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An existing computer code named super charring materials ablation (SCMA) is updated by implementing a
coking process, in which a pyrolysis gas cokes within a char layer. The conservation equations for masses for resin,
and coke, and energy are given. A coking rate equation is calculated by accounting for mass conservation of carbon
deposited within a char layer. The method so upgraded is applied to the post-test sample analysis of the in-depth
density profile for a low density ablator heated in an arcjet wind tunnel under one operating condition to evaluate the
temperature variation of mass fraction of carbon contained in a pyrolysis gas used in the coking rate equation. The
calculated result between with and without coking is compared to discuss the effect of coking on ablation behaviors.
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Nomenclature

c, specific heat at constant pressure
e internal energy

h enthalpy

" flow rate

p pressure

q cold wall heating rate

R rate of pyrolysis or coking
T translational-rotational temperature
Ax . thickness of an ablator

K . thermal conductivity

P : density

w, :carbon mass fraction

Subscripts

¢ :  char residual or carbon
coke : deposited carbon

st . stagnation (pitot) pressure
pyro : decomposition of resin

g . pyrolysis gas

r : resin

v : virgin

1. Introduction

When a space vehicle enters into the atmosphere of a planet
with a very high speed, the space vehicle will be exposed to a
significant aerodynamic heating. A carbon-phenolic ablator is
often used to protect the space vehicle from such an
aerodynamic heating. Recently, a low density carbon-phenolic
ablator named Lightweight Ablator series for Transfer vehicle
(called LATS, hereafter) has been developed by Okuyama of
Aichi University of Technology. The specific gravity of LATS
is from 0.3 to 0.7, which is lower by up to about one-fifth
when compared with that of a typical carbon-phenolic ablator

used in the past space missions. Such a low density ablator
will be a promising material for an ablative thermal protection
system of a space vehicle in future missions in Japan.

Qualitative ablative behaviors in a carbon phenolic ablator
during heating are relatively well known. When the ablator is
heated, the virgin material decomposes thermally to a mixture
of gas containing hydrogen or hydrocarbon species etc, and a
solid carbon residue. The thermally decomposed gas is called
pyrolysis gas and the layer of the solid residue is called char.
During heating, the pyrolysis layer deepens into the virgin
material continuously, forming a layer made mostly by char
and carbon fiber. We may call it char layer, hereafter. The
pyrolysis gas diffuses within a char layer and escapes from the
surface, resulting in the reduction of heating rate transferred
into the ablator. Such a physical process should be predicted
quantitatively from a thermal protection point of view.

The mechanisms of the char formation during ablation in a
low density carbon-phenolic ablator are not well known. In
particular, a coking process in the char layer is unknown.
Coking is considered as a phenomenon that a solid carbon is
deposited when a pyrolysis gas passes through a porous char
layer to a surface.” Although detailed physical and chemical
conditions for coking are generally unknown, the coking
phenomenon can be confirmed by a material density increase
in the char layer toward the surface of a heated material. D we
confirmed such a trend in the in-depth density profile when
the post-test sample of LATS heated in an arcjet wind tunnel
is analyzed in our recent studyz). It is unclear whether the
in-depth density profile observed in our recent study can be
explained by such a carbon deposition process within a realm
of possibility.

It is the purpose of the present study to analyze the ablation
behavior of LATS through a thermal response calculation by
accounting for coking. For this purpose, a computer code

named super charring materials ablation (SCMA)3'4) is updated
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to be able to evaluate a material density variation as a result of
the deposition of carbon during the diffusion of the pyrolysis
gas through the char layer. In the current version of SCMA,
the thermal response analysis under a steady-state ablation
condition is possible” in addition to an unsteady state ablation
condition developed originally”. In the present study, a coking
process is modeled under the assumption of the steady state
ablation condition.

There is no information about detailed coking kinetics. In
the past study for an Apollo ablator analysis", an approximate
approach was taken to calculate a carbon deposition process in
the char layer. A similar approach will be taken in the present
study as a first step toward a detailed modeling for coking.

2. Computational Method

Thermal decomposition, heat diffusion, and coking
processes within an ablator are calculated in one-dimensional
space. A present ablation model is schematically shown in
Fig.1. A charring ablator is typically divided into three zones:
virgin, pyrolysis, and coking, respectively. Because the details
for the processes in thermal decomposition, and thermal
diffusion within three zones are given by the same equations
in the original SCMA code™™, the explanation for these
processes is omitted. A model for the solid carbon deposition
in the coking zone shown in Figs.1(a), and 1(b) will be
explained next in detail.
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Fig.1. Schematic diagram of the present ablation model

2.1. Coking equation"

When solid carbon is deposited within a control volume of
the char zone (see Fig.1(b)), the consumption rate of carbon in
a pyrolysis gas within the control volume can be written

w m

CotAr  8xtAr
Ax
When the residence time of the pyrolysis gas within the
ablator is ignored, the derivative of mass flux nearly equals
the consumption rate of carbon as follows:
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The first term in the parenthesis of the right hand side of Eq.
(2) is transformed into
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Putting Eq.(3) into the right hand side of Eq.(2), we have the
following relation for first-order accuracy in space:
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Using the last equation in Eq. (4), Eq.(2) can be rearranged to:
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By accounting for the conservation of mass of carbon, the
production rate of coked solid carbon is given by
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Fig.2. Variation of mass fraction of elemental carbon in a pyrolysis gas
for coking
A mass fraction for the elemental carbon in a pyrolysis gas
is needed in order to calculate the coking equation given by
Eq.(6). In the past study”, the carbon mass fraction is assumed
to be given by a function of temperature and pressure.
Because the dependency of the carbon mass fraction on
thermophysical and thermochemical state in the char layer is
not known for the low density ablator analyzed in the present
study, its temperature dependence is modeled in a similar way
to the past one: its pressure dependence is uncertain because
measured material density variation is confirmed only for one
arcjet operating condition”; thus the pressure dependence is
ignored. As is shown in Fig.2, the mass fraction value is given
by assuming that it is linearly decreased under a certain range
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of temperature. The initial temperature at which coking begins
is taken to be 1200K. Coking is assumed to end until 2000K.
The temperature range is nearly the same one in the past
model". Three different values for the effective mass fraction
of the elemental carbon at the upper temperature, O ypper, are
tested, as shown in Fig.2.

2.2. Governing equations
Conservation equations for resin, deposited carbon and total
energy are given by:

9p
—r—_R 7
at pyro ( )
D
COke :R X 8
at coke ( )
(p.c, +p,c )a—T*Q[Ha—T]
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om
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Total solid mass density is given by
P, (X,0) =, (X, 1) . (X,1) +p, (11)

In the above equations, it is assumed that the decomposition
process of resin and the deposition of carbon occur
independently. This assumption is likely to be valid because
the two processes are developed at different temperature
ranges. In order to solve Egs. (7) to (9) simultaneously, the
SCMA code’™ is used by retaining as many of the elements in
the code. The boundary condition at the heating surface is
approximately given by only accounting for the pyrolysis gas
injection in the blowing correction term via the Potts
formula®.

2.3. Material thermophysical parameters and pyrolysis gas
properties

Because the thermophysical properties of LATS are
presently unknown, most of the properties needed to solve Egs.
(7)-(9) are taken from available literatures®**® except for the
enthalpy and chemical composition of a pyrolysis gas, and
thermal conductivity of material. The details will be explained
next.

The pyrolysis gas is assumed to consist of C, CH, CH,, CH;,
CH,, CO, CO,, C,, Cs, H, H,, HO, H,0, O, and O,. The initial
elemental composition of the pyrolysis gas is taken as
C:H:0=0.591:0.119:0.29 by mass. This ratio is taken from a
past study®, in which the decomposition kinetics of phenolic
resin were examined in detail. When the mass fraction of
carbon is decreased due to coking, the mass ratio for H and O
is calculated by keeping the initial ratio between H and O
unchanged. By taking the pyrolysis gas pressure within the
material to be constant, the enthalpy of the pyrolysis gas is
calculated with a given set of temperature and pressure. A
look-up table of enthalpy and chemical equilibrium

compositions has been prepared. These properties are
calculated using a free energy minimization technique”'” as a
function of pressure, temperature and mass fraction of carbon
over the pressure ranges from 1.0x10™ to 1 atm and the
temperature ranges from 500 to 3000K, and the ranges for the
mass fraction of carbon from 0.2 to 0.6, respectively. It should
be noted that the pressure value of pyrolysis gas within a
porous char is taken to be the same as the pitot pressure value
measured in the arcjet testing, as will be explained later.

The thermal conductivity value is given by modifying that
of a different low density ablator”. The present calculation
shows no satisfactory agreement of the in-depth and surface
temperatures between measurement and calculation when the
original thermal conductivity is used. Because the present
study is focused on the thermal response analysis within a
char layer, we modify the value of the thermal conductivity to
reproduce the time history of the measured temperatures in
particular within the char layer during testing. To obtain a
satisfactory agreement, we multiply 0.4 to the original thermal
conductivity value.

3. Experimental

Although the details on the experimental approach have
been explained in our recent paper”, a brief explanation will
be made for the purpose of completeness.

A LATS material with the specific gravity of about 0.3 was
heated in a 20kW arcjet wind tunnel at Japan Ultra-high
Temperature Materials Research Center. Nitrogen is used as a
test gas. The cold wall heat transfer rate is measured using a
copper calorimeter. The stagnation pressure is measured by a
Pitot tube. The heat flux and the pitot pressure values are
2MW/m® and 0.8kPa, respectively. The mass-averaged
enthalpy is estimated to be about 9.2MJ/kg. The testing time
for the experiments is 70 seconds. Based on the operational
condition in the 20kW arcjet wind tunnel so chosen, we can
avoid a possible surface degradation due to oxidation. Thus,
little geometrical degradation of the tested specimen is
expected for this case. This aspect is important to measure the
density distribution.

The heated test specimens are shaved with a file. The
thickness of the shaved thin sections is about 1-2mm. The
number of the sections is about 10 to 20. Each of the sections
is weighted with an electronic precision balance. The density
of each section is evaluated assuming that the shaved material
is in the form of the cylindrical geometry. The experimental
error for this density measurement is estimated to be about
5%.

4. Results
4.1. Overall feature of computed solution

Calculations are carried out for the case of p,=0.8kPa, and
¢g=2MW/m’ by accounting for coking effect. The computed
in-depth density and temperature profiles are shown in Figs.3
and 4, respectively. The results are presented to demonstrate
how the density within a char layer is evolved when the
present coking model is used. In the figures, the result with
¢ ypper=0.4 is shown for the case with coking. In Fig. 3(a), the
calculated material density distribution for the case without
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Fig. 4. Calculated time history of the in-depth temperature distribution.

coking is given for comparison, in which R, is taken to be 0
and the temperature dependence of ®, is neglected. It should
be noted that the char density without coking is estimated to
be 0.19 for this case”. Because there is little discernible
difference of the calculated temperature distribution between
with and without coking, the temperature result without
coking is omitted.

One can see from Figs. 3(a), and 3(b) that an interface

where a pyrolysis reaction occurs deepens toward the back
surface of the ablative material. From Fig. 3(b), in the char
layer from the heated surface to the pyrolyzed interface, the
density value increases toward the wall surface, while such a
trend is not seen in the same zone shown in Fig. 3(a) for the
case without coking. In the region where the density increases,
the temperature varies from 1200 to 2000K, as shown in Fig. 4.
The density value in the char layer increases due to the
deposition of solid carbon in the present model. One may find
from Fig. 3(b) that the density value decreases from a local
peak up to the surface. In the region where coking process
ends at an earlier time, which corresponds to the one nearer to
the surface, the amount of the carbon deposition is lower as
compared with the inner region in the char layer. As a result,
the density value decreases in the region very close to the wall
surface.

4.2. Comparison with experiment

In Figs. 5(a), and 5(b), comparison of the surface and
in-depth temperatures during testing until /=70s is made,
respectively, between calculation and measurement. From the
figures, a satisfactory agreement of the surface and the
in-depth temperatures at 5 and 10mm is seen between
measurement and calculation. It should be noted that this
agreement is due to the fact that the thermal conductivity is
modified, as explained earlier. The cooling behavior of the
ablative material after testing time is not reproduced by the
present calculation. In addition, calculation underestimates the
time history of the in-depth temperature at the position of
15mm from the surface during all testing time. Thus, the
in-depth temperature is predicted by using the present method
only over the char layer within the material during heating.

The calculated in-depth density profiles are compared
with the experimental data in Fig.6. Calculated results are
given at a nearly converged state of =450s. The results are
shown for the cases with o ype= 0.3, 0.4, and 0.5,
respectively. The result for the case without coking is also
shown in the figure for reference. The experimental data
indicates that the char layer density varies from about 0.19 to
about 0.23 g/cm3 near the wall surface within about Smm from
the surface, showing a small plateau in the distribution. The
calculation without coking underestimates the measured
profile near the surface. By accounting for coking, calculated
in-depth density profile near the surface approaches the
measured one. A moderate difference in the in-depth density
profile is seen among the ® yyper Values chosen. As shown, a
reasonable agreement of the char layer density is obtained
when the @, e value is taken to be 0.4.

4.3. Comparison of calculated data between with and
without coking

For the same heating condition calculated in the previous
section, calculated data are compared between with and
without coking effect. The result with @, y,.=0.4 is presented
for the case of coking. The calculated pyrolysis gas flow rates
ejected out from the material surface are plotted against the
elapsed time in Fig. 7. Because coking is accounted for, the
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mass flow rate is decreased toward the wall surface due to the
depletion of carbon content in the pyrolysis gas. As a result
the ejection rate at the surface is lower as compared with the
one without coking.

In Fig. 8, the heating and cooling rates at the wall surface
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Fig. 7. Comparison of the injection rate of the pyrolysis gas at the outer

boundary of the test specimen between with and without coking effect.
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Fig. 8. Comparison of the heating rate at the outer boundary of the test

specimen between with and without coking effect.

are plotted against the elapsed time. A net heating rate is given
by the sum of the two terms: a blowing-corrected convective
heat transfer and a radiative cooling. Due to the reduction of
the mass ejection rate, the calculated convective heat transfer
rate with coking is higher than the one without coking, but the
difference between the two cases is only slight. The surface
temperature is increased only slightly by following the trend
in the convective heat transfer with coking. As a result, little
difference of the net heat transfer rate is seen between with
and without coking for the case analyzed in the present study.
By using the developed code, the chemical composition of
the ejected pyrolysis gas into a boundary layer can be
evaluated. In Fig. 9, the mole fractions of the primary
chemical species in the ejected pyrolysis gas, H,, H, CO, Cs,
and C,, are plotted against the elapsed time for the cases with
and without coking. Because a relative contribution of
elemental carbon in the ejected gas becomes smaller, the mole
fraction of the carbon containing species is reduced: from
comparison, C; is reduced by a factor of 10; and C, is
decreased nearly by half. Noted that CO is nearly constant
for the case analyzed. The mole fraction of H and H, is
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increased by about 10% compared with the result without
coking.

5. Discussions

A fair agreement of the in-depth density distribution
between measurement and calculation indicates that the
increase in the in-depth density near the surface of the ablative
material heated in an arcjet wind tunnel could be due to the
deposition of solid carbon on the char layer. The present
calculation shows that the increase in the measured density
profile is reproducible reasonably if the ®, value at the upper
limit temperature is assumed to be decreased by about 23% as
compared with the initial mass fraction of carbon in a
pyrolysis gas. The past analysis of a post-test ablative material
used in the Apollo missions showed that an w, value could be
reduced by about 30% from the initial mass fraction of carbon
in a pyrolysis gas over the temperature range from 1250 to
2000K." It is found that the m, value deduced in the present
study (®, varies from 0.591 to 0.400 for the temperature
ranges from 1200 to 2000K) shows nearly the same trend
obtained in the past study.

It should be noted that the present study cannot fully
confirm how coking affects the effectiveness of the convective
blockage at an ablating surface. The calculated mass ejection
rate for the case with coking reduces typically by about 20 to
30% as compared with the one without coking. This reduction
in mass injection rate will reduce the convective blockage
effect. In contrast, the calculated molecular weight of the
injection gas accounting for coking is 8.8g/mol, which is
lower than the value of 11g/mol for the case without coking.
A past study showed that the effectiveness of convective
blockage could be increased when the molecular weight of
injection gas is reduced'”. How these two competing
mechanisms are balanced is unknown. In order to examine the
effect of coking on the convective blockage effect, an
integrated approach'” may be necessary to calculate an
interaction process between an arcjet freestream and an
ejected pyrolysis gas. Such a task is left in the future.

In addition, the present calculation suggests that a radiative
heating condition in a flight with a high entry velocity may be
modified due to coking effect. Because the carbon containing
chemical species can absorb the radiation emanating from an
inviscid shock layer in the ablation layer, the reduction of Cs
due to coking might increase radiative heating if the surface
recession is relatively small. Efforts should be made in the
future to investigate such an effect of coking on radiative
heating.

6. Concluding Remarks

By using an upgraded charring material ablation code, in
which a carbon deposition process within a char layer is
accounted for, it is found that the experimentally obtained
in-depth density increase in the char layer of a low density
ablative material can be explained by the deposition of about
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Fig. 9. Comparison of the mole fraction of the pyrolysis gas at the outer

boundary of the test specimen between with and without coking effect.

23% of mass fraction of carbon contained originally in a
pyrolysis gas when it diffuses within a porous char layer. The
present calculation indicates that carbon deposition could
occur within about Smm thickness from surface in the char
layer. These trends are consistent with the results observed in
a past study. The present computational approach can be used
to predict the chemical composition of pyrolysis gas ejected
into the boundary layer over the ablative material. The present
method is applicable in the future to a more realistic ablative
environment in which surface recession occurs in order to
examine the effect of coking on ablation behaviors.
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