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The effects of density, thickness and heat load upon the heat shield performance of the lightweight phenolic carbon
ablators named LATS (Lightweight Ablator series for Transfer vehicle Systems) were examined quantitatively for both
arc-heated test and re-entry heating conditions using a one-dimensional ablation analysis code. Thermal conductivity values of
the ablator were tuned based on the arc-heated test results by matching the calculated temperatures to the measured data. Main
findings are: (1) For both heating conditions, the heat shielding performance of the ablator has the same tendencies with respect
to parameters of the ablator density, thickness and heat load. (2) The dependency of the back surface temperature upon the
ablator density is small especially for a large ablator thickness. (3) The surface recession decreases with the increase of the
density. However, the mass loss increases almost linearly with the increase of the density. (4) The ablator necessary thickness,
with which the maximum back surface temperature equals to the pre-determined allowable temperature value, is nearly
constant as the density changes. The ablator necessary mass increases almost linearly, with the increase of the density. (5) In
considering the mechanism of nearly equal necessary thickness of the ablator, it is very important that the thermal diffusivity
does not vary much with different densities of the LATS ablator. (6) From the point of the reduction of the ablator weight, the
selection of a lower density ablator is more advantageous than that of a higher density ablator.
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Nomenclature X : moving coordinate or in-depth distance
. from receding surface, y-AS, m
Ak : collision frequency, 1/s . . .
) . K y : stationary coordinate or in-depth
B + activation temperature, distance from initial front surface, m
c : consFant value Ahpyo ¢ heat of pyrolysis per gas produced, J/kg
Go : spe(:.lﬁc heat, J/(kg K) Am . mass loss, ke/m?
Ci : tur(lllng' . coe;"ﬁc_neyt for' 1 thermal AS surface recession, m
con pct1v1ty ol virgin materia o ;. thermal diffusivity, m%/s
G :  tuning coefficient for thermal L
.. . € . surface emissivity
conductivity of char material ) .
s ¢Pviow  :  blowing correction factor
fi weighting factor . q
h enthalpy, J/kg Hie Zeact.lon l(:r/ er3
k thermal conductivity, W/(m K) P ensity, kg/m
a :  Stefan-Boltzmann constant,
L length of ablator, m < 4
. ) 5.67x10° W/(m* K*)
m mass loss rate, kg/(m” s)
) w (P =pen)/ Py = Pen)
0 accumulated heat load, J/m .
) Subscripts
q heat flux, MW/m . .
) . ) ab : ablation
qn',ax ! maximum heatzﬂux, MW/m ch . char
q . heat flux, W/m g . pyrolysis gas
Gew : cold wall convective heat flux, W/m? ne : necessary
(ret : net heat flux, W/m’ PICA : phenolic impregnated carbon ablator
RT : room temperature, K r : recovery
S : surface recession rate, m/s re : re-entry
T :  temperature, K ref . reference
Thmax : maximum back surface temperature, K u : at wall underside
Ts : surface temperature, K A : virgin material
t : thickness of ablator, m w : atwall
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1. Introduction

A re-entry capsule has a heat shield system to protect inner
equipments against severe heating environments during re-entry.
The heat shield system is mainly consisted of an ablator which
has a capability to prevent conduction of heat to the inside by an
ablation phenomenon. Various kinds of ablative materials with
various densities have been developed. Among them, the phenolic
carbon ablator has been applied to the earth re-entry capsules such
as USERS REV capsule (Unmanned Space Experiment Recovery
System REcovery Vehicle)"and “Hayabusa” re-entry capsule® or
the planetary entry probe “Gallileo” of NASA.Y Each of these
capsules used a high density ablator with the value of about
1500kg/m>. A lightweight ablator of about 300kg/m® has also
been developed? and used for the heat protection of the Stardust
Capsule of NASA.Y

Heat shield performance of the ablator depends on its
density, thickness and heat load. For the design of a heat
shield system, it is very important to evaluate quantitatively
the ablator performance with respect to its density, thickness
and heat load.

Recently, a lightweight ablator named LATS (Lightweight
Ablator series for Transfer vehicle Systems) with the densities
of about 300-700kg/m> has been developed. ” The LATS is a
carbon phenolic ablator fabricated by impregnating a phenolic
resin into a felt made of carbon fibers. The material properties
of the LATS ablator were measured and arc-heated tests of the
ablator samples with various densities were carried out.
Measured in-depth temperatures agreed to the calculated
results using a one-dimensional ablation analysis code. ®

In this paper, the effects of density, thickness and heat load
on the heat shielding performance of the LATS ablators are
examined quantitatively using the one-dimensional ablation
analysis code. Ablation analysis of the ablator with various
thicknesses and densities of about 300-1000kg/m* was carried
out using the one-dimensional ablation analysis code. Heat
flux conditions of an arc-heated test and a typical earth
re-entry vehicle were used for the calculation. Based on the
above calculations, heat shielding performance (surface
recession, mass loss, the back surface temperature, etc.) of the
LATS ablators of various densities and thicknesses for various
heating conditions was obtained and evaluated.

The study results would give important information in
selecting the candidate ablator used for the heat shield system
of'a newly developed re-entry capsule in the near future.

2. Analysis

2.1. Method of analysis

We carried out one-dimensional ablation analysis of the
LATS ablators with various densities and thicknesses for two
kinds of heating conditions of arc-heated test and earth
re-entry, from which the heat resistant performance of the
LATS ablator with respect to the density, thickness and heat
load was evaluated quantitatively. The flow of the study is
shown in Fig. 1. The method of analysis carried out in this
paper is basically the same as that used in the previous paper®,
except that the tuning parameters of Ci and C; for thermal

Evaluation of
Arc-heated test study results

of LATS ablators
Parametric study
of LATS
Heating conditions

of arc-heated test
and re-entry

Simulation of the . .
Tuning of input

thcrmal.rcsponsc » data for thermal
of ablation in the .
conductivity

arc-heated test

Revision of input
— data

Fig. 1. Study flow.
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conductivity are based on the fitting lines described in section
2.5 in this study.
2.2. Mathematical model of ablation®

A one-dimensional computer code for charring ablation and
thermal response analysis was used to calculate the heat
resistant performance of the LATS ablators. The code was
developed for simulation of one-dimensional transient thermal
behavior of charring materials, and was successfully applied
to the LATS ablators under the heating environments of
arc-heated test.Y The mathematical model used in the code is
described precisely in the previous papers.®® In the following,
the basic equations and boundary condition are briefly
described.

The basic equations about the charring ablation are well
known.® '3 Among the basic equations that this analysis code
uses, the in-depth energy equation of the ablator is expressed
by

%
£ Ox
t
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where x is the coordinate with the origin fixed to the surface
which moves due to the surface recession, y is the coordinate
with the origin fixed to the ablator surface before heating, p is
the density (kg/m?), C, is the specific heat (J/kg/K), T is the
temperature (K), ¢ is the time (s), k is the thermal conductivity
(W/m/K), Ahpyio is the heat of pyrolysis per produced gas of
unit mass (J/kg), § is the surface recession rate (m/s), /i, is
the gas flow rate (kg/m?/s) (mass flux) and A is the enthalpy
of the pyrolysis gas (J/kg). k and C; is calculated by

k:kva)+(1_a))kch a):(p_pch)/(pv _pch) (2)

pCp = a)pvcpv +(1_a))pchcpch )

where pv and pe are the virgin and char densities, &v and ken
are the thermal conductivities of the virgin and char materials,
and Cpv and Cpen are the specific heats of the virgin and char
materials, respectively.

The equation of mass conservation when the ablator yields
the pyrolysis gas and the Arrhenius type expression for the
decomposition rate are described by the following equations,
respectively
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where s« is the reaction order, Ax is the weighting factor, fk is
the collision frequency (1/s), Bk is the activation temperature
(K). These values are assumed to be constant.

The energy balance at the ablator surface yields the surface
boundary condition. In consideration of aerodynamic heating,
block effect of heating due to the gas ejection, radiation
cooling, and enthalpy change when the char recedes, enthalpy
change of pyrolysis gas and the heat conduction in the ablator,
the energy balance equation is obtained and shown below, '?

q.net = ch (1 - hw /hr )¢b10w - 8(7(7:3 - T;:f)_ mab (hw - hu)
(6)

where ¢,.is the net heat flux conducted into the ablator
(W/m?), q.,is the cold wall convective heat flux (W/m?), hw
is the enthalpy of the gas adjacent to the surface, /: is the
recovery enthalpy of the flow, @ow is the blowing correction
factor, ¢ is the emissivity, o is the Stefan-Boltzmann constant
(5.670x10® W/m*K*, T is the temperature of the char
surface (K), Trer is 300 K, ma (= py, S) is the mass flux due
to the thermochemical ablation of the char (kg/m”/s), and hu is
the enthalpy of the char at the surface (J/kg).

Fig. 2. Test model during arc-heated test.

2.3. Arc-heated test ¥

Arc-heated tests of the new low density phenolic carbon
ablators called LATS (Lightweight Ablator series for Transfer
Vehicle) were carried out using the 750 kW arc heating wind
tunnel of Japan Aerospace Exploration Agency (JAXA). Each
ablator test model had a cylindrical shape and the heating
surface of the model was flat.

The tests were carried out with two kinds of heating
conditions: one is the low heating rate of 0.97 MW/m?, with
the impact pressure of 1930 Pa and the flow enthalpy of 12.8
MJ/kg, and the other is the high heating rate of 1.98 MW/m?,
with the impact pressure of 4250 Pa and the flow enthalpy of
18.8 MJ/kg, where air was used as a working gas. The heating
time was mainly 60s. The time history of the in-depth
temperature was measured for 600s, where the start time of
the heating corresponds to 0s. A test model during the
arc-heated test is shown in Fig. 2. The flat surface of the test
model is heated by the high-enthalpy flow, which is ejected
from the nozzle on the left of the model in the figure. The

diameter and length of the test model are 34 mm¢ and 20mm,
respectively.

The surface temperature of the test model was measured by
the two-color pyrometer and the in-depth temperature was
measured by K type thermocouples installed in the ablator.
2.4. Input data of material properties®

The input data for the calculation of the thermal behavior of
the test model using the one-dimensional ablation analysis
program include parameters such as heating environment
conditions, ablator thickness and material properties. The
virgin density pv of the ablator are set based on the
measurement of each model. The char density for each ablator
model is calculated by means of the following relation based
on the measurement of virgin and charred materials. ”

P = P x0.7 )

The emissivity of the char surface was set to be 0.85. %12

The reference value of thermal conductivity of the virgin
material Aveer is constructed of the measured value of the LATS
materials with the density of about 300 kg/m’, using a
steady-state method with the temperature range from room
temperature (RT) to 573 K (300 °C), combined with the
literature data ¥ of the low density (about 300 kg/m?) ablator
(PICA) multiplied by a constant value, C*kwica(7), where
kveica(T) is the thermal conductivity of the PICA and C is a
constant value that is determined so that the two data are
smoothly connected. The reference value of thermal
conductivity of the char material kener is assumed to be the
same as that of the virgin material &vier (Kchret=Fkvref).

The specific heat of the char material Cpen is based on the
following expression'?

c -c L ®)

where T is the temperature (K), C- = 2.3 x 10° J/(kg K), and D
= 800 K. The specific heat of the virgin material Cpv is
constructed of the measured data with the temperature range
of RT to 300 °C (573 K), combined with Eq. (8), in which the
connection is made smoothly.

The specific heat of the pyrolysis gas Cpeis set to be a
constant value of 1674.6 J/(kg-K).'> The heat of pyrolysis per
gas produced Ahpyro is set to be 3.313 x 10° J/kg (79.1 cal/g),
which is determined considering the measured and the
literature data. Coefficients in the Arrhenius equation (Eq. (5))
are set based on the TGA data of the LATS ablator.'” Values
of N=2,41=0.1, 1 =3.5x10°1/s, Bi= 1.1*10* K, za = 100.0,
A2=10.9, = "7.0%10°1/s, Bo= 1.1 x 10* K, zo=3 are used in
the calculation.

2.5. Tuning of input data®

Among the input data for the simulation of the LATS
ablator mentioned above, thermal conductivity values would
have a large effect on the temperature calculation. However,
we have not yet obtained a sufficient amount of reliable
measured data of thermal conductivity for the LATS material,
especially in a high temperature region. Moreover the thermal
conductivity not only depends on the temperature but also on
the ablator density.' In order to overcome this difficulty,
tuning of the thermal conductivity by matching the calculated
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temperatures to the measured data was carried out for the
simulation. The procedure of the tuning method is shown as
follows:
(1) Multiply the thermal conductivity data kver and kchrer by
appropriate constant values of the tuning coefficients Ci, C2
to yield a new set of thermal conductivity Ci*kwer and
Co*enrer.
(2) Using the new set of Ci*kvrer and Co*kenret, We carry out
the ablation analysis.
(3) If the calculated temperatures do not agree well with the
measured results, the tuning coefficients Ci, Cz are changed
and ablation analysis is carried out using the changed values
of C1, Ca.

8
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Fig. 3. Relation between Cky(T)/kye(RT) and temparature for tuning.
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Fig. 5. Relation between C, and virgin density.
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Fig. 8. Relation between mass loss and Q/h,.

(4)The procedure (3) is continued until we have a good
agreement between calculation and measurement.

(5) When the calculated temperature agrees well with the
measured temperature, the tuning coefficients Ci, C2 are
finally determined.

Figure 3 shows the thermal conductivity Cikvref(T)/kve( RT),
where kwet(RT) is the reference value of thermal conductivity
at RT (kver is defined in section 2.4). In the figure, curves
corresponding to C1=0.8, 1.0 and 1.2 are shown. The tuning
coefficients C and C», each of which was obtained for each
test, are plotted in Figs. 4 and 5. Approximate lines obtained
by the least square method for Ci and C: are also shown in
these figures. Values of Ci and (> described by the
approximate lines were used in the ablation analysis,
respectively.

Figures 6 and 7 show examples of matching results of the
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LATS ablator. Relatively good agreement of the temperatures
is obtained. It is seen that the simulation results of the surface
and the back surface temperature time histories by the analysis
program agree well with the measured results. Figure 8 shows
the relation between the mass loss Am and Q/h., where Q is
the heat load [J/m?] and #. is the air enthalpy [J/kg]. It is seen
that the simulation results of mass loss Am by the analysis
program agree well with the measured results.
2.6. Parametric study

Ablation analysis of the ablator system was carried out for
two kinds of heating environments of arc-heated test and
re-entry. Back surface temperatures 7b [K], mass loss Am
[kg/m*] and surface recession AS [m] are calculated as
functions of virgin density pv [kg/m?], ablator thickness ¢ [m]
and heat flux ¢ [MW/m?]. The necessary thickness # [m] and
mass mne [kg/m?] are also calculated as functions of pv and g.
The necessary thickness or mass is defined to be the thickness
or mass per unit area in which the maximum back surface
temperature of the ablator is equal to a pre-determined
allowable value of temperature (bond line temperature). In this
paper we used a value of 250C° (=523.15K=480F) for the
bond line temperature.'>

For the calculation under the arc-heated test conditions,
heating rate time histories of a rectangular pattern were used,
which is shown in Fig. 9a. The impact pressure of 1930 Pa
and enthalpy of 12.8 MJ/m?, the values of which are the same

Q=3 MW/2]
3.09
<« Accumulated heat load
254 0:1.8% 10° [J/m?]
2 (180 [MJ/m?])
“g 2.0+

q [MW/m’]

0.5

0.54
0.0 T T T T ?%
0 20 40 60 80 100 900
Time from the begining of heating [sec]
Fig. 9a. Heating rate for arc-heated test.
2.0
Accumulated heat load ——>,
L5 ©207X10' ) 4= [MW/m?]
. (207 [MJ/m?])
‘g
= 1.04 4=0.75q,,
s TN
> / \
/=05, \
0.5 /
vl \
= N\ )
0.0 T T T T
0 100 200 300 900

Time from the beginning of heating [sec]

Fig. 9b. Heating rate for re-entry.

as those of the arc-heated test described in section 2.3, are
used for the calculation. For each pattern of the heating time
histories, the heating rate ¢ keeps a constant value (a constant
maximum value ¢max) from 0 to 60s.

For the calculation under the re-entry conditions, heating
rate g expressed by g=Cgr. were used, where C is a constant

value and greis the re-entry heating rate of USERS/REV at the
stagnation point. ' The heating rate gr. was calculated based
on the correlation formula for the stagnation heat transfer rate
to a blunt body of revolution in hypersonic flow.'” The
enthalpy and impact pressure used in the calculation were the
same as those in the re-entry environment of USERS/REV.!®
The heating rate time histories used for the calculation of
re-entry are shown in Fig. 9b.

Heat flux rate
q Insutlat_loln Back surface
material Isothermal
q condition
q 300[K]
0.02 [m]

Fig. 10. Thermal model for the analysis.

Figure 10 shows the thermal model used in the analysis for
both heating conditions. It was assumed that an insulation
material (fibrous insulation material) with a thickness of
20mm, a density of 125 kg/m®, and a thermal conductivity of
0.011 W/(mK) at RT was attached to the back of the ablator.
As a boundary condition, the temperature at the back surface
of the insulation material was assumed to be a constant value
of 300K.

Other kinds of adiabatic and radiative back surface
conditions (in the radiative condition, heat is transferred to the
inner side by radiation), were also considered. Some
calculations were carried out with these conditions, the results
of which were nearly the same as those with the isothermal
condition. For this reason, only the results with the isothermal
condition are shown, in this paper.

Calculations were carried out until the time of 900s for both
heating conditions. The time of 900s approximately
corresponds to the splash down time of the USERS REV
capsule. Parameters of mass loss Am and surface recession AS
were evaluated at time /=900s. The maximum back surface
temperature 7h max Was evaluated between the times of Os and
900s. The necessary thickness . and mass mne were evaluated
at the time corresponding to 7 max.

3 Results and Discussion

3.1. Maximum back surface temperature 7p max

Figures 1la and 11b show the relations between py and
Tv_max With two kinds of ablator thicknesses ¢ and heating rate
q for two kinds of heating conditions, respectively. It is seen
that 7 max increases with the increase of g or decrease of .
In both figures, it is also seen that the dependency of T max
upon pv is smaller when ¢ is lower and ¢ is larger.

As described in section 3.4, it seems that the back surface
temperature is largely influenced by the parameters of thermal
diffusivity ¢, ablator length L (or surface recession AS) and
surface temperature 7s. A combination of these parameters
may determine the back surface temperatures of the LATS
ablators with different densities. The precise mechanism
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Fig. 11a. Relation between maximum back surface temperature and virgin

density for arc-heated test conditions.
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Fig. 11b. Relation between maximum back surface temperature and

virgin density for re-entry conditons.

which determines the back surface temperature is suggested in
section 3.4.
3.2. Mass loss of ablator Am

Figures 12a and 12b show the relations between the mass
loss Am and the ablator density py with several kinds of ¢ and
t for the two kinds of heating conditions, respectively. It is
seen that Am increases as ¢ increases, and the dependency of
Am upon the ablator thickness ¢ is small. It is also seen that for
both heating conditions, Am increases as py increases, and the
relation is nearly linear.

As for the relation between Am and py, this can be
explained simply by using a simple model, which is described

® t=0.025m] B R
6F |< t=0.04[m] G px=3-0[MW/m’] 4

| Heating time = 60 [sec] g =20

Am [kg/mz]

300 400 500 600 700 800 900 1000
3
p, [kg/m’]
Fig. 12a. Relation between mass loss and virgin density for arc-heated

test conditions.
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Il Il Il Il Il Il Il

0
300 400 500 600 700 800 900 1000

3
p, kg/m’]
Fig. 12b. Relation between mass loss and virgin density for re-entry
conditions.
as follows:

It is assumed that a heated ablator (1) consists of the
charred region with the length of Leni and the density of peni,
and the virgin region with the density of pvi. Then, the mass
loss Am is expressed by

Am; = AS\py + Ly (Py1 = Pewt) ©

where AS1 is the surface recession of the ablator(1).
Substituting Eq. (7) into Eq. (9) yields

Amy = AS,p; +0.3Ly, 0, (10)

As for an ablator (2), the same relation can also be applied.
We assume that the char removal is mainly due to diffusion
controlled oxidation® '? and the amount of oxygen diffused
into the ablator is determined by the heating rate. We also
assume that the amount of char removal is determined by the
amount of oxygen diffused into the ablator surface. Then the
amount of char removal of an ablator is the same for the same
heating conditions. Then the following relation is obtained.

AS, Py =AS, P (IMa

AS,p, =AS,p, (11b

By using the above equations, Ami-Amz is given by

Am; —Am, =AS,p,, —=AS,p,, +03L,,p, —0.3Ly,p,, (12)

By using Eq. (11)b and assuming that both of the char depth
Lent and Len2 are equal, the following relation is obtained.

Am, —Am, =03L, (p,, — P.,) (13)

The above equation shows that the difference of the mass
loss is proportional to the difference of the density. This
means that Am increases as py increases linearly. Although the
assumption of the above model is rather simplified, the results
are similar to those of the ablation analysis. It seems that this
model can express the main mechanism of mass loss rather
well.

Figure 12¢ shows an example of calculated time dependent
density distributions of the ablator of p,=1000kg/m*® for the
re-entry condition of g=gw. In this paper it is tentatively
defined that the virgin zone is that of p /pv >0.95, and the char
and pyrolysis zones are those of p/p v<0.95. With this
definition of zones, it is seen that the thickness of the virgin
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zone is about 1/2 of the overall thickness. It seems that in this
case the thermal property of the material in the virgin zone

influences the increase of the ablator back surface temperature,

necessary thickness and necessary mass.

1.05
1.00~
0.95 %'DODOG
:; 090 ) s]
g 4=q,,[MW/m’] [s]
L 085 P :1000[kg/m3] + time = 300[s]
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0.80 e = 0.038[m] = time = 500]s)
= time = 600[s]
0.75 = time = 900[s]
0.70% - ; ;
0.00 0.01 0.02 0.03 0.04
x [m]

Fig. 12c. Time dependent density distribution.

3.3.  Surface recession AS

Figures 13a and 13b show the relations between the surface
recession of the ablator AS and the virgin density py with
several kinds of ¢ and ¢ for two kinds of heating conditions,
respectively. For both heating conditions, AS increases with the
decrease of pv or the increase of g. The dependency of AS upon
the thickness ¢ is almost zero.
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3.4 Necessary thickness ne
Figures 14a and 14b show the relations between the
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necessary thickness of the ablator #.e and the virgin density py
with various ¢ for two kinds of heating conditions,
respectively. (Necessary thickness #e is defined in section 2.6)
The necessary thickness i increases with the increase of ¢. It
is also seen that for both heating conditions, the dependency
of the upon pv is very small. The same or nearly equal values
of te means the same or nearly equal values of the maximum
back surface temperature 7h max Of the ablator.

For one-dimensional non-ablating materials under the
unsteady-state conduction heat transfer, the in-depth
temperature depends on the non-dimensional parameter of
a OL% [6 time, s] under the same initial and temperature
boundary conditions.'® The same values of o and the length L,
and the same initial and temperature boundary conditions
yield the same transient temperature distributions. When
a or the surface temperature 75 increase, or L decreases, the
in-depth temperature increases. By assuming that this
tendency is also applicable to the ablative materials, we try to
explain the relation between #.. and pv by means of the
parameters of ¢, L and Ts. The back surface temperature of the
ablator is influenced by the parameters of «, L, and Ts (or
a O1L%).

1) Thermal diffusivity «

When « becomes larger, the back surface temperature
increases or decreases rapidly. The differences of the thermal
diffusivity of the LATS virgin and char materials of different
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densities are less than 30%. That is to say, the differences of
thermal diffusivity o among the ablators are small. The
thermal diffusivity of a low density LATS ablator is a little
larger than that of a high density ablator. From the point of
a, the back surface temperature of a lower density ablator
increases or decreases easily compared with a higher density
ablator.
2) Ablator thickness L (surface recession AS)

The back surface temperature varies with 1/L2. If the ablator
thickness decreases due to surface recession during heating,
the back surface temperature would increase, which means
that the increase rate of the temperature increases. After the
heating is finished, the surface temperature decreases, and the
back surface temperature tends to decrease. The decreasing
rate of the temperature is larger when L becomes smaller. This
means that from the point of surface recession the back
surface temperature of a lower density ablator, which suffers
more surface recession, tends to increase or decrease more
rapidly compared with a higher density ablator.

3) Surface temperature 7

When the surface temperature is larger or smaller, the back
surface temperature would be larger or smaller, respectively.
The surface temperature of a lower density ablator is a little
higher than that of a higher density ablator during heating, and
a little lower than that of a higher density after heating is
finished. (This tendency is confirmed by calculation. This may
be due to the heat capacity of the ablators.) Then, the back
surface temperature of a lower density ablator becomes a little
higher than that of a higher density ablator due to the surface
temperature increase because of the heating, and becomes a
little lower than that of a higher density due to the cooling
down of the surface temperature after heating is finished.
From the point of the surface temperature, the back surface
temperature of a lower density ablator increases or decreases
easily, compared with a higher density ablator.

Based on the above discussion, the reason why f. is nearly
equal for different densities is examined in the following:

From the point of «, L and Ts during the heating, the surface
temperature and the back surface temperature of a lower
density ablator increase higher than that of a higher density
ablator. However, after the heating is finished, the surface
temperature of the lower density ablator becomes lower
compared with the higher density ablator, and the rate of the
cooling down of the back surface temperature becomes higher.
Although the increasing rate of the back surface temperature
of a lower density ablator is higher, the decreasing rate is also
higher compared with that of a higher density ablator.
Conversely, while the increasing rate of the back surface
temperature of a higher density ablator is lower, the
decreasing rate is also lower compared with that of a lower
density ablator.

The combination of these mechanisms of the ablator
thermal behavior gives nearly equal back surface temperatures
for different density ablators. Among these thermal
characteristics of the LATS ablator, a very important item
which contributes to the relation of #e and pv would be that the
thermal diffusivity « of the LATS is nearly equal for different
densities. This may explain the reason why te is nearly equal
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for different densities.

By means of these parameters, the behavior of 7 max in Figs.
11a-11b can be explained as follows:

In both figures, it is seen that, in the case of high ¢ and
small 7, Tv max becomes higher when py is lower. When py is
lower , AS becomes larger and #-AS becomes much smaller.
Moreover, when py is lower, & is larger and Ty is higher
during heating. These factors tend to increase Tb max of a low
density ablator. Then the maximum back surface temperature
T max decreases as pv increases.

When the ablator thickness ¢ is 40mm, the 7 max curves are
relatively flat. For most of the curves, the Tb max curve
increases slightly, as pv increases. When ¢ is thick, #AS
becomes not so small and the effect of -AS, which tends to
increase the maximum back surface temperature, becomes
small. When pv is higher, the effect of increasing Tb after the
heating is finished becomes larger. The combination of these
thermal behaviors gives a slightly larger value of Th max for a
higher density ablator.

3.5. Necessary mass e

Figures 15a and 15b show the relations between the
necessary mass of the ablator mme and the virgin density pv
with various ¢ for two kinds of heating conditions,
respectively. It is seen that for both heating conditions, the
necessary mass increases as py increases, and the relation is
nearly linear. It is also seen that mne increases as g increases.
(The necessary mass mine is defined in section 2.6)
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It is found that in order to satisfy the back surface
temperature requirement, selection of a lower density ablator
is more advantageous than that of a higher density ablator
from the point of reducing the ablator weight.

3.6. Effect of material parameters

The tuning coefficients C1 and C» for ablator thermal
conductivity shown in Figs. 4 and 5 are seen to scatter around
the approximate lines. In order to examine the effects of
scatter upon the necessary thickness e and mass #ne, ablation
analysis was carried out. The values of Ci and C> were varied
from 0.75 to 1.35 of those of the approximate lines,
respectively, in which the parameter ranges of Ci and C> were
determined so that they include the scatter. The calculation
results show that when Ci and Ca change from 0.75 to 1.35 of
the values of approximate lines, the deviations of #. change
from -0.17 to 0.2 of the values shown in Figs 14a and 14b, and
the deviations of mne change from -0.17 to 0.2 of the values
shown in Figs 15a and 15b, with the ablator densities from
264 to 1000kg/m® for both arc-heated test and re-entry
conditions. The effects are found to be not so large.

The effects of parameters (thickness, density and thermal
conductivity) of the insulation material upon e and mne were
also investigated. The calculation results show that when the
thickness, density and thermal conductivity of the insulation
change from 0.5 to 2.0 of the values described in section 2.6,
the deviations of e and mme change within £ 0.04 of the
values in Figs.14a-15b, respectively, with the ablator densities
from 264 to 1000kg/m® for both arc-heated test and re-entry
conditions. The effects are found to be small.

There are various kinds of ablators which have been developed
and studied so far.'> 129 They have different values of thermal
diffusivity. If an ablator is a phenolic carbon ablator (CFRP type),
the ablation mechanism is similar to that of the LATS ablator.
Moreover, if the thermal diffusivity is nearly equal to that of the
LATS, the tendency of thermal protection performance would be
similar to that of the LATS. If an ablator is not of a CFRP type,
the ablation mechanism would be different from that of the CFRP
ablator. It is not clear whether the tendency of thermal protection
performance is similar to that of the LATS ablator or not, even if
the thermal properties (for example, especially thermal
diffusivity) are similar to those of the LATS ablator. A new study
would be necessary to make this clear.

When the thermal diffusivity of an ablator is lower, the
back surface temperature becomes lower, which contributes to
the ablator weight reduction.

3.7. Effect of heating environment

If the heat load and the maximum heat flux rate applied on
the ablator are within the range treated in this paper, the
tendency of thermal protection performance of the LATS
ablator would be similar to that described in this section. The
surface temperature of the ablator calculated in this paper is
less than about 3000K and the surface ablation is mainly in the
diffusion controlled oxidation or reaction control oxidation
regions.” 19

If the heating level is such that the surface ablation is in the
sublimation region'?, where the surface temperature is higher
than about 3000K, the surface recession becomes much larger
than that in diffusion controlled oxidation or reaction control

oxidation regions. In this case, it is not clear whether the
tendency of thermal protection performance is similar to that
of the LATS ablator described in this paper or not. A new
study would be necessary to make this clear.

It is seen from the above discussion that the evaluation of
the LATS ablator based on the arc-heated test conditions gives
similar results to those based on the re-entry conditions.

4. Conclusions

The effects of density, thickness and heat load upon the heat
shield performance of the lightweight phenolic carbon ablator
of LATS (Lightweight Ablator series for Transfer vehicle
Systems) were examined quantitatively for both arc-heated
test and re-entry heating conditions using a one-dimensional
ablation analysis code. Main findings within the range of
parameters investigated are:

(1) For both arc-heated test and re-entry heating conditions, the
heat shielding performance of the LATS ablator has the same
tendencies with respect to parameters of the ablator density pv,
thickness ¢ and heat load ¢. This means that the evaluation of
the LATS ablator based on the arc-heated test conditions gives
similar results to those based on the re-entry conditions.

(2) The dependency of the back surface temperature upon the
ablator density is small especially for a large ablator thickness.
(3) The surface recession decreases with the increase of the
density. The mass loss increases almost linearly with the
increase of the density.

(4) The ablator necessary thickness, with which the maximum
back surface temperature equals to the pre-determined
allowable temperature value, is nearly constant as the density
changes. The ablator necessary mass increases linearly, with
the increase of the density.

(5) The mechanism of the nearly equal necessary thickness of
the ablator was investigated. In considering the mechanism, it
is very important that the thermal diffusivity does not vary
much with different densities of the LATS ablator.

(6) The effects of material parameter variations of the ablator
(thermal conductivity) and insulation material (thickness,
density and thermal conductivity) upon the necessary
thickness and mass were investigated. Within the range of
parameters investigated, the effects were found to be not so
large or small.

(7) From the point of the reduction of the ablator weight, the
selection of a lower density ablator is more advantageous than
that of a higher density ablator.

The study results would give important information in
selecting the candidate ablator used for the heat shield system
of a newly developed re-entry capsule in the near future.
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