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Summary: A thermal analysis for transient response of ablating materials made of high
molecular compounds is developed on the basis of the two-layer thermal model by use
of an appropriate numerical method, where the assumptions of quasi-steady boundary layer
flow and the equilibrium vaporization at the ablating surface are employed.

Numerical computation is carried for an ablating blunt body of revolution made of
Teflon with an emphasis laid on the effect of the second-order transition—i.e., the gel
layer. It is shown that the transient internal temperature near the ablating surface is
diminished considerably by the existence of the gel layer.

Comparison of the numerical results with the experimental data reveals a remarkable
fact that the single-layer thermal model does not predict the real feature of the transient
thermal field, while the two-layer thermal mode! agrees well with the experiment, thus
confirming the validity of the present approach.

NOMENCLATURE

A;, B;,C,,D; coefficients in Eq. (5.2.1)
a,b,c constants in Eq. (4.2)

B mass-addition parameter defined by Eq. (3.15)
c, specific heat

D binary diffusion coefficient

H total enthalpy

h, energy required to ablate unit mass of body

h,, energy required to phase transion

k thermal conductivity

L thickness of the solid layer in x-direction or number of divisions in y-
direction or &-direction

L, initial body length

M number of division in r-direction

m ablation rate

p pressure

q; heat flux across inside surface (Fig. 2)

9, heat flux across outside surface (Fig. 2)

R, radius of curvature of base curve

R, Reynolds number
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radial position (Fig. 1)

St Stanton number defined by Eq. (3.16)
S recession depth in axial direction
$ =as/ot
T temperature
T, phase transition temperature
t time
t, transition time
v velocity normal to the surface
X axial position (Fig. 1)
X; axial position of the original surface (Fig. 1)
« thermal diffusivity
0 boundary layer thickness
0, angle between local interface tangent in meridian plane and axis of sym-
metry -
0 angle between local surface tangent in meridian plane and axis of sym-
metry (Fig. 2)
Or thermal thickness
Os-100 thermal thickness at =100 sec. defined by Eq. (6.1)
¢ distance measured along a meridian line from the stagnation point (Fig. 2)
] thickness of the gel layer in axial direction (Fig. 1)
6 =00/ ot
IS transformed geometric variable defined by Eq. (2.5)
o material density of the ablating body
X transformed geometric variable defined by Eq. (2.2)
4 ratio of the heating rate with mass addition to the heating rate without
mass addition
7 viscosity
y kinematic viscosity (= g/ p)
o
Subscripts :
B=0 conditions for no mass addition
i initial conditions
m conditions of phase transition
components normal to local surface
s conditions at inside surface of a control surface
st stagnation conditions in free stream
t components tangential to local surface in meridian plane
w conditions at outside surface of a control surface
1 conditions in gel layer
2 conditions in solid layer
oo conditions in free stream
g conditions at outside surface of a body
-
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1. INTRODUCTION

At high speed re-entry of space vehicles to atmospheric environments ablation
is one of the practical methods to alleviate severe aerodynamic heating. The device
of heat shield by use of the ablation is, of course, to sublimate or to melt surface
material of the vehicles, so that a large amount of heat from boundary layer is
absorbed efficiently in the latent heat (e.g., liquefaction, vaporization etc.) for
phase change of the material so as to diminish the heat conducting inside the vehi-
cles considerably.

A number of studies [/], [2], [3], [4] have been developed with the assumption
of steady ablation and comprehensive results were presented. However, since the
ablation is a very complicated phenomenon associated with coupling of the non-
equilibrium chemical process with the aerodynamic one involving the change in
body shape with time, it seems more realistic to consider that it is in general an
unsteady phenomenon, although it may attain to the steady state only in the case
of a semi-infinite length body being exposed in a uniform high-enthalpy stream for
a long time.

In the design of an ablative heat-shield system, estimation of the ablation rate
must be of a primary interest to evaluate total mass loss and change in body shape
with time. However, considering that the ultimate purpose of the ablative heat
shield is to keep the internal temperature of the space vehicles at a safety level dur-
ing the time of re-entry, the transient heat conduction characteristic of the ablator
itself may be one of the significant factors in selection of quality and determination
of thickness of the materials as well as its chemicophysical properties such as the
ablation rate and the latent heat, etc. In this sense, it seems to be of another
point of interest to investigate the transient thermal response of the ablative
materials.

There are a few simple analyses [5], [6] for one-dimensional quasi-steady ablation.
These approaches, though unrealistic in practical applications, seem to offer some
useful aspects on transient thermal response of the ablators.

In the analytical approaches [7], [8], [9], [10] developed under the assumption
of quasi-steady ablation for axisymmetric blunt-nosed bodies, the change in body
shape with time is taken into account while the diffusion of heat in the direction
tangential to the surface is neglected inside the ablator. Because of this, the range
of applicability of these approaches seems to be restricted to the vicinity of the
stagnation point.

On the other hand, numerical analyses were presented by Friedman et al. [/]
for an ablating thrust chamber wall of a rocket engine and by Popper et al. [12]
and by Tompkins et al. [13], respectively, for ablating axisymmetric blunt-nosed
bodies, where the effect of change in surface geometry on transient thermal response
is taken into account reasonably. Several examples calculated to demonstrate the
validity of the analyses are shown to be in good agreement with experimental results
in each case.

As to the ablators made of high-molecular compounds such as Teflon (Polytetra-
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fluoroethylene) for instance, it is well known that there exists a second order transi-
tion temperature at which the solid material changes its physical properties very
rapidly. This transition may be considered as meelting and, in the case of Teflon,
the significant change occurs in the thermal conductivity while the other properties
remain almost unchanged. The melted Teflon is called gel layer in the present
paper, since its viscosity is so large that the fluidity can be essentially neglected,
though it might be a liquid.

Most of the existing theories made on ablation of Teflon are developed by use of
the single-layer thermal model, where existence of the gel layer is ignord. However,
it must be noted that the single-layer model will modify the real feature of the
thermal field in the ablators, resulting in a considerable error in ablation character-
istics because of the significant difference of thermal conductivity between gel layer
and solid Teflon.

Despite of this circumstance, there seems to exist few previous theoretical study
on transient thermal response by use of the two-layer thermal model except for a
simple analysis proposed by Nomura [/4] and even the empirical information is
eager. This simple approach is essentially one-dimensional in which the initial
temperature distribution is assumed to be given a priori. However, the result is
shown to be in agreement with the experiment.

It is the purpose of the present paper to propose a numerical approach to transi-
ent thermal response of the ablating materials made of high molecular compounds.
With a particular emphasis laid on the effects of the second order transition and the
transverse diffusion of heat on the overall behavior of the transient temperature
distribution inside the ablating material, the formulation is made by use of the two-
layer thermal model under the assumption that the boundary layer flow is quasi-
steady and the vaporization at the ablating surface is in equilibrium. Numerical
calculations are carried out for a Teflon model by use of A. D. I. method.

Measurement of instantaneous internal temperature distributions in the hemi-
sphere-cylinder model made of Teflon is carried out and the results are compared
with the theoretical ones in order to confirm effectiveness of the gel layer.

2. FUNDAMENTAL EQUATION

2.1. Basic Assumptions

Teflon is milk-white, waxy and partially crystaline (up to 80%) at the tempera-
ture below 327°C. A major phase transition usually called the “melting” point
occurs at this temperature and the melted Teflon is amorphous and transparent.
Although the melted Teflon should be considered as a liquid, its viscosity remains
to be very high order of magnitude (for example, 10" poise in the temperature
range from 330 to 390°C), so that the fluidity of the molten may be neglected. In
this sense, the molten layer is called as gel layer.

As pointed out by Nomura [14], the difference of thermal diffusivity « between
the solid Teflon and the gel layer is little dependent on specific heat C, and density
o, but is mainly dependent on thermal conductivity k. When the second order
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A Study of Transient Thermal Response 263

transition temperature T,, (=327°C) is approached, physical properties of Teflon
change rapidly.
Based on the physical characteristcs of Teflon in solid and gel phases, the basic

assumptions made in the present development may be summarized as follows ;

(1) ablating material consists of two layers, namely, the gel layer and the solid
(two layer thermal model).

(2) thermal properties are constant in each layer.

(3) fluidity of the gel layer is neglected because of its large viscosity (10" poise).

(4) boundary layer flow on the ablating surface may be treated as quasi-steady (see
Appendix).

b
b

Heat Conduction Equation

In the cylindrical coordinates system (Fig. 1), the unsteady heat conduction equa-
tion for an axisymmetric body with constant thermal diffusivity is given as

oT ( o°’T 1 8T , &°T )
= - 9 4 , 2.1
ot * or? + r or ox? 2.1

~where T, ¢ and « denotes temperature, time and thermal diffusivity, respectively.
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Fic. 1. Schematic Diagram of the Coordinate System.

2.3. Transformation of Fundamental Equation

For heat conduction problems involving surface recession, it is convenient to use
a coordinate system that is fixed at the moving surface. For axisymmetric case it
can be done by slight modification of the method proposed by Landau [15] for the

one-dimensional case.
Fig. 1 shows a schematic diagram in the transformed coordinate system for an

axisymmetric body. The spatial coordinates (r, x) are transformed into (r,y) by
the following expression,

iﬂi&_l, 2.2)

1= 6

where x; is the axial position of the original surface at a given radius, s is the
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change in the axial position from its initial position due to surface recession and 4
1s the thickness of the gel layer measured in the direction of x-axis.

Thus, the instantaneous receding surface of the ablating body is denoted by
x=—1, the interface between the gel layer and the solid by y=0, and the back
surface is given by y=L/4. That is

—1<y<0 tor gel layer,

0<y g% for solid layer,

where L is the thickness of the solid layer in the direction of x-axis.
The chatn rule of differentiation appropriate to the transformation of the variable
may be summarized as

). =5 (o)
(55)..=7 o)
().~ (55)
ox® r,t—ﬁ oy’ re
(_5_> :<i> _:‘1<_3_) , C(2.3)
.or /.t or /it g ax vt
(3)..= ).~ G % (55)
ort Ja, ort /. ) 8x8r 3 6° axg N
+i<£42¢;_§4)<_6_) |
6\ 6 or or Oy /ri

dx
A= ¢ i 1~—
L D)

By use of Eq. (2.3), the fundamental equation, Eq. (2.1), can be reduced to

oT “(82T+1 BT)

ot ot r or

04 24 ﬁ)} 2.4)

1aT{ 0 (
Il S N2 24— g e
7 oy +(+)8t F TN T e o
o 2ad  &T

6 6 oyor

+

The spatial coordinates (r, x) for the solid layer can be further simplified into
(r, & by introducing the transformation

=X 2.5
Ljg’ (2.5)

where £ =0 indicates the interface between the gel layer and the solid layer and the
backface is denoted by §=1, that is
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0<e<l for solid layer.

The chain rule of differentiation appropriate to this transformation may be sum-
marized as

(2.5l 2 (2)

ot Jrw Not/e: NG ot L ot /\ag/ed
(5,).=7(5)

ay /re L\ 9§ ot

(o).~ 1 (52

oyt ) e L2 \3g?/) s

() h 2L 2,2,
oyor/c L\6 ar L or/\ae asar

L0 (Lo 1oLy (o) .
L\g o T ar/\az)s (2.6)
()= (). 4 el 1 5 )()
or /. ar 6 or L or/\ae/rt
(25).=(%). 25 21 50
ort /v \or 6 or L or/\otor/:

196 2 99 oL 2.(@&)2_1 8?}( ft)
+€{0 orr 4L or ar+L2 or 08 )i

Loo_LoLy(o)
+§(6 or L or 08¢/ .t
Thus, the basic equation associated with the solid layer can be further reduced to

_a_I;:a<aZT+1 a:r)

Sip

ot ort r or
O (L 00 _ L 8T g (0s @)
+BE 6 or* L or + L ot + ot
_{_“_(;[_,\E_ 24/ 258[4_5‘@0_)8(0)
o\ r or 6 or/ or \L

1 (2/1’ a0 A oA’ >}
+a. —
L\ 6 or r or

redelne s (011
27T {8 2 (2)-4)
ggor L g or \L L)

,  dx; as (L )86
A = ¢ i - 1 ,
dr + or + BE+ or

L=L,—(x;+s+0).

where
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Therefore, the governing equation is given by Eq. (2.4) for the gel layer and by
Eq. (2.7) tor the solid layer.

3. INITIAL CONDITIONS AND BOUNDARY CONDITIONS

3.1. Initial Conditions

The initial conditions that must be specified are the temperature distribution,
mass-transfer rate, and the body shape. For the most cases of interest, it may be
reasonable to assume that the initial temperature distribution is uniform and the
initial mass-transfer rate is zero. Those are

T(r3 p &) 0):Tiv (3.1)
1, =0, (3.2)

3.2. Boundary Conditions <
3.2.1. Boundary Conditions on the Ablating Surface
Fig. 2 shows a control surface with unit area set up on the instantaneous ablat-
ing surface (y= —1), where g, denotes the heat flux vector transfering from the
boundary layer flow and g, is the heat flux vector conducting into the gel layer.
Due to the transverse thermal conduction within the body g; is in general not in the

same direction as g,.

Surface a3t Tine t or Ablating Surface (X=— 1)

Radial Position

0 Acial Position

Fic. 2. Description of Boundary Conditions.

Heat transfer balance across the control surface may be given as

Qi,n:CIO,n—’hhv! (3.33)
=0, 95 sin 3, (3.3b)
ot

where ¢, , and gq,,, are the components of g; and g,, normal to the local surface,
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respectively, and p, is the material density of the ablating body. /7, is the energy
required for phase change of unit mass of the body and 4, is the angle local surface
in a meridian plane makes with the x-axis. Moreover, the following expression
can be obtained from the geometrical relation of an ablating body (See Fig. | and
Fig. 2).

cotd, = — fQ—(L +6)
or

—— 9 (Ly—x,—5) (3.4)
or

dL,
dr’

=A—

where L, is the initial body length.
The components of the heat flux vector just inside of the control surface can be
expressed, respectively, as

—(k1 aaTl ) =q;,; COS d;+g; , Sin &, (3.5a)
X s

— (k1 aaTl ) =4q;,, Sin §;—q; , COS &, (3.5b)
r s

where £, is the thermal conductivity in the gel layer and the subscript s means the
conditions just inside of the control surface. Elimination of g;, from Eq. (3.5)
leads to

——<k1 oT, ) sin 5s+<k1 oT,
ox /s ar
Therefore, Eq. (3.6) can be reexpressed by use of Eqs. (2.3) and (3.3) as

——l<k1 aT‘-) (1 + dL, sin §;-cos 5s>
r=-1 d

> COS §,=q; n- (3.6)

0 ox r
oT .
+ (kl arl >z=—1 sin gy - COS J 3.7
=d4;,n sin 53

el (qo’n —n"zho) - sin 53.

For general materials, the ablation rate (/7) in thermal equilibrium depends on
the surface temperature and the local pressure. The discussion concerning this
problem will be made in the latter section.

3.2.2. Boundary Conditions on the Interface between the Solid Layer and the
Gel Layer

At the interface between the solid layer and the gel layer, the temperature must
be continuous, that is
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T=T,=T,. (3.8)

On the other hand heat flux balance across the interface (y=0 or $=0) may be
expressed as

— "ﬁal sin 9, + k, aazl—« COS §;— py-1,, - (§+6) sin 3,
X i
(3.9
= —k,_,,aji sin §; + k, oT; cos g;,
0x or

where /1,, is the latent heat for phase change from the solid to the gel, and §; is the
angle the local interface in the meridian plane makes with the axis of symmetry.

Furthermore, the following expression may be obtained from the geometrical
relation at the interface (y=0)

=——(Ly—x;—5—0) (3.10)

With this equation together with Eq. (2.3), Eq. (3.9) can be rewritten as

(& DY) inggkycos (2L A OT))
0 oy /u=o or 8 Oy /x=o
— 051,y - (§46) -sin 5, (3.11)
= —(_I_(_Z_‘ aT? ) sin 5i+k2.cos 5l(¥aT2 _._i _a_ZE) R
6 Oy /x=0 or 6 9y /x=o

where k, is the thermal conductivity in the solid layer.

3.2.3. Boundary Conditions on the Backface

In the present approach it is assumed that the backface is thermally insulated,
that is

aT(r, 1,6 _

0. 3.12
T (3.12)

3.2.4. Boundary Conditions on the Centerline

In the axisymmetric case under consideration an additional condition must be
satisfied along the axis of symmetry, which may be expressed as

9T(0, %, _

0, —1<%<0 (3.13)
or

and
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ﬁ%&i’_):o, 0<e<1. (3.14)
;

3.3. Local Heat-Transfer Rates and Free-Stream Conditions

Since the local ablation rate is dependent on time and location, the body shape
changes with time. This, in turn, leads to the change in boundary layer flow on
the body surface and, consequently, in local heating rate. However, from the
quasi-steady assumption of boundary layer flow, this effect may be reasonably in-
volved in the steady state heating rate g, proposed by Lees [16], if it is evaluated
under the instantaneous boundary conditions.

On the other hand, a small amount of mass is injected into the boundary layer
flow due to ablation, so that the heat transfer rate to the wall may be reduced.
Because of this, g, must be modified by taking the effect of mass addition into
account in the present approach. For this purpose, a mass addition parameter B
is to be introduced which is defined by the equation

B=_fuwlw (3.15)
QU.St
where p,,v,, denotes the rate of mass addition and St is the Stanton number defined
as

St=-__ qw.B=0 (3.16)
(Hst—_Hw)(O:ouco
where H is total enthalpy and subscript w indicates wall conditions.

The physical meaning of the mass-addition parameter B is the ratio of injected
mass rate to the fraction of the maximum available heat arriving at the surface
without mass addition. Thus, by use of Eq. (3.16), Eq. (3.15) can be rewritten as
nHs—Hoy (3.17)

B=m
qw,B=0

As to the stagnation flow, many studies ([2], [3], [{7], [I8]) have been conducted
on reduction of heat transfer rate due to mass addition and it is shown that the
effect of mass addition can be formulated as a function of mass addition parameter
only. Based on these theoretical informations, Marvin and Pope [3] reviewed
entire problems and proposed a simple relation between heating rate and mass ad-
dition parameter such as

=98 _y(B)
To-0 M 0.25 M 0.5 (3'18)
:1—0.72(_m> B+O.13(—“‘;—> B,
Teflon Teflon

where M,,, and M., are the molecular weight, and showed that this relation can
predict experimental results fairly well in many cases.
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As has been just mentioned above, Eq. (3.18) is valid only in the stagnation
region. Moreover, it must be noted that the boundary layer flow downstream of
the point of injection will be influenced by the injected mass and, consequently,
this turns out a modification of the local heating rate there. However, considering
that the downstream influence of the added mass is dependent on the mass flow rate
of the injection, it may be deduced that the injected mass has a primary effect on
reduction of the heating rate just at the point of injection while it has a secondary
effect on the local heat transfer rate downstream, although there is no rigorous proof
for this statement.

Because of this and also because there does not seem to exist any other conven-
tional method available to estimate local heating rate with mass injection over the
entire surface, in the present approach is introduced an additional simple assump-
tion that the modification denoted by Eq. (3.18) may be applicable everywhere on
the ablating surface.

A rough evaluation reveals that the ablation rate obtainable within the range of
the present development is of the order of 107% gr-cm~2.sec™’. From this fact to-
gether with the results presented by Swann et al. [/9], Rubesin et al. [20], etc., it
may be expected that this assumption is valid.

Since the body shape changes with time, the external inviscid flow outside the
boundary layer also changes with time. For simplicity, it is assumed that the ex-
ternal flow conditions can be given by the modified Newtonian theory, which has
been proved to be sufficiently accurate for most applications where the body is
spherically blunted.

4. RELATION BETWEEN THE WALL TEMPERATURE T,
AND THE ABLATION RATE m

Ablation under consideration is a very complicated phenomenon associated with
coupling of a nonequilibrium chemical process with an aerodynamic one and, there-
fore, it may be of a primary interest to clarify the mechanism for determining the
ablating field.

Since ablation rate # (mass loss rate of solid material per unit surface area and
unit time), which is one of the most characteristic quantities for predicting the abla-
tion phenomenon, is essentially a kind of chemical reaction rates, it can be con-
sidered to be expressed in terms of two thermodynamic variables (wall temperature
T, and pressure p) of state in a form

m= (p’l))w

4.1
:F(Tzw p), ( )

where a functional form F may be determined from chemical kinetics. It must be
noted that Eq. (4.1) includes substantial characteristics of solid material implicitly
and may be considered to give a static relation necessary for all the fields where
ablation occurs.
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However, it is evident from many experiments and data [27], [22] that the pres-
sure dependence of ablation rate is negliglble in the range of low surface tempera-
ture.

This static relation between #: and T, for Teflon has already been proposed by
Rashis and Hopko [23] such as shown in Fig. 3. In the present approach the
curve presented in Fig. 3 is approximated by the following expression,

7.0

6.0~

3.0

2.gec7l)

4.0t~

3.0~

mx10% (grecm

20

1.0

0 ! | !
500 550 600 650 700 750

Tw (°O)

Fic. 3. Static Relation between »# and T, for Teflon.

ﬁ’l:‘ol—gi— sin 53

4.2)
=exp (aT2,+bT, +0),

where a, b and ¢ are constants.
In Ref. 24 it is pointed out that the range of applicability of Eq. (4.2) is p<1

atm and T,<800°C. Therefore, the present approach must be restricted within
this range.

5. NUMERICAL CALCULATIONS

5.1. Singularity along the Axis of Symmetry

Eqgs. (2.4) and (2.7) are applied to the entire region of interest. It is clear from
direct examination of these equations that, along the axis of symmetry (r=0), there
appears a singularity due to the term involving 1/r. However, this singularity can
be eliminated by considering the asymptotic behavior as r tends to vanish. Exami-
nation of the terms reveals that the numerator tends to vanish as the denominator
approaches zero, thus indicating the existence of a finite limit.
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Application of L’Hospital’s rule to this term gives

lim 9T/0r 0T oy (5.1.1)

r—0 ] or-

Therefore, the heat conduction equation in the gel layer may be expressed along
the axis of symmetry as

aT FT « T 1 0T [ ds 30 o4 |
T _,, 0T  a +_,4,-{ 05 L+ 1) o 7_}, 5.1.2)
o e T o T g Ve T DRy (

while in the solid layer it may be expressed as

T _, #T  « T

ot ’arz 'Lz PYE
GT{ ‘L(l a°6 1 afL)
Bl 5 77 (el S il 5.1.3
T VG o T e (5.1.3)
1—-5(&9 n 60>_v2_a'_ 8A’}.

+’L ot oat) L or

5.2. Method of Solution

The differential equations that predict temperature field in an ablating axisym-
metric body of revolution has been presented in the previous section. In order to
obtain a numerical solution to Eqs. (2.4) and (2.7), the differential equations must
be approximated by finite-difference equations and programed for numerical compu-
tation by use of a high-speed digital computer.

In the present approach the numerical integration was carried out by use of the
alternating-direction implicit (A. D. I.) method which has the advantages of being
implicit, stable, and amenable to obtain rapid convergence of the solution.

A.D. 1. method was first proposed by Peaceman and Rachford [25]. In this
method, the second derivative 6°T /9r® and the first derivative 87 /dr are replaced by
a difference evaluated in terms of the unknown temperature at the time ¢+ 4¢, while
the other derivatives, 0°T/dy* and 97 /dy, are replaced by a difference evaluated in
terms of known temperatures at the time ¢. This formulation is implicit in the r-
direction. The procedure is then repeated for the second time step of equal size,
with the formulation implicit in the y-direction and, thus, the alternation in solu-
tion, that is, column-row, is continued over the specified time period.

It must be noted that a pair of successive row-column integrations is required to
maintain a stable numerical solution. Moreover, the successive pairs of the inte-
grations must have in general the same time step. In other words, this method is
unstable in each time step so that the formulation only in one direction must not be
used due to the large growth of errors. Thus, when solved alternately, this method
is valid for all ratios of 4¢/(dy)* and 4t/(4r)*. Unfortunately, a comprehensive ex-
planation can not be made yet on the conditions of its validity.

Since Eqgs. (2.4) and (2.7) consist of the first, the second and the cross deriva-
tives, these derivatives are replaced, respectively, by finite-difference forms throu gh

-«
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Taylor’s series expansions, where forward, central and backward differences are
employed. All derivatives are evaluated to the accuracy of the order of dy* or 4r®.

The finite-difference equations thus obtained have the form, for either a row or
a column solution, as

AT, +BT;+CT,;, =D, (5.2.1)

where i=1,2, ---, L+ 1 are for the column solution andi=1, 2, - - ., M+ 1 for the
row solution. Eq. (5.2.1) represents a set of L+ 1 or M4 1 equations with L+ 1
or M + 1 unknown temperatures. Since Eq. (5.2.1) results in a tridiagonal matrix
of unknown temperatures, this set of equations can be easily solved.

5.3. Numerical Calculations

The Eqgs. (2.4) and (2.7) are solved under the initial and boundary conditions by
use of the finite-difference method mentioned in the last section.

Wentink [24], Siegle et al. [26], Friedman [27] etc. studied physical properties of
Teflon and obtained slightly different results, respectively. In the present approach,
the mean values are, therefore, used in numerical calculations.

Free stream conditions, models, and physical properties used in calculations are
as follows ;

M_ =5.74, ps;=1 atm, T,,=900—1200°C,
R,=1cm, L,=2.5cm, T,=327°C,
k,=2.00x 10"*cal-cm™"-s7'-deg™!,

k,=6.00x 107*cal-cm™"-s7'-deg™!,

a,=4.02x 10 cm?.s7!,

a,=1.19x 1073 cm?®.s7},

p,=1.72gr-cm™3,

e.=2.10 gr-cm™?,

h,=370cal.gr™ !, h,=14cal.gr 1.

Numerical procedure may summarized as follows ;

(1) A prescribed initial temperature profile T, is smaller than T, (thatis, T, <T,,),
so that the gel layer does not exist initially. For this reason, a heat conduc-
tion equation for a single-layer material is first solved until the phase transition
temperature T, is reached at the surface.

(2) After the surface temperature has risen up to the phase transition temperature
T,., heat conduction equations for a two-layer material are solved by use of its
temperature distribution as an initial conduction.

(3) The calculation is continued over the specified time period.
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6. RESULTS AND DISCUSSIONS
6.1. Experiment
6.1.1. Wind Tunnel and Models

The experiment was carried by use of a high enthalpy hypersonic wind tunnel,
which consists of a high temperature air-supply system, the wind tunnel system, and
an exhaust system. A diagram of the facility systems is shown in Fig. 4. The
free stream conditions used in the present experiment are as follows ;

—Tesl Chamber —Mechanical Booster

-\-I\"Iain Hearth —Rotary Pump

// /—Jet Catcher

/1

;o
a;

iSubeearih
kN cValve
RY \\_\ \ Nozzle
A\

\

—Sting

/Diffuser

— Vacuum Tank

Cocler

Strut

Model

.
\ “—Rotary Pump

—Temperature Regulator . Mechanical Sooster

Fic. 4. Diagram of the Experimental Facility Systems.

b (1 <o

™~
—

i —
R !
R [ g] IS _

N J/

PN |
/
LC—A Thermocouple
Fi1Gc. 5. Model.
Mach number M_=5.74,

stagnation temperature T,,=1020°C,
stagnation pressure p..=1 atm.

Hemisphere-cylinder models made of Teflon were used in the experiment, the
size of which is shown in Fig. 5 in detail.

As a temperature sensor was used a C —A thermocouple, each element of which
is 0.1 mm ¢ in diameter. Since it was too difficult to put a number of sensors in
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a model, either one or several thermocouples were burried in each model.  Sott-X
ray photographs (see Fig. 6) were used to check the state of the burried thermo-
couples and the position of their junction.

6.1.2. Measurements

Measurements were made on instantaneous internal temperature distributions and
the recession depth (s). In this experiment, the origin of the time-axis is taken at
the time when the valve of the wind tunnel is opened. Instantaneous shapes of an
ablating model are measured by use of photographs which were taken at intervals

Soft-X ray photograph Model
Fi1c. 6. Soft-X Ray Photograph.

t =0 sec.

t=40 sec.

=80 sec.

Fic. 7. Typical Photographs of an Ablating Model.
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of ten seconds. To indicate the instantaneous body shape, orthogonal coordinates
(r, x) (see Fig. 1) are used.

Typical photographs of an ablating model are showed in Fig. 7. However, it
must be remarked that these photographs do not indicate a true recession depth
s(r, t) but an apparent one involving thermal expansion of the body. Because of
this, the apparent recession depth measured from the photographs must be modified
by subtracting the effect of thermal expansion to obtain the true recession depth.
In the present experiment, the effect of the thermal expansion was estimated in such
a way that displacements of the marks, which had been marked before wind tunnel
operation at several positions along a meridian line of the model, were measured
from the photographs and the displacement of the ablating surface due to thermal
expansion was evaluated approximately by extrapolation of these data.

Within the range of the present experiment, the thermal expansion thus estimated
was small but the same order of magnitude compared with the true recession depth
and, in this sense, the experimental results associated with the surface recession
should be considered as rough evaluation.

Since it was impossible to get data at many points simultaneously in a model, the
temperature distribution at any time was obtained by superposition of the tempera-
ture histories measured at several different points in each case of the experiment.
Of course, for this purpose the validity of the superposition had been confirmed by
checking reproducibility of the experimental data [28].

6.2. Numerical Results and Discussions

With an emphasis laid on the effect of the gel layer on internal temperature dis-
tributions, numerical calculations were carried out for the same hemisphere model
made of Teflon as used in the experiment, where the stagnation temperature in the
free stream was taken as a parameter. The size of the model is shown in Fig. 5.

In Figs. 8 and 9 is presented the variation of normal recession depth of the sur-
face with time at r=0 mm (stagnation point) and r=6.0 mm, respectively. It is
remarkable that the rate of surface recession clearly tends to reach a constant value
in a short time, resulting in that the steady ablation may be attained apparently.
To clarify this in more detail the variation with time of the surface temperature and
the growth of thickness of the gel layer at the stagnation point are shown in Fig. 10,
where the overshoot of each curve may be caused by the error in numerical com-
putation. As is seen in this figure, the surface temperature goes rapidly up to the
second order transition temperature, beyond which it further continues to rise more
rapidly because of the significant decrease of thermal diffusivity near the surface
due to growth of the gel layer.

The surface temperature finally reaches a constant values in a short time, beyond
which it seems to be kept almost unchanged as the time goes on, indicating that the
ablation rate attains to the steady state value. This characteristic in transient wall
temperature is consistent with that of the surface recession rate.

On the other hand, the gel layer, which begins to grow very rapidly at the time
the second order transition is approached, still continues to grow after the surface
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temperature has attained to the steady state, although the rate of its growth may
decrease considerably. This suggests implicitly that the temperature in the body
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is still varing with time. Because of this it may be deduced that the assumption of

the steady ablation is doubtful in its validity.
Figs. 11(a) to 11(c) show the instantaneous distribution of the surface tempera-
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ture, where { denotes the distance measured along a meridian line from the stagna-
tion point. These figures clearly indicate the fact that the surface temperature near
the stagnation point approaches the steady state very rapidly while it is still going
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up at 1=100 sec. in the region far downstream of the stagnation point. It is sug-
gested from these results that the body is still changing its shape even at =100 sec.,
resulting in the growth of the nose radius of curvature with time.

In Figs. 12(a) to 12(c) is presented the instantaneous distribution of normal
thickness of the gel layer, where ¢ sin 6 denotes the thickness normal to the ablating
surface. It is clear from these results that the thickness of the gel layer decreases
as the surface temperature increases, since the growth of the gel layer depends on
the difference between the thermal diffusion velocity and the surface recession rate
which increases very sensitively to a small increase in surface temperature.

r
400 4001~ .
- et
200
% 50 00 ¢ 50 T00
t (sec) t (sec)

Fi16. 13(a). Temperature History at x=2.0 mm Fic. 13(b). Temperature History at x=4.0 mm
and r=0 mm (centerline). and r=0 mm (centerline).
M=5.74, ps;;=1 atm. M.=5.74, ps=1 atm.

r
200~
}—— X
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— 100+
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| | |
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Fi16. 13(c). Temparature History at x=25.0 mm (backface)
and r=0mm (centerline).
Mo=5.74, ps;=1 atm.
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The temperature history in the body is another point of interest. Figs. 13(a) to
13(c) show the temperaturc history at several fixed points on the axis of symmetry,
where the coordinates system (r, x) is fixed on the initial surface of the body. As
is seen in Fig. 13(a), the temperature at the point locating close to the surface
becomes temporarily lower for the main stream with higher enthalpy for the time
from 20 sec. to 70 sec. This temporary reversal of the internal temperature seems
to become predominant as the observed point goes further inside the body, as shown
in Fig. 13(b), while it is no longer observed at the point locating far inside, as is
seen in Fig. 13(c). This characteristic seems to be caused by the existence of the
gel layer.

In Figs. 14(a) and 14(b) is presented the instantaneous distribution of tempera-
ture along the axis of symmetry. To demonstrate the effect of transverse conduc-
tion of heat the instantaneous distribution of temperature along the line r=6.0 mm
is shown in Figs. 15(a) and 15(b) for comparison. These figures clearly indicate a
remarkable fact that, except in the region very close to the surface, the transverse
heat conduction has a significant effect to increase the local temperature other than
on the axis of symmetry.

In order to demonstrate the effect of the gel layer on the transient thermal re-
sponse the instantaneous temperature distribution along the axis of symmetry was
calculated by use of the single layer model and the results are shown in Fig. 16
together with those of two layer model for comparison. Although the temperature
profile with gel layer may be nearly similar to that without gel layer for an initial
while, the discrepancy between these two profiles becomes increasingly remarkable,

600} eoo[ i
- ==
3 400 o 400
= =
t =100sec
,— t=100sec
200 200~ 60
1 |
9 TO 20 G e 50
x (mm) x (mm)
FiG. 14(a). Instantaneous Temperature Distri- FiG. 14(b). Instantaneous Temperature Distri-
bution along the Centerline. bution along the Centerline.
«=5.74, py=1atm, T;=900°C. w=25.74, ps=1 atm, T, =1200°C.
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indicating that the single layer model gives significant higher temperature near the

surface than the two layer model. _
. Another important factor for evaluation of effectiveness of the gel layer is the
thermal thickness, which is a function of time in the transient analysis. Since the

thermal thickness is a characteristic length representing the effective range of
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thermal diffusion, the small thickness may be considered to correspond roughly to
a steep descent in temperature near the surface due to the gel layer and, conse-
quently, to the effective heat protection. In the present approach it is defined, for
convenience’ sake, by use of the instantaneous temperature distribution along the
axis of symmetry at t=100 sec. as

(e
5‘=‘°°:<T_f de) : 6.1)

Ti+$ t =100
w r=0

where x; +s is the location of the stagnation point.

In Fig. 17 is presented the variation of thermal thickness with stagnation tem-
perature in the main stream. As is seen in this figure, the thermal thickness
decreases with increase of enthalpy in free stream. This, in turn, leads to the
deduction that the effectiveness of the gel layer might be correlated to the time of
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appearance of the gel layer. In order to examine this in more detail, the transition
time ¢, that is defined as the time the second order transition first occurs at the
stagnation point is also plotted in Fig. 17. The result clearly indicates the fact that
the earlier the second order transition occurs, the more the effectiveness of the gel
layer increases, thus confirming the deduction mentioned above.
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Comparison of the numerical results with experimental ones is another point of
interest.  Fig. 18 shows the history of surface recession depth at the stagnation
point. As has been already mentioned in Section 6.1., the true surface recession
rates obtained in the experiment are dispersed inevitably due to the error in estima-
tion of the effect of the thermal expansion. However, despite of this circumstance
the agreement between the present theory and the experiment seems to be fairly
good, as is seen in this figure.

In Fig. 19 is presented a comparison of the temperature history at a fixed point
in the body. In the early period of time the agreement between theory and ex-
periment is quite good, while the theory seems to deviate increasingly from the ex-
periment as the time goes on. This may be caused by accumulation of error in the
numerical computation.

Fig. 20 shows the theoretical results of the instantaneous isothermal lines calcu-
lated by use of the two layer model. The experimental results are also plotted in
the same figure for comparison. It must be remarked in this figure that, in the
early period of time, the present theory agrees well with the experiment not only
qualitatively but also quantitatively. Moreover, although the quantitative difference
between the theory and the experiment may increase due to accumulation of error
in the numerical computation as the time proceeds, the qualitative agreement seems
to be preserved fairly well. The same trend can be seen in the instantaneous tem-
perature distribution along the axis of symmetry, as shown in Fig. 21. Therefore,
these results seems to give an experimental evidence to the validity of the present
approach.

In order further to demonstrate indirectly the validity of the two layer model, the
numerical computation was carried out by use of the single layer model to obtain
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the corresponding instantaneous isothermal lines and the results are shown in Fig.
22 together with the experimental data for comparison.

It is remarkable in this figure that the analysis based on the single layer model
cannot give a correct prediction of the real thermal field in the ablating body
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quantitatively and even its qualitative agreement with the experiment is unsatisfac-
tory.

Therefore, it may be concluded that any theoretical approach to transient ther-
mal response of the ablator made of high molecular compound must be developed
on the basis of the multi-layer model of the thermal field.

7. CONCLUSION

A numerical approach has been developed to transient thermal response of ablat-
ing blunt bodies of revolution made of high molecular compounds. With particular
emphasis laid on the effect of the second-order transition, the formulation was made
by use of a two-layer thermal model and the numerical computation was carried
out for a model made of Teflon.

It was shown that the existence of the gel layer has a substantial effect of reduc-
ing the apparent thermal diffusivity of the material, resulting in the considerable
decrease of the internal temperature near the ablating surface compared with the
single layer thermal model.

The numerical results revealed a remarkable fact that the thickness of the gel
layer decreases with increase of the surface temperature. This turned out small
thickness of the thermal layer and, consequently, the increase in effectiveness of
heat shield of the gel layer.

The instantaneous internal temperature distribution obtained by use of the two-
layer thermal model was shown to be in satisfactory agreement with experimental
data, while the results calculated by use of the single-layer thermal model did not
give the correct prediction of the real feature of the transient thermal field in the
ablating material. -

Finally, it was suggested that any thermal analysis of the transient response of
ablating bodies made of Teflon should be developed on the basis of the two-layer
thermal model.
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APPENDIX

It must be remarked that the boundary layer flow on an ablating surface is
essentially unsteady because of the change in wall conditions with time. However,
if the characteristic flow time, which may be defined as the time required for the
boundary layer flow to adapt itself to the new perimeteric conditions, is very small
compared with the time for change in the perimeteric conditions, the boundary layer
flow will be considered as the quasi-steady approximately.
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Since any characteristic time is related primarily to the characteristic transfer
velocity of the corresponding phenomenon, the subsequent discussion is made for
the order estimation of the velocities appropriate either to the boundary layer flow
or to the solid material. For convenience’ sake, the order estimation is to be
carricd out under the conditions listed below ;

T,=1000°C,  T,=600°C,  p,=latm, M_=6,
R,=10 mm, Re,=10°,

where the nomenclature should be referred to the symbol list. It must be noted
that these conditions do not differ so much from those used in the present approach.

The characteristic transfer velocities for convection v, diffusion v, and con-
duction v, appropriate to the boundary layer flow can be estimated, respectively,
as

Vpy ~—;~~O(103) (cm-sec™),

q)BD~.l;_0~0(103) (cm-sec™), (A.1)

v30~%~0(103) (cm-sec™?),

where v, D, and «, denote kinematic viscosity, binary diffusion coefficient and
thermal diffusivity of the flow, respectively, and § is the boundary layer thickness.

On the other hand, the order of magnitude of the characteristic transfer velocity
v, for the temperature diffusion inside the solid material and the recession rate of
the ablating surface which is the characteristic velocity for the change in body shape
may be given, respectively, as

Voe~—5.~0(107%)  (cm-sec™?),
Or

45 _0(10-%)  (cm-sec-Y),
dt

(A.2)

where «; and §, denote thermal diffusivity and thickness of thermal layer inside the
body.

It is clear from these results that the characteristic transfer velocities appropriate
to the boundary layer flow are considerably large compared with those of the solid
material. This, in turn, leads to the statement that the boundary layer flow on the
ablating surface can adapt itself very abruptly to the change in surface conditions,
thus confirming the validity of the quasi-steady assumption pertinent to the bound-
ary layer flow.
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