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Thermochemical breakdown of bodies in a hypersonic gas stream was investigated in [1-7].
In [2] the phenomenon was first observed of corner points on the profile of a body in a stream.
Subsequently, the dynamics of the formation and movement of corner points was analyzed qualita-
tively and quantitatively in [3-5] without allowing for heat transfer in the body. The mass
ablation on a three-dimensional body on a given flight trajectory was investigated in [6],
and in [7] the area rule was proposed for determining the heat-transfer coefficient.

The present paper proposes a simple method for determining the mass ablation rate for
graphite materials, without using the concept of effective enthalpy. In this method one can
allow for the transient nature of the process and the redistribution of heat in the solid,
and also determine the mass ablation rate from sublimation and heterogeneous chemical reac-
tions,

An algorithm is proposed for numerical solution of two-dimensional unsteady thermochemi-
cal breakdown, and results are given for fixed and variable incident flow parameters, It is
shown that in turbulent flow the shape of the body resulting from thermochemical breakdown
differs qualitatively from that in laminar flow., The influence of anisotropy on the tempera-
ture field in the body is investigated. It is established that the corner points on the wet-
ted surface [4] do not disappear when flow of heat in the body is allowed for. It is shown
that the "external" and "internal" features of the unsteady process [8-10] interact along
the flight trajectory. :

1. We consider thermochemical breakdown of a graphite body having the initial shape of
a spherically blunted cone (Fig. 1, which also shows the coordinate system used) in a hyper-
sonic gas stream under the follow1ng basic assumptions:

1. The Reynolds number in the incident stream Re, > 1, and a frozen boundary layer is
formed near the body surface.

At the outer edge of the boundary layer the air is in a state of thermodynamic equilib-
rium, and is a four-component mixture of 0, 0,, N, Na.

3. The internal surface BCD is either isothermal or adiabatic, and there is neglibly
small heat flow in the section AB (see Fig. 1).

4, We shall consider that the following heterogeneous processes take place on the
outer body surface®:

1) C+ 0,—>CO,; 2) 2C+ 0, 2C0;

3) C+0->CO; 4) C+ CO,—2C0;
5 C=C@Gas); 6) 0+0+C—0,+4C;
7) N+N=+C—N,C.

Taking account of the above assumptions, we now consider the following boundary problem.
Within the solid we have the heat~conduction equation

(Mo o = L[ DIA) L 2 1y )] 0<a<mn, 0<y<lizthr=r(e, 1), (LD)

*The heterogeneous formation reactions for cyanogen CN which occur at very high temperatures
are not accounted for in the calculations because the literature does not have reliable data
on the kinetics of these reactions. Up to surface temperatures of T, ~ 3000°K the formation
of CN does not influence the mass ablation rate.
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Fig. 1

which must be solved with the initial and boundary conditions

om . oT A\ oT . or A
TI{:O = TH, T,y:ﬂ = TH, (OI ay Y=o = 0)’—_61 L___o = ,—5x—'x=x8 = O, (1. 2)
Ay (Tw) 2L = g — (V)b + (PV)uwhow — £,0T . (1.3)
o |, t)

The equation to determine the ambient body surface shape has the form

e Vg, ) V1+(1—rim%) (1.4)

for which the initial conditions are

t
Uz, 0) = by =Ry — Ry, 1(0,8) = I, — | Va (0, ) S @)
0

where 1(x, t) is a function governing the ambient shape of the exterior body surface; and
Vy = (ov)y/pg is the linear rate of thermochemical breakdown normal to the exterior body sur-
face.

To determine the concentrations of components of the gas at the body surface ciy (1 =
l,eee5 7) we have the mass balance condition at the surface

Ji + (pu)w Cw = Ry, Ji = Biw (Ciw — Cie)y i = —:—77 (1.6)
where the mass-transfer coefficients By, are determined with the help of the analog between
heat- and mass-transfer processes [11].

Here the following notation is used: randz, radial and logitudinal cylindrical coordi-~
nates; y, distance from an arbitrary point to the basic curve BCD along the normal; x, arc
length of the basic curve BCD from the point D to the point of intersection of the curve and
the above normal; L = 1 4 yx(z); x(z) , curvature of the basic curve BCD at the point x; xg,
arc length BCD; B,, body length; Ry, and Rp, radii of spherical blunting of the exterior and
interior surfaces, respectively; ag, cone semiangle; Ax, 1Ay, cg, Ps» thermal conductivity in
the directions along x and y, respectively, the specific heat and the density of the graphite;
n, exterior normal to the body surface; T, absolute temperature; t, time; q,, convective heat
flux from the gas; ci, Ry, hi, mass concentration, the mass rate of formation and the enthal~
py of the i-th component, where the component ordinal number corresponds to the following or-

7
der — Q, 02, N and N,, C (gas), CO, COz3 hy,=2 Ciwhiv , gas enthalpy at the body surfaces

i==1

7 f
(pv)w=2 R; mass ablation of material from unit body surface per unit time; hg, enthalpy of
R

the body materialy o, StefamBoltzmann constant; and eg, body emissivity. The subscripts e,
w and s refer to parameters at the outer edge of the boundary layer, at the outer body sur-
face, and inside the solid, respectively.

2. The molar volume rates of reactions 1-7 have the form [8]
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lz_ (2.1)

E R 2 o
Uy=1k 2'{;"’ exp( Rle)i Uy=ky “]";2"’ exp (— RTZW);'

g G Py £y i C70Pw ___ £y, (2.2)
1,73 = ]Lg Ml exp (— R—T;), U4 = k4 M.‘, ‘ EXP( R—-—-Tw),
7 C (p(‘ C.) =k 111 Do =k 3wpw
L VW UG 6 U? 7 3 (2.3)

where Ej, k are the activation energy and the preexponentlal factor for the j-~th reaction;
Ac, accommodatlon coefficients for graphite (0 deg<C1); PC’ pressure of saturated C vapor;
Pc» partial pressure of C vapors:

7
1! pM.,
S R Xy

M; is the molecular weight of the i~th component; and R is the universal gas constant.

Using Eqs, (2.1)-(2.3) we obtain the mass rates of formation (or disappearance) of com-
ponents due to the heterogeneous reactions Ry(i = 1,..., 7) and an expression for the mass
ablation '

M. ‘M,

{'— - 1) Coupy -+ (TI— — i) Cauwly (2.4)
1, MAc(pe—rc

Tﬁ —1 ) r:u»(nJ e _f_c___r_)’

M, V 2nRMT,

7

‘M ) [oar
- k']y[_: — 1{) €10y \ .

where ¢; == k; exp (—E;/RT, ) 1is the rate constant for the j-th reaction,

Table 1 shows the thermokinetic constants used for reactions 1-7 in the calculations.
It should be noted that in some references (see, e.g., [14]) data are given for the probabil-
ity €5 of the reactions. The probability of the j-~th heterogeneous reaction €5 is llnked to
the rate constant of the reaction by the relation

¢ = 8;V1%Tw/2n]ﬂ,, (2.5)
where Mg is the molecular weight of the appropriate gas reagent of the j-th reaction.

For the saturation pressure of C vapor we used the temperature dependence

Pe == exp (30.22; — 85“56) N/m? (2.6)

T

obtained by approximating to the tabular data of [16], where the error in the approximation
does not exceed 1%, The enthalpy of the individual components was calculated from the approx=-
imation formulas from [17]. The thermophysical characteristics of the various graphite ma-
terials used in the calculations were given in [18, 19], and the thermal conductivity as a
function of temperature is given by a piecewise-linear approximation to the tabular data,
which ensures an accuracy sufficient for practical purposes.

3. The incident stream parameters in the unperturbed zone are determined from the stan-
dard earth atmosphere formulas [20] in terms of the geometric height H, from the earth's sur—
face.

TABLE 1
j ki mysec Ej- cal/mole ¢ & Source
1 7y=15-108, E,= 58,000 [12]
2 ky=8-108, E,==37,800 [13]
3 e,=0.63 exp(—MﬁO/Tw) [14]
6 | ky=16.108, E,=85,000 (151
5 A=0.3 [29]
8 eg=8,=0.63 exp (——1180//7'“.) [14}
7 e.~0.01 21]
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The system of equations for calculating the parameters of the gas directly behind the
shock wave and at the stagnation point, assuming a binary air model and no ionization has the

form [21]

Py WML Ty Py Pe 1, (3.1)

f_l_ . ‘Vef{'i 4o KC(TI)_ . 2)
Po 1 1—a p
t . : vy,
%Tf- = fy(h) F+ fo(ho) 18 o o = how 4+ 5% (3.3)

To %f_i 2 2 ?ef—i .

o= 4 =M, M= ;

7, 1t M 205 (3.4)

ef

Py T Vef P (3.5

efl
JI U ] 0o = =2
Py (Tl) TN Rt hy T

where K. is the equilibrium constant for the binary air model [22]; and f, and f, are approx~
imation functions for the equation of state for air [23].

System (3.1)-(3.5) is solved with the aid of an iteration process in Yef, the initial
approximation taken is yef = 1.25 (1s;‘%fs;1,4) the functions f, and f, are given tabularly,
and quadratic interpolation is performed when necessary.

In Eqs. (3.1)-(3.5) and below p is the pressure, V is the velocity, p is the density,

h is the enthalpy, vy is the adiabatic index, M is the Mach number, o is the degree of disso-
ciation for the binary air model, and the subscripts «», 1 and O refer to parameters in the
unperturbed flow, immediately behind the normal shock wave, and at the stagnation point, re-
spectively, while the subscript ef corresponds to effective values.

The pressure at the outer edge of the boundary layer is calculated from the modified New-
tonian formula [22]

Pe/Py = 08?0 + (p./p,) sin, (3.6)
where 6 is the angle between the normal n and the direction opposite to the z axis (see
Fig., 1).

The parameters Vg, pa3; Te are calculated with the aid of formulas for isentropic flow
of a gas with the effective adiabatic index Yef:

Bf! L .
2, Py " P/ " Ty \py )
It should be noted that the postulate of isentropic gas flow at the outer edge of the

0V . . .
boundary layer is valid even for Re,= A R,=10* [23], since in this case we can neglect

the variation in entropy along the outer edge of the boundary layer.

The dynamic viscosity ug is calculated from the Sutherland formula with a correction for
dissociation [22]. The concentrations cie (1 = 1l,e.., 4) are determined from the equilibrium

equations [22]:

(‘2 r‘ ; ¢

e 000 oxp (— B0, eyt e = 0.235; (3.8)
(‘.’E le \ e

(2 , "

S3e __ 130000ex ‘)(_ 113?\)0)’ Coe - Cae = 0.765. (3.9)
Che e 7

The enthalpy h, is determined from the Bernoulli relation.
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To calculate the convective heat flux from the gas ¢ we have many different approximate
formulas [22], obtained by analytical methods or resulting from numerical computations and
the data of experimental investigations, There are estimates that all these formulas have
the same accuracy. Therefore, here we use formulas which are the simplest to mechanize on a
computer.

The heat flux at the forward stagnation point is calculated from the Fenster formula for .
frozen flow in the boundary layer [24]

oo = o.ogv},;,”) |/ Ry :—“ (3.10)
1]

where pp is the sea level pressure, and quantities are in SI units,

To determine the heat flux over the body surface we use formulas from [1]: for laminar
flow conditions
Gw = Guof0.55 - 0.45 cos 20); (3.11)

for turbulent _
Qo = Gur (2.5 sin 8 — 2.3 sin’p), : (3.12)

where Gwt is the maximum heat flux in the turbulent reglon near the sonic line. According to
[22],
Gur = 9w010'607(3wpx)0'3- : (3.13)

We allowed for the influence of blowing of ablation products and the nonisothermal con-
dition of the wetted surface on the heat- and mass—-transfer characteristics by the approxi-
mate method of [25].

4. For convenience of calculating the temperature field in the solid we carried out the
coordinate transformation y = y/7(x, t), which converts the time-variant region Q (see Fig.
1) into a rectangle. An algorithm for numerical solution of the above problem consists of
three basic steps: 1).at t =ty (n =0, 1, 2,...) from the known temperature and body sur-
face shape we calculate all the parameters governing the right side of the heat balance equa-
tion on the body surface, Eq. (1.3); 2) by solving the heat-conduction equation (1.1) with
boundary conditions (1.2) and (1.3) we determine the temperature field in the solid; 3) with
the new surface temperature we determine the mass ablation rate (pv)y, and by solving Eq.
(1.4) we determine the new surface position for t=1ip4; =1 + 7 , where T is the time step.

For numerical solution of the heat—conduction equation (1.1) with the appropriate bound-
ary conditions we use the split-direction method [26], and to solve locally one-dimensional
problems we use a two-layer implicit difference scheme obtained on the basis of an iteration—
interpolation method [27].

To solve the equation for displacement of the surface, Eq. (1.4), for the derivative with
respect to the space variable, we use a left-difference approximation, since according to [5],
the use of central differences can lead to instability in the calculation.

Comparison of the values for the mass ablation rate (pv)w = 0.17; 0.24; 0.30 kg/m*-sec
obtained near the forward stagnation point with po = 10° N/m?, Ry = 0.015 m for T, = 3000;
3500; 3700°Kk, respectively, using the above method, with the experimental data presented in
[28], where for po = 10° N/m®, R, = 0.018 m the corresponding values are (pv)y = 0.16; 0.22;
0.32 allows us to establish that with this method one can obtain the characteristics of ther-
mochemical breakdown with an accuracy that is acceptable in practice.

5, TFrom results of calculations of model heat problems without accounting for break-
down of the body we studied the influence of the degree of anisotropy of the thermal proper-
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TABLE 2

t.sec 0 10 20 30 40

H, ,m 65,000 | 57,000 | 48,000 { 38.000 [ 25,000

oo!

V. m/sec| 7,700 7.600 7.500 6.000 5.000

a b
-
2500 2/
N
7
0 05 10

ties of various graphite materials in a temperature field. It was observed that the flow of
heat over the body in the case of an isothermal BCD surface affects the temperature field ap-
preciably only in the case (Ax/xy):$>1, i.e., when the thermal conductivity along the body
considerably exceeds the thermal conductivity along the normal to the base curve (in direc-
tion y). Thus, for (Ax/Ay) << 1, which is typical for most graphite materials used in avia-
tion and space and rocket engineering, one can calculate the temperature field in a solid,

if the BCD surface is isothermal, in a locally one-dimensional formulation with respect to y.
This possibility was implemented in subsequent calculations whose results are presented be-
low.

By way of example, Figs. 2 and 3 show results of calculations using the above scheme for
thermochemical breakdown of an initially spherically blunted cone of semivertex angle 10°,
made of grade VPP graphite [18] for fixed incident flow incident flow parameters: Hy, =
40,000 m, Vo, = 7500 m/sec,

Figure 2a, b shows the distributions of surface temperature T, and local mass ablation
rate (pv)y, typical for a laminar flow case (solid lines) and with a zone of transition from
laminar to turbulent flow (broken lines). Figure 3a, b respectively, show the body surface
shapes resulting from breakdown in laminar flow and in flow with a transition zone, for vari-
ous values of time. The linear dimensions in Figs. 2-4 are referenced to the radius of blunt-
ing of the initial shape, and the time t in Fig. 3 is dimensionless (curve 1 corresponds to
t =0, curve 2 tot =1, and curve 3 to t = 2), It can be seen from analysis of Figs. 2-4
that the presence of a transition zone promotes more intense breakdown of the front part of
the body, compared with breakdown in laminar flow. This is associated with the occurrence of
a maximum of temperature and of mass ablation rate in the region of transition from laminar
to turbulent flow.

It is curious that in calculations of the free surface using the technique discussed we
locate protuberances which can be interpreted as corner points, observed in [2]. The basic
rules for the behavior of corner points are those given in [2~4]. In particular, breakdown
conditions are obtained where one sees several corner points and their migration.

It is of interest to analyze the temperature field in the solid. Figure 4 shows the tem-
perature profiles on the body axis OD (see Fig. 1) at different times, as obtained by the
technique suggested (solid curves), and the corresponding quasi-stationary temperature pro-
files (broken curves), obtained analytically:

Tw
- A, (T)dT
y=| — 10,1, (5.1)

T (o) | ey(D) aT —q,
T
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In deriving this formula we assumed that the internal boundary layer of the graphite
heat shield material is isothermal, and that on the surface there is a given flux to the wall
qg. In the calculations using Eq. (5.1), whose results are shown in Fig. 4, the values of
qs and T, were taken from calculations using the suggested technique. It is evident that in
this case there will be a minimum difference between the temperature fields obtained from Eq.
(5.1) and from solution of the problem of Egs. (1.1)-(1.6).

Figure 4a shows the results of calculations for fixed conditions of the incident flow
(the curves 1 correspond to t = 2, 2 to t = 5 sec), and Fig. 4b shows the results of calcu- .
lations along the trajectory [30] given in Table 2 (the curves 1 correspond to t = 10, curve
2 to t = 30 sec). The solid curves correspond to calculations using the method described in
the reference, and the broken lines correspond to calculation using Eq. (5.1).

It follows from analysis of Fig. 4a and b that the quasistationary temperature curves
differ appreciably from the exact values obtained by numerical integration of the unsteady
equations. It is curious that for the flight along the given trajectory the level of differ-
ence increases with increasing time. In other words, the change in conditions at the outer
edge of the boundary layer ("external unsteadiness" in the terminology of [8, 10]) leads to
a change in the temperature field inside the heat shield material (HSM), i.e., produces the
so—called "interior unsteadiness [8, 10]. This effect stems from the fact that the charac-
teristic time for change in the parameters of state at the outer edge of the boundary layer
coincides in order of magnitude with the thermal relaxation time in the solid tgo ~ O. OSRW/
ag, where ag is the characteristic diffusivity. In this case the movement of corner points
at the interface of the media leads to an additional unsteadiness of the process in the solid.

It should be noted that the temperature field in the HSM layer has a very great influ-
ence on the stress field, while the latter has a strong influence on mechanical ablation of
the HSM.

Thus, this example confirms the concept of [8, 10] of interaction of the "exterior" and
"interior" unsteadinesses as vehicles traverse their trajectories,
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