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Summary: On the basis of this investigation of the high temperature behavior of poly-
tetrafluoroethylene (PTFE), the transient one-dimensional ablation of PTFE has been
developed by taking into account the optical transmittance of both the amorphous zone and
the crystalline zone of PTFE-layer. Results show that although the exposed surface receded
at an apparently steady state, both the internal temperature and the thickness of the gel
layer increase continuously due to the internal absorption of radiation.

NOMENCLATURE

effective collision frequency

fraction of mass of oxygen in a boundary layer
specific heat

activation energy

heat of transition

reaction heat per unit mass of oxygen

stagnation enthalpy of the gas

local depolymerization energy

enthalpy difference over the boundary layer
radiation intensity

external incident radiation intensity

thermal conductivity

absorption coefficient

initial thickness of the ablating body

index on radiation bands that penetrate the body
ablation rate

index on radiation bands absorbed at the exposed surface and index of re-
fraction

9 convective heating rate without mass injection

q, incident radiative heating rate at the exposed surface
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24 N. Arai

q... total incident radiative flux absorbed at the exposed surface

o, depolymerization energy per unit volume
Or total radiation flow in the ablating body
r reflectivity

R universal gas constant

s position of the surface

s ablation velocity, ds/dt

S scattering coefficient

t time

T temperature

X spacial coordinate

Os thickness of the heat sink

€ surface emissivity

0 thickness of the gel layer

6 growing rate of the gel layer, d/dt
0 density

Jr correction factor by mass injection
& transformed coordinate
Subscripts:

b conditions at the backface

B blackbody

e external incident radiative intensity

hs heat sink

internal reflection coefficient and interface

conditions at the phase change

outward direction in the ablating body

surface ‘

inward direction in the ablating body

the vth spectral band of radiation being absorbed and/or reflected at the ex-
posed surface

conditions in the gel layer

conditions in the solid layer

Eﬂhws“ﬂ

[\

1. INTRODUCTION

For high-speed entry of space vehicles into atmospheric environments, ablation
cooling is a practical method for protecting surfaces from severe heat fluxes and for
limiting material temperatures. In particular, the entry heating environment for a
probe entering the large planets, such as Jupiter and Saturn, is a severe one in which
radiative heat loads are associated with convective heat loads. The ablating heat
shields used in the past to protect probes from convective heating may not be ade-
quate for these additional heat loads. For such entries, ablators will have to be
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Transient Ablation of Teflon 25

chosen to withstand both the radiative and the convective heating.

One method, which is now being developed to withstand the radiative and con-
vective heat load, uses reflecting ablation heat shields [/-3]. A dielectric material
is used to reflect the radiative heat load diffusely rather than a metallic material to
specularly reflect it. A heat shield using a dielectric material to reflect the incident
radiation avoids one of the essential inconveniences on the design that uses a metallic
material: even though each metallic surface may be highly reflective, absorption
always accompanies each reflection by a metallic surface. And for the trapped
radiation, the heat shield may actually behave like a blackbody in that it absorbs
practically all the incident radiation. However, a dielectric, depending on the spec-
tral range, can be selected that absorbs essentially none of the incident radiant energy
[]. The reflection must be accomplished by backscattering in depth, because the
surface of the probe is eroding rapidly during entry as the result of thermochemical
ablation.

In the design of an ablative heat shield system, since the ultimate purpose of the
ablation heat shield is to keep the internal temperature of the space vehicles at a safe
level during entry, the transient heat conduction characteristics of the ablator may
be critical in the selection of material and its thickness.

As suitable ablative materials, we may consider many candidates, such as poly-
tetrafluoroethylene (PTFE) and silica (S:0,). The behavior of these heat shield ma-
terials at high temperatures (over the melting point) is one of the most interesting
problems. However, since the physical properties at high temperature are not clear,
there are many unexplained problems. We may know those of PTFE compared
with other heat shield materials.

There are many papers (e.g., Refs. 4-6) concerned with the ablation of PTFE and
most of them have been developed on steady or quasi-steady ablation. However, it
seems realistic to consider that ablation is 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.

Clark [7] first proposed the two-layer model with emphasis on the phase change
(i.e., second-order transition) of Teflon, especially on the development of the gel
layer. In his investigation, the transient one-dimensional ablation of Teflon was
considered.

Arai applied the two-layer model to the axisymmetric model of Teflon with par-
ticular emphasis on the change in body shape and the instantaneous internal temper-
ature distribution [§]. He got results that are in good agreement with his experi-
mental data.

Holzknecht took account of the influence of the order of decomposition reaction
and of the thermal expansion of PTFE [9]. Computed temperature profiles showed
good agreement with measured distributions.

To the best of the author’s knowledge, however, there is no paper except Kindler’s
paper [/0], in which the effect of optical transmittance of PTFE on the temperature
field and the mass loss rate are taken into account. He took the simple relationship
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26 N. Arai

[11] for the total radiation flow that penetrates into the body. However, it does not
suficiently explain the effect of the incident radiation, especially, the scattering coef-
ficient. In the gel layer, we may neglect the scattering coefficient compared with the
absorption coefficient. On the other hand, in the solid layer (crystalline layer) we
may not neglect it.

It is the purpose of this investigation to propose numerical results of the transient
thermal response of PTFE. With particular emphasis on the effect of the second-
order transition of PTFE and the incident radiation on the overall behavior of the
transient temperature distribution inside the heat shield material, the formulation is
made by use of the two-layer thermal model. The heat conduction equation is cou-
pled with the radiation transfer equation and is solved by use of the shooting method
to satisfy some boundary conditions. For this purpose, a one-dimensional heat
conduction equation with temperature-dependent properties and the Kubelka-Munk
“two-flux” equations will be investigated.

2. ANALYSIS

2.1.  Physical Model

PTFE is a milk-white, waxy, and partially crystalline (up to 80%) material at
temperatures below 327°C. At 19°C and 30°C changes of chain configuration
occur, but the involved heats of transition are negligible. The polymer undergoes a
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Transient Ablation of Teflon 27

sharp, reversible transition at 327°C, changing from the white, translucent or opaque
subtance to a transparent, amorphous material; the transition is accompanied by a
heat of 4, =14 cal/g. This major phase transition is usually called the ‘“‘melting
point.” Although the melted PTFE should be considered as a liquid, its viscosity
remains very high (e.g., 10" poise in the temperature range from 330° to 390°C), so
that the fluidity of the melted PTFE may be neglected. In this sense, the molten
layer is called as a gel layer. As the temperature of PTFE is raised above 350°—
400°C, pyrolysis occurs. The polymer decomposes into gaseous products without
either charring or liquid layer formation. Though this decomposition is often called
“sublimation,” it is not a phase transition at a constant temperature, but a chemical
reaction, namely the depolymerization of the polymer chains.

The two-layer thermal model is adopted in this paper. The physical model con-
sidered in this analysis is sketched in Fig. 1. A transient one-dimensional ablation
model is chosen to represent the thermal response of a PTFE slab exposed to the
external convective and radiative heat fluxes. The present analysis considers the heat
transfer process only within the heat shield material under the conditions of given
convective and radiative heating at the front surface. Thermal expansion is neglected.

2.2. Governing Equations

Consider a finite slab of PTFE with the exposed surface at x=1s receding at the
ablation velocity § and the thickness # of the gel layer at the growing rate §. A heat
sink is located at x=1L,. The phase transition plane divides the slab into two regions
as shown: the gel layer (subscript 1) between s and s+ where 7',> T ,,, and the solid
layer (subscript 2) between s+ 6 and L, where 7,<T,,.

Conservation of energy for a slab in which heat is conducted inwardly and radia-
tion is being scattered, absorbed, and emitted in depth, may be expressed as

T
P]Cp,laatl‘":aa?(klaa%}>+QR+Ql’ (1)

oT 0 oT
,Cpp2ie =0 (k 2)+ 2
024 p,2 ot ox 2 ox Or (2)

where

E
0r=— Ao, H(T) exp( — )
RT,

QR:n. Z K»(]R,u+]T,v_2nZIB,v)'

v m

Qp is the energy per unit volume bound by the depolymerization process not only at
the surface but inside the body as well. This is the sink term in Eq. (1). On the
other hand, Q, means the radiative term and is the source term in Eqgs. (1) and (2).
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The inward and outward radiative fluxes are described by the Kubelka-Munk
transfer equations [2] as

d[T.;ivV: _(Si,u—*—Ki,v)]T,i,u+Si,v’]i,i,u_}_n?Ki,vIB,i,v (3)
dIR,i,v _ S K I 2
*7){*"“( vt Ki) R,i,v_Sz’,vIT,i,u_niKi,v]B,z‘,u 4

where i=1 for the gel layer and 2 for the solid layer. K and S are the absorption
coefficient and scattering coefficient, respectively.

2.3. Boundary Conditions

The surface temperature rises continuously and, consequently, the polymer chain
is broken down and the ablative products go into the boundary layer. They react
chemically with the oxygen in the boundary layer. The heat transfer to the surface
is reduced as a result of the mass transport into the boundary layer and is increased
due to the exothermic reaction. We consider that the incident flux is composed of
radiation bands that either penetrate the material to be backscattered in depth or are
absorbed at the surface [2]. That is, we define the incident flux

9,= 2. 4.+ ﬁqr,y (5)

where the first sum is radiation that penetrates and is scattered and the last is surface
absorbed radiation. Therefore, at the exposed surface, the flux conducted into the
material is expressed as

oT > < Ch )
- kr“"*l - 01 L rad 6
(k200 = a1 )+ ©)

where ¢, stands for convective heating rate,  is the correction factor [5], [/2] for
incident convective fluxes by mass injection, and g¢,,, represents the total incident
radiative flux expressed as

Gras=r 35 (=1, Mo —eT (T ™

C represents the fraction of mass of oxygen in a flow and /4, the reaction heat per
unit mass of oxygen. The correction factor for incident radiative fluxes is assumed
to be 1.0.

The position of the surface is given by the ablation rate, which is here defined as
the sum of the depolymerization products. When it is assumed that all the mono-
mer leaves the body, the ablation rate is given by

= =, o new(—Jas (8)

where p, is some reference density; the position of the surface is given by
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s=| ——dt. 9)
At the interface between the gel layer and the solid layer, the temperature must be
continuous, that is,
T,=T,=T,. (10)
On the other hand, heat flux balance across the interface may be expressed as

k0T g T,

ox ox

—pmhm%mw) (11)

where 4, is the latent heat for phase change from the solid to the gel and p,, is the
mean density at the interface and is defined as p,, =(p,+ p,)/2. Furthermore, in Eq.
(11), it is assumed that the incident radiative flux is not absorbed at the interface.

For taking the heat sink into account at the backface, the boundary condition is
expressed as

)

m’ aT
+7E Z (l—rb)I'I’,Z,v:(ohst,hsahs 2
X v=m af

(12)

where p,,, C, ,,, and d,, represent the density, the specific heat, and the thickness of
the heat sink, respectively.

The boundary conditions for this set of Kubelka-Munk transfer Egs. (3) and (4)
(see Fig. 2)
at the exposed surface:

IT,l:(l_rs.P)Ie+rs,1]R,l (13)
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Fig. 2. Illustration of Radiative Transfer Model.
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at the interface:

Ipa=ri e+ —r,)g, (14)
Ip,=(—r, JIr +r,dg, (15)

at the backface:
Ig,=rdp, (16)

2.4. Initial Conditions

The initial conditions that must be specified are the temperature distribution, the
thickness of the gel layer, and the position of the surface. A prescribed initial tem-
perature profile 7, is smaller than T, (i.e., 7,<T,), so that the gel layer does not
exist initially. For this reason, the governing equation for a single-layer material must
be first solved until the phase transition temperature T, is reached at the exposed
surface. After the surface temperature has risen to the phase transition temperature
T,, the governing equations for a two-layer material must be solved. For the most
cases of interest, it may be reasonable to assume that the initial temperature distri-
bution is uniform. Therefore, we define the initial conditions as

T(x,0)=T, (17)
s=0=0. (18)

It is assumed that the ablation does not occur till the surface temperature 7', reaches
the phase transition temperature 7,,. Once T, is higher than T, the gel layer begins
to develop. The initial growing rate of the gel layer is given by the surface energy
balance at T,,=7T,,. That is,

a0
"dt

T
——(kz T, )s=q0+qr(zd_p2h (19)

ox

The thickness 6 of the gel layer is given by integrating of the equation of § from
t=t, to t=t. That is,

o= 4a. (20)

tm dt
2.5. Variable Transformation

For heat conduction problems involving surface recession, it is convenient to use
a coordinate system that is fixed at the moving surface. Figure 1 is a schematic
diagram in the transformed coordinate system. The spatial coordinate x is trans-
formed into &,(i=1 or 2) by the following expressions. Within the gel layer:

_X—s@) 21
& 0 @2n

and within the solid layer:
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. x—[s()+6()]
&= (1) (22)

where s is the change from its initial position due to surface recession, @ is the thick-
ness of the gel layer, and L is the thickness of the solid layer. &,=0 indicates the
exposed surface, £,=1 or &,=0 the interface between the gel layer and the solid
layer, and &,=1 the backface.

The chain rule of differentiation appropriate to the transformation of the variable
may be summarized as

9 _1 09
ox 8 90&, )
5 3 | g region |
o 9 2 -2
ot ot 6'( +é )651 ’3
o _1 0 - ®)
ox L o0&, )
region 2
0 _ 0 1=& 50
ot ot L 0,

By use of Eq. (23), energy equations, Eqgs. (1) and (2), can be reduced to, respec-
tively:

oT, 1 0 (k oT, ) 0.Coi (e é oT,
- =— ——\ Kk, —+ 2 -+ -+ + 24
01C o0 EY 7 ok, o, g ($-+&.0) 3¢, Or+0p (24)
oT 1 0 ( oT ) 0:Cyp . oo ol
,C = k 2 )+ 22 (1 —EXNs4-6 L4 0p. 25
0.0 5.0 o I o, 2 2, I ( &,)(8 ) %, Or (25)

Furthermore, the Kubelka-Munk transfer Eqgs. (3) and (4) can be rewritten as, re-
spectively:

1

—_ _%: ""(Sl,v+Kl,v)IT,l,v+Sl,v’R,l,y"l—n?Kl,vIB:l-” (26)
6 d&

_1_ _‘i_{&l.iv_ :(Sl,u+ Kl,v)IR,l,u_ Sl.vIT,l,v_n?Kl,vIR,l.v (27)
6 dé&

1 dI

1 T,2,v ———(Sz,,,—f‘Kz,y)IT,Z,v_*_SZ'VIR'Z'”_*_ngKZ'”IB'Z'” (28)
L ds,

1 dI

z_ —%ﬁ:(sz,»%_ KZ,V)IR,Z.D— SZ,v[T,Z,u_ngKQ,v,B,Z,V' (29)

2.6. Numerical Calculation

The system of equations for the transient ablation consists of three differential
equations in the crystalline phase, three differential equations in the amorphous
phase, and the corresponding boundary conditions. These equations are nonlinear
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because of moving boundaries, the temperature dependence of the thermophysical
properties, and the chemical reaction. After transformation to constant boundaries,
the system of equations is solved by an implicit finite difference method and the
R-K-G method.

In the governing Eqgs,. (24-29), the ablation rate 71 (or recession rate §), 6 and I,
(or Iy ,) at the exposed surface are three of the unknown variables. By assuming
6 and I, (or I,) and taking 1 as a parameter, the next relation can be obtained
by solving Eqs. (24-29) to satisfy the boundary conditions (6), (11), and (16) by use
of the shooting method.

T, = F(rh). (30)

On the other hand, the surface temperature 7', and the ablation rate » are correlated
by introducing another chemical relation:

T, =G(m). €2))
Equation (8) is used for Eq. (31).

Thus, two relations are obtained that give the desired solutions for an ablation

Table 1. Properties of Teflon

Property Value Dimension Reference
ky (21.04—3.34x10"2T/K+1.39 cal-cm~1.sec 1. K1 9
X 107372/K?) x 10~
ko (1.2+1.467x102T/K) 104 cal-cm~1.sec"1. K1 9
Cpa 0.216+0.156 x10-3T/K cal-g-1.K-1 9
Cp.2 0.123+0.3733x10-3T/K cal-g-1.K-! 9
o1 2.07—7x104T/K g-cm™3 9
02 2.119+7.92x104T/K—2.105 g-cm~3 9
x 10-8T2/K?*
K, 0.22 cm~! 13
K, 0.056 cm™! 13
Si <106 cm™! 13
S, 18 cm~! 13
Ts,e 0.053 (if Ty, >Tp), 13
0.071 (f T, <Tyn)
s, 0.39 (if T >Twn), 13
0.50 (if T,<Tn)
Fie 0.023 . 13
i 0.17 13
b 0.80 13
m 1.25 13, 17
ny 1.36 13, 17
& 0.1 14
H, 424—6.67x102T/K cal-g-1 15
hn, 14 cal-g! 16
hy 5.66x103 cal-g-1 12
E 7.56x 104 cal-mole—! 9
Ap 3.1x10%° sec! 9
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Transient Ablation of Teflon 33

rate m and surface temperature 7,.. The desired 1 and T, can be found graphically
or numerically from relations (30) and (31). Then the governing Eqs. (24-29) are
again solved by using the above obtained # and T,, and at last the temperature
distribution, radiation intensity distributions, ablation rate 1, and the growing rate
6 of the gel layer are obtained.

The numerical computation was carried out by the following procedure. Since
the prescribed initial temperature distribution is lower than the phase transition tem-
perature T,,, the governing equations are first solved by using the single-layer thermal
model up to the time the phase transition temperature is reached on the surface.
With the temperature distribution at this time as an initial condition, the calculation
is continued further by using the two-layer thermal model over the specified time
period.

The thermal and optical properties of Teflon are shown in Table 1.

3. DiscussioN OF RESULTS

One of the main purposes of this investigation was to investigate the effect of radi-
ative heating on the thermal field in the heat shield; the heat field is represented by
the two-layer thermal model. In the sample calculations from Figs. 3-9, L,=1.0cm,
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Fic. 3. History of Recession Depth. H,=1000cal/g, go=100 cal/sec/cm?,
q,-=250 cal/sec/cmz,
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Fic. 4. History of the Thickness of Gel Layer. Hy,=1000cal/g,
qo=100 cal/sec/cm?, ¢q,=250 cal/sec/cm?,
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Fic. 5. Growing Rate the of Gel Layer. H,=1000cal/g, qo=100 cal/sec/cm?,
qr=250cal/sec/cm?2.
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H,=1000 cal/g, ¢,= 100 cal/sec/cm?, and g, =250 cal/sec/cm?. (Of the incident radia-
tion, we estimate that 96.5% penetrates and 3.5% is absorbed at the surface.) It is
assumed that the backface is insulated.

Figure 3 shows the recession depth history. There is a great difference between
the radiative heating only and other cases. This result is caused by the fact that a
greater part of an incident radiative heating comes through the surface and penetrates
into the material. The heat which is absorbed at the surface is very small. There-
fore, the surface temperature increases very slowly compared with other cases and is
lower than in other cases; consequently, the recession and the recession velocity are
much smaller than other cases.

Figures 4 and 5 show the history of the thickness of the gel layer and the growing
rate, respectively. In the case of radiative heating only, the gel is much thicker than
in other cases. This may be explained as follows. The internal temperature in-
creases mainly due to the absorption of the incident radiation, while the recession
and the recession velocity in the case of radiative heating only are much smaller than
in other cases. Therefore, the thickness keeps on increasing. In the case of the
combined radiative and convective heating, the recession depth is large, so the gel is
very thin and the growing rate is small. However, because of the incident radiation,

800 E

600 | /

RAD. + CONV.

/ ————  CONV.
400 = — — —  RAD.

TEMPERATURE {°C)

200

0 2 4
TIME (sec)

Fic. 6. Surface and Backface Temperature History. H,=1000cal/g,
qo=100 cal/sec/cm?, g,=250 cal/sec/cm?2.
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the thickness does not become constant. On the other hand, in the case of the con-
vective heating only, it becomes almost constant at an early time.

Figure 6 shows the history of the surface and backface temperatures for every
case. In the case of the combined heating and the convection only, the surface tem-
perature increases abruptly and becomes almost constant very soon. On the other
hand, in the case of the radiative heating only, it increases much more slowly than
in other cases. This may be caused by the fact that only a small part of the radiative
heating is absorbed at the surface and that a greater part of it penetrates into the
material. In the case of convective heating only, the backface temperature does not
increase; in other cases it continues to increase. It seems that this phenomenon is
caused by the incident radiation. The backface temperature in the case of the radia-
tive heating only is lower than in the case of the combined heating. This is due to
the difference of the recession velocity. The thickness of the material in the former
case is much greater than in the latter case. Therefore, the radiation is absorbed

1000 —

500 —

TEMPERATURE (°C)

FiG. 7. Temperature Distribution as a Function of Time and Position
with Combined Radiative and Convective Heating. H,=1000
cal/g, go=100cal/sec/cm?, q,=250 cal/sec/cm?.

1000 —

500 |-

TEMPERATURE (°C)

Fic. 8. Temperature Distribution as a Function of Time and Position with
Radiative Heating only. H,=1000cal/g, q,=250 cal/sec/cm?.
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FiG. 9. Temperature Distribution as a Function of Time and Position with
Convective Heating only. H,=1000cal/g, g,=100 cal/sec/cm?.

and scattered on the way and less of it reaches the backface. In the case of con-
vective heating only, the backface temperature does not rise because of the low
thermal diffusivity of Teflon.

Figures 7-9 show the instantaneous temperature distribution. As previously
mentioned, a greater part of the rise in the internal temperature (except in the vicinity
of the surface) seems to be caused by the absorption and the scattering of the incident
radiation. When the thermal thickness is defined as
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L, (cm)
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] i
Y .5 1
TIME {sec)

Fic. 10. History of Recession Depth. H,=1000cal/g, go=100 cal/sec/cm?2,
g-=250 cal/sec/cm?.
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Fic. 11. History of the Thickness of Gel Layer. Hy,=1000cal/g,
qo=100 cal/sec/cm?, q,=250 cal/sec/cm?2.
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FiG. 12. Growing Rate of the Gel Layer. H,=1000cal/g,
qo=100 cal/sec/cm?, q,=250 cal/sec/cm?.
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1000

500

TEMPERATURE (°C)

x {cm)

F1G. 15. Temperature Distribution as a Function of Time and Position
H,=2127 cal/g, qy=15.24 cal/sec/cm?, ¢g,=1.69 cal/sec/cm?.

O
= j Tdx, (32)
in the case of the convective heating only, it is much smaller than in other cases.
The surface temperature is influenced by the convective heating. On the other hand,
the rise in the internal temperature is influenced by the radiative heating.

The effect of the initial thickness of the heat shield is shown in Figs. 10-12. As
shown in Fig. 10, both of the recession depth histories are almost the same. On the
other hand, as shown in Figs. 11 and 12, histories of the thickness of the gel layer
and of its growing rate show many differences. This may be caused by the difference
in heat capacity. The thinner the heat shield, the sooner the internal temperature
rises, and consequently, the gel layer is thicker. The sudden increasing of § or 6 is
caused by the fact that the thickness of the heat shield was reduced because of surface
erosion.

The comparison with another theory [/0] is shown in Figs. 13 and 14. Many dif-
erences of the recession depth history seem to be mainly due to differences in the
physical properties. As shown in Fig. 14, however, the difference in the temperature
distribution seems to be due not only to the differences in physical properties, but
also to the difference in the estimation of incident radiation. In Ref. 10, the effect
of the incident radiation is taken into account in the gel layer, but not in the solid
phase. Therefore, the temperature at the backface in Ref. 10 does not rise as the
present analysis. Figure 15 shows the instantaneous temperature distribution.

4. CONCLUSION

Investigation of the high temperature behavior of Teflon was taken as a basis for
an analytical model of the transient ablation of Teflon under the condition in which
the intense radiation is coupled with convective heating. The resulting system of
differential equations was numerically solved.

The incident radiation causes significant changes in the growth process of the gel
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layer and in the instantaneous temperature distribution. The surface temperature
does not seem to be influenced by the radiation. However, the internal temperature
seems to be significantly affected by it. In the case of convective heating only, the
internal temperature is unaffected except near the surface. In other cases it rises
throughout the material, such that (except in the vicinity of the surface) the difference
becomes large. In the case of convective heating only, steady-state ablation seems
to be reached at a very early time, while it does not seem to be reached when inci-
dent radiation is accounted for. The results of the present calculations confirm that
the optical transmittance of both the amorphous zone (gel layer) and the crystalline
zone cannot be neglected in considering the transient ablation under the condition of
the radiative heating.
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