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Theoretical and experimental methods of studying heat proofing materials are evaluated,
Some characteristics of transient breakdown of fusable and cokable coatings are examined.

Some Problems Concerning the Transient Breakdown of Fusable Materials. Heat- and mass-trans-
fer processes occuring during the travel of a body through the atmosphere of a planet will always be tran-
sient in nature, because the flow conditions vary. In calculating the transiency of heatup and breakdown
one usually assumes the body to be at every instant of time in a stream with constant parameters and one
does not consider that, besides the parameters which characterize the outer stream g, and Vo, there are
also their time derivatives dg,, /dt and dV.,/dt. In other words, the state of flow at every instant of time
must be described not only by the density the velocity but also by their time derivatives,

For this reason, there is a need for developing an appropriate theory and then a method by which the
effect of transiency on the heatup and the breakdown of a body in a stream can be accounted for.

This problem has been considered in the case of heat proofing materials destructable by fusion and
evaporation (vitreous materials).

The system of equations describing the breakdown of such a material at the critical point can be
represented as follows [3]:
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For a more complete and accurate description of this process, it is necessary to add also a system
of transient-state equations for the gaseous boundary layer and to solve them simultaneously. In view of
the complexity involved here, these systems of equations were analyzed separately and the transiency of
the ambient stream are taken into account in the change to dimensionless quantities:
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in the vicinity of the critical point. When changing to these dimensionless quantities, one must consider
that the velocity gradient near the critical point is a function of time. After the necessary transformations,

we have
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coefficient a =B/BZ accounts for the variation of the stream parameters (us, pe, Te) with time, coefficients
®,, &y, $; are defined by the steady-state values of the stream parameters, o = Cpu*/K*, A=A/ Ay
Before analyzing the effect of "outer" transiency on the vehicle trajectory, one should first answer the
question concerning the ranges of parameter values and trajectory characteristics within which this effect
on the breakdown of vitreous materials is significant, i.e., to first solve the problem qualitatively. Since
this would require a great amount of parametric calculations, the procedure will be somewhat modified
instead, '

We consider the steady-state heatup and breakdown of a heat proofing coat on the surface of a body
in a gaseous stream, described by the parameters (u,, pe, Tg) as well as by their time derivatives, This
gituation is physically unrealizable, as an analysis of the procedure for solving transient-state equa-
tions (by the finite-differences method with the use of the implicit scheme) indicates. The following sys-
tem of equations is solved:
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Calculations for a wide range of parameter values and trajectory characteristics show that the material
wear and the temperature profile are affected most significantly by mass forces and by the transiency of
the stagnation temperature. The results of calculations made for one point on the trajectory are shown

in Fig. 1. Taking into account the transiency of the stagnation temperature yields lower temperatures,
according to the graph, inasmuch as trajectories are considered here for which 9T,/8t < 0. The opposite
will occur when 8T, /8t > 0, namely the vehicle will accelerate. It is to be noted that the maximum devia-
tion in the temperature profiles AT = (T —¢— Tq =1) corresponds toa zero deviation in the thermal flux
profiles (8.

As the flight altitude becomes lower, the difference AT =(Tg =o—Ta =1)/(Twa —o"T°°) decreases,

until the surface temperature reaches its maximum, and then increases again (Fig. 2, where v =a/o *fgo),
i.e., the effect of stagnation temperature transiency is most pronounced along the trajectory segments with
a relatively low surface temperature. As a consequence, the effect of trajectory characteristics on the
magnitude of ATmax and thus on wear in the liquid phase becomes obvious. Inasmuch as the thermophysical
properties (viscosity and thermal conductivity) of a vitreous material such as fused quartz have not yet
been determined exactly, we will now analyze how the temperature characteristics of thermal conductivity
and viscosity affect the deviations in the temperature profiles. Calculations show that they are affected
most strongly by p#(T) and less strongly by A(T).

Thus, available test data on the thermophysical properties of this material are not sufficient for
definitively evaluating the effect of these properties on deviations in the temperature profile and on wear
in the liquid phase.

Cokable Heat Proofing Materials. The breakdown of intricate composite materials under heavy heat
loads is accompanied by the formation of a pyrolysis zone inside, by the filtration of gaseous products to
the hot surface, and by heat transfer between solid and gas. The effect of these factors on the heatup and
the wear of heat proofing materials can be analyzed by means of a mathematical model of the process with

the following assumptions:
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Fig. 1. Effect of the transiency of the gas stream on the temperature profile (V¢ = 7000 m
/see, 65 =30°, 0 =107 m?/N, h =33 km, Ry = 0.4 m): solid lines) @ = 1; dashed lines) a
=0. v

Fig. 2. Variation of the maximum deviations in a temperature profile along a trajectory
(Vg = 7000 m/sec, 0 =10~ m?/N, Rp =0.4 m): 1) 6¢ =45°% 2) 30; 3) 15.

. Chemical reactions within the coke zone occur only in the gaseous state, the gases flowing

through the pores at a constant velocity. Both the Lewis number and the Prandtl number are
taken equal to unity. '

. The heat load in this analysis corresponds to a one-dimensional (in space) problem,

. Physicochemical changes within the zone where the bonding material undergoes pyrolysis are

described by the equations of nonisothermal kinetics:
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. The boundaries of the pyrolytic zone are defined by the initial temperature of physicochemical

changes and by the tar concentration, the latter being equal to zero at the outer edge. Under
these assumptions concerning the physicochemical processes which occur in the breaking down of
material and concerning the boundaries of the various zones, the transient temperature field
of a heat proofing coat is described by the following system of heat-and-mass-transfer equations:
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Subscripts C and G refer to the solid phase and the gaseous phase, respectively. The initial con-
dition is T(x, 0) = Ty. The boundary conditions are
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Thus, a numerical solution to this system of partial differential equations yields the transient tem-
perature field of a material undergoing physicochemical changes, with gas filtration and heat transfer in
the coke layer taken into account,

Experimental Determination of Transient Boundary Conditions. It must be noted that the experiment
alone is very significant in a study of heat transfer phenomena. In view of the necessity to fundamentally
modify the procedural and the design aspects of the experiment, which includes data processing and final
evaluation, "transient-state" experiments must differ qualitatively from experiments which have so far
been designed for steady-state heat-transfer studies, This requires that a theoretical basis be developed
for transient-state thermal experiments, with particular emphasis on methods of establishing the bowmdary
conditions. Such an effort is justified by the fact that the correct tracking or the proper control of thermal
flux and surface temperature variations in a body with time constitute the basis of experimental studies
concerning the transient heat transfer,

In most cases, the only way to establish the thermal boindary conditions for transient heat transfer
is to solve reverse problems of heat conduction, These problems belong in the category of noncorrective
problems, because in the course of their formulation one violates the stability condition for the sought
solution. Nevertheless, under certain conditions, the problem can be solved by direct methods. We pro-
pose here a numerical method of solving the nonlinear reverse problem of one-dimensional heat conduction
in a homogeneous plate.

The solution to this problem is constructed by the implicit scheme of finite-differences for approxi-
mating the quasilinear equation of heat conduction:
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For a six-point scheme [1] we have
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Assuming a thermally insulated wall, for simplicity, we can write the boundary conditions as follows:
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With the aid of relations (1)-(3), one can write a system of linear algebraic equations for the unknown
thermal flux g, . ( and the mknown temperatures T n+t i=0,...,%=1, n+1,...,k withthe known
temperature T, at a given point i =« inside the body).

Without showing all the mathematical transformations, we have
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In this way, from the known temperatures T; , and Ty, .y we find T; ,, ¢ and

Ag.nlx
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This scheme for solving the reverse problem of heat conduction was successfully applied to a num-

ber of cases. In order to obtain stable results at sufficiently small computation steps along the time co-~

ordinate, it is necessary to first smooth out the input data Ty(t). When the error (6) in Ty(t) is large and
fluctuates, then the input function is shaped by the regularization method [2].

The proposed method of establishing the boundary conditions is suitable for solving many problems
related to flight testing of various vehicles or related to the experimental simulation of transient modes in

heat proofing systems.
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NOTATION

is the density of the material;

is the specific heat of the material;

is the thermal conductivity of the material;

is the dynamic viscosity of the material;

are the coordinates;

are the velocity components along x- and y-axis, respectively;
igs the time;

is the dimensionless time;

are the velocity, pressure, temperature, and density of the gas at the outer

edge of the boundary layer;

is the mean ratio of specific heats of the gas at the outer edge of the boundary

layer;

is the dimensionless space coordinate;

is the dimensionless velocity;

is the dimensionless temperature;

are the actual and dimensionless rate of material breakdown;

is the relative thermal conductivity;

are the components of mass force along the x-axis and along the y-axis;
is the temperature;

are the temperature at the outside and the inside surface of the material;
are the absolute and relative deviation in a temperature profile;
is the dimensionless thermal flux;

are the velocity gradient and its time derivative;

are the transiency coefficients;

are the constants;

is the velocity of vehicle entry into the atmosphere;

is the angle of vehicle entry into the atmosphere;

is the bluntness radius of vehicle;

is the ballistic coefficient;

is the flight altitude;

is the transiency of gas stream parameter disregarded;

is the transiency of gas stream parameter accounted for;

are the coefficients in the energy equation;

are the initial and any instantaneous density of bonding resin;

is the activation energy;

is the wmiversal gas constant;

is the reaction number;

is the heat-transfer coefficient;

is the initial temperature of physicochemical change;

is the power of heat source;

is the total caloric value of material;

is the enthalpy;

is the coke number;

are the laws according to which the boundaries of the coke zone shift;

61



q is the thermal flux absorbed by the body;

dy, 9, are the laws governing the heat transfer at the inside and at the outside surface of the material,
respectively;

is the plate thickness;

is the "perturbed" inlet temperature in the reverse problem of heat conduction;

is the time interval for computing the right-hand boundary value;

is the number of layers In a plate along the space coordinate;

is the number of steps along the time coordinate;

is the pressure.
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