
dt 

To check the calculation program, test calculations were run. From the surface temperature 
known from experiments, the heat flux on a copper plate with thickness LM = I0 -3 m (Cp m = 376 
J/kg "~ Pm = 8950 kg/m 3, XM = 386 W/m-~ was restored by the formula 

dT 
q~, : C ~ p  ,aL~ ~ - - ,  (12)  

dt 

where  d T / d t  i s  known f rom e x p e r i m e n t s  and n u m e r i c a l l y  found  by f o r m u l a  ( 1 1 ) .  The e r r o r  o f  t h e  
r e s u l t  w i t h  0 < t =< 1 does  n o t  exceed  0.1%. In  a d d i t i o n ,  w i t h  o t h e r  i n p u t  d a t a  be ing  e q u a l ,  
we c a r r i e d  ou t  t h e  c a l c u l a t i o n  f o r  d i f f e r e n t  s p a t i a l  s t e p s  h = 2 .10  -4 m and h = 4..10 -4 .  The 
d i f f e r e n c e  in  maximum h e a t  f l u x  i n  t h e  K-phase  ( t  = 1 s e c )  and in  t e m p e r a t u r e  a t  a d e p t h  o f  
2 .10  -3 m ( t  = 9 s e e )  i s  l e s s  t h a n  5 and 0.2%, r e s p e c t i v e l y .  

For  t h e  t h e r m o p h y s i c a l  and t h e r m o k i n e t i c  p a r a m e t e r s  o f  HIM we used  d a t a  o f  [8 ,  10 ] .  

2. As m a t h e m a t i c a l  model  o f  t h e  c a l c u l a t i o n  o f  t h e  h e a t  f l u x  a c c o r d i n g  t o  d a t a  o f  tem- 
p e r a t u r e  measurement  in  t h e  bu lk  o f  t h e  spec imen  we used  t h e  n o n l i n e a r  e q u a t i o n  o f  h e a t  con-  
d u c t i o n  

OT 0 I2(T)  O_~T ]_~_ F, (13) 
9 (T) C O (T) 0"-7- ---- Ox ox j 

where F = F(T, 8T/Sx). If the dependence of p, Cp, I on the temperature is represented in 
the form X(T) = X 0 + ~(T), p(T)Cp(T) = p0CP0 + ~(T), where ~(T) and ~(T) are continuous func- 
tionswith continuous derivatives with respect to x from the first to the i-th derivative, in- 
clusively, then Eq. (13) can be represented in the form 

OT O~T 
9oCpo - ~  -- ~.o Ox 2 

o [r 
--:: Ox -~x j-- 

OT 
~(T) Ot @ F., (14) 

If we represent the right-hand side of Eq. (14) in the form of the sum of a power series in 
the vicinity of an arbitrary point in the region of change of the space coordinate x, then 
in accordance with [ii], after i times differentiating Eq. (14) we obtain a differential equa- 
tion of heat conduction of (i + 2)-nd order 

~+~T J+~T 
az~O t -- ao O x ~  (15)  

To s o l v e  Eq. ( 1 5 ) ,  we must  have  i + 2 b o u n d a r y  c o n d i t i o n s  which  may be s p e c i f i e d  on t h e  bound-  
a r y  s u r f a c e s  o f  t h e  body as  w e l l  as  a t  p o i n t s  w i t h i n  i t .  T h e r e f o r e ,  w i t h  i >> 1 i t  may be a s -  
sumed t h a t  t h e  t e m p e r a t u r e  f i e l d  d e s c r i b e d  by Eq. (15)  p r a c t i c a l l y  c o i n c i d e s  w i t h  t h e  s o l u -  
t i o n  o f  Eq. ( 1 3 ) .  Surkov  e t  a l .  [11] showed t h a t  w i t h  an i n s i g n i f i c a n t  l o s s  o f  a c c u r a c y  
l i n e a r  e q u a t i o n s  o f  t h i r d  o r  f o u r t h  o r d e r  may be u s e d ,  and t h e i r  s o l u t i o n  does  n o t  pose  any 
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Fig. 2. Dependence of the heat flux on time: I) formula (II); 
2) formulas (18)-(19), R l = i.i0 -~ m, R 2 = 2.10 -3, R 3 = 3.10 -3 
m; 3) formulas (18)-(19), RI = 0, R 2 = i-I0 -3 m, R 3 = 2.10 -~ m; 
4) formula (20); a) H 0 = 3 MJ/kg; b) H 0 = 6.2 MJ/kg. 

difficulties. 
equations to be solved has the following form: 

a~O 030 
OxOt = ao ax--- f -  (R~ < x < R3, t 7> 0), 

Of t=o=0  ( R ~ < x < R ~ ) ,  ] 

o Ix=R, = m, (0 (t > o), [ 
( 

o I~=R, = ~ (t) (t > o), ] 

Therefore, when three thermocouples are inserted into the body, the system of 

(16) 

(i7) 

where 0(x, t) = T(x, t) - T O . 

The solution of this system by means of Laplace transformation [12] has the form 

T (x, t) -- To + % (t) + [ %  (t) - -  % (t)] (R3 - x ) ( x 1  - -  R1) _~ [(Pl (~) - -  (~3 (~)l ( x  - -  ,,,-F~I)(R 2 - -  x )  _~ [qo~ ([)  - -  q)s (t)]  x 
(R~ . -  R ~ ) ( R ~ - - R ~ )  (R3  - -  R2) (R~ - -  R I )  

( i s )  
X (R~ -- x)(x -- R])l(x-- R~) ~ + (R3--x)2--(R~ -- R~) ~ -- (R3--R~) 2] _ [m~ (/)- m~ (t)] x 

24ao (R~ -- R2)(RI -- R2) 

X 
(x - -  P,~)(R~ - -  x)l(x - -  R,)" +(R2 - -  x) --(R3--R2) --(R3 - -  R,) ~] 

2 4 a o ( R 3 - - R 2 ) ( R ~ - - R I )  

The heat flux is determined by the formula 

= _X __aT 1 ( 19 ) q~ 
ax Ix=0 

3 .  I f  t h e  d e p e n d e n c e  o f  t h e  s u r f a c e  t e m p e r a t u r e  on t h e  t i m e  i s  known f r o m  an e x p e r i m e n t ,  
then for the case of quasisteady flow around a semiinfinite body of revolution or a reacting 
plate, the heat flux can be determined from the solution of Abel's integral equation [2]. Ac- 
cording to [13], if wedivide the calculation interval (0, t) into N sufficiently small in- 
tervals �9 and denote the discrete value of the measured surface temperature Tw(s~) = Tw(tS) = 
Ts, s = I, 2 .... , N, we can obtain an approximate formula for calculating the heat flux: 

N 

q(N~) V-~-~k ~-~(T__T~_I)CN_s, Cm ~ 2 ( V m  -kl  - -  [ / ~ 0  . ( 2 0 )  

Formula (20) is applicable when the condition Fo ~ 0.i is fulfilled. It follows from 
Fig. 1 that the theoretical temperature curves are in satisfactory agreement with the experi- 
mental curves; this indicates that the mathematical model (i)-(i0) is adequate to the experi- 
ment. It can be seen that calculation by formulas (18)-(19) with the use of the temperature 
on the surface (R l = 0) is in sufficiently good agreement with the data of the numerical 
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count of the problem (i)-(i0). When for the calculation by formulas (18)-(19) only the inner 
thermocouples are used, and also in the calculation by formula (20), there is a difference of 
the heat flux as compared with the data of the calculation of the problem (I)-(i0). The larg- 
est difference of these data is attained with small values of time. When t = i0 sec, the re- 
suits of the calculations by different formulas practically coincide. 

Figure 2b presents the results of calculations of the heat flux for the temperature fields 
shown in Fig. lb. Here there is also quite good agreement between the calculations by model 
(I)-(I0) and models (18)-(20). Maximum scatter of the data with t = i0 sec is 10% at most. 
The solution of the problem (I)-(I0) without taking the reaction of pyrolysis of the polymer 
binder into account leads to a 12% reduction of the heat flux on the steady section (for t > 
8 sec). An analysis of the results obtained showed that in the range of enthalpies of the in- 
coming flow (2-10) MJ/kg the approximate methods of calculating the heat flux on the surface 
of glass fiber reinforced plastic may be used with an error of 10%. For more accurate cal- 
culations it is apparently expedient to solve the system of equations of a porous reacting 
body (I)-(i0) using the thermophysical and thermokinetic constants characterizing the struc- 
ture and the reactive properties of the material. 

NOTATION 

t, time; x, space coordinate; ~, time step; h, space step; T, temperature; p, density; 
v, P, ~, M, speed, pressure, volume porosity, and molecular weight of gaseous products of the 
pyrolysis reaction: Cp, specific heat; %, thermal conductivity; p, dynamic viscosity; K, 
permeability; ~, heat transfer coefficient; E, activation energy; B, preexponential factor; 
Q~ thermal effect; v, order of the pyrolysis reaction; L, thickness of the specimen; PT, run- 
ning density of the carcass of the solid residue; Pr, density of the coke residue; qw, spe- 
cific heat flux at the interface between the gaseous phase and the K-phase; a0, thermal dif- 
fusivity of the material corresponding to the temperature To; F, source term determined by 
the pyrolysis of the polymer binder; ~(t), ~(0, and %(0, temperatures as functions of time ascer- 
tained experimentally at the points x = Rl, x = R 2, and x = R3, respectively. Subscripts: 
*, characteristic magnitudes; w, parameters on the interface between the gaseous phase and the 
K-phase; i, polymer binder; 2, gaseous products of the pyrolysis reaction; 0, initial value 
of magnitudes; M corresponds to the parameters of the copper plate; w + i, to values at the 
depth h from the heated surface of a body; n + i and n, to the upper and lower layer, respec- 
tively, in time. 
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COMPARISON OF THE RESULTS OF INTERFERENCE AND NUMERICAL DETERMINATIONS 

OF STREAM DENSITY IN A SEPARATION ZONE 

A. Yu. Mitin and A. N. Mikhalev UDC 519.6:533.6.011.5 

Density fields in the separation zone are determined from interferograms of 
supersonic turbulent flow over a body. A comparison is made with the results 
of numerical calculations by a combined scheme. 

The problem of varying the aerodynamic characteristics of blunt bodies by extending heads 
of various shapes out on a needle [i] requires the study not only of integral quantities but 
also of the local parameters of the streamline flow. The structure for the case of the flow 
of a supersonic stream over a cylinder with a disk head, known from calculations and a quali- 
tative analysis of shadow pictures, is shown in Fig. i. The complexity of the flow occurring 
between the disk and the cylinder (frontal separation zone) resulted in an attempt at a com- 
bined experimental and numerical investigation of it, some results of which are presented in 
this article. 

Interferometric investigations of axisymmetric inhomogeneities have been made on a bal- 
listic course for more than 15 years. The procedure of such an experiment and the operation- 
al experience are given in [2]. The interferograms analyzed below were obtained on a dif- 
fraction displacement interferometer based on an IAB-451 shadow instrument [3, 4]. Gratings 
with a frequency of 75 lines/mm served as the light splitters; with the OGM-20 laser wave- 
length of 694.3 nm and the focal length of the objective of 1918 mm the displacement of the 
interfering wave fronts was i00 mm. The investigated inhomogeneity occupied an area of 60 x 
i00 mm in a meridional cross section. 

The model of a body of Cylindrical shape with a disk head extended on a needle (with a 
relative disk size d/D = 0.233 and a disk extension s = 1.4, where D is the cylinder diam- 
ter) was thrown at a velocity corresponding to a Mach number 2.35 on a ballistic installa- 
tion at a pressure of i arm. In Fig. 2 we present a fragment of an interferogram of the 
stream in the frontal separation zone, obtained with the interferometer adjusted for bands 
of finite width. 

In constructing the path-difference function from an interference pattern of the turbu- 
lent zone we used a priori information about the flow over the body under consideration. The 
direction of variation of the path difference near the extrema and of the lines of inflection 
of the wave surface of the probe light was established through the fact that the detached mix- 
ing layer of the frontal separation zone is a region of reduced density with respect to the 
compressed shock layer. 

Let us clarify, in accordance with [5], how density pulsations within the turbulent re- 
gion and pulsations of its boundaries are transferred to the interference pattern. The in- 
terference method is inferior to the Schlieren method in sensitivity to the transmission of 
pulsations. At the same time, pulsations of the boundary of a turbulent region (mixing layer, 
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