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Nomenclature
d = diameter of unsealed portion of test specimen, m
h = thickness of test specimen, m
p = pressure, Pa
v = volume, m3

γ = permeability, m2

γ̃ = normalized permeability
θ = ply angle of carbon cloth, deg
ρ = density, kg/m3

µ = viscosity of air at room temperature, 1.82 × 10−5 Pa · s

Subscripts

c = char
v = virgin

Introduction

W HEN a cloth–layered carbon–phenolic ablator is heated in an
arcjet wind tunnel, a delamination between layers sometimes

occurs depending on the amount of heat input.1 This is believed to
occur when pressure force of pyrolysis gas exceeds a certain limit of
bonding strength between layers. To avoid delamination, pyrolysis
gas must be released properly through the char layer behind the
pyrolysis zone, which is influenced either by the angle of cloth
layers or by the permeability of char layers. Therefore, the ablative
heatshield of MUSES-C that was developed in the Institute of Space
and Astronautical Science (ISAS) employed a tilted layup of carbon
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cloth with respect to the surface. The angle of cloth layers was
determined from experimental study.1

Computer codes such as the HBI method2 or the SCMA code3

determine thermal response of ablative heatshield by solving equa-
tions in one-dimensional space. This simplification is justified when
radius of surface curvature is much larger than the thickness of ab-
lator. This condition is amply satisfied for entry capsules hitherto
flown into planetary atmospheres. For the analysis of delamination
problem, however, it is certainly necessary to solve two-dimensional
equations in which dependence of gas permeability on ply angle of
carbon-cloth should be accounted for. It is also known that gas per-
meability of ablative materials depends on a volume of char in the
test piece (hereafter referred to char volume). In this study, the gas
permeability of carbon-cloth ablator developed in ISAS is deter-
mined experimentally in terms of char volume with varying ply
angle.

Experimental Configuration
For permeability measurement, test specimens with various char

volume and ply angle are first prepared. The test specimens are
circular disks made of carbon–phenolic with a diameter of 12 mm
and a thickness of 2.5 mm. The test specimens are weighed on an
electronic balance (Shimazu, AEG-220), placed in a temperature-
controlled oven and then exposed to the following temperature cycle:
1) Test specimens are exposed at 100◦C for 1 h to remove moisture
content, 2) then cooled to room temperature and weighed, 3) exposed
at temperature T = 300 ∼ 800◦C for 3 h in argon atmosphere, and
4) cooled to room temperature and weighed again to obtain mass
loss and char volume. The heat up rate is approximately 20◦C/min.
The obtained char volume data are summarized in Table 1, in which
the mass of the specimen at the end of 3 h exposure is designated
as final mass.

When all specimens are prepared, the permeability of the test
specimen is measured one after another. Figure 1 shows a schematic
of experimental apparatus. In this experiment, high-pressure air
reservoired in sampling tube 1 flows through the porous test speci-
men fixed in two ducts. The two ducts can be connected by means
of flanges made of stainless steel. The left duct is connected both to
the sampling tube 1 (1000 ml) and to a pressure transducer (Kyowa,

Table 1 Char volume and ply angle of test specimens

Ply angle Dry mass, Exposure temperature, Final mass, Char volume
θ , deg g ◦C g vc

0 0.3811 300 0.3499 0.331
0 0.3812 350 0.3358 0.480
0 0.3794 400 0.3182 0.660
0 0.3800 450 0.3059 0.794
0 0.3810 500 0.2998 0.861
0 0.3824 800 0.2867 1.0
90 0.3832 300 0.3524 0.335
90 0.3830 350 0.3379 0.492
90 0.3842 400 0.3245 0.643
90 0.3855 450 0.3118 0.782
90 0.3817 500 0.3017 0.885
90 0.3915 800 0.2913 1.0
5 0.3767 800 0.2881 1.0
22.5 0.3766 800 0.2882 1.0
45 0.3665 800 0.2819 1.0
60 0.3673 800 0.2838 1.0
80 0.3650 800 0.2803 1.0
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Fig. 1 Schematic of experimental apparatus.

Fig. 2 Typical example of pressure data obtained in the present
experiment.

PHF-S-5MPSA2). This sampling tube is further connected to an air
bottle through vent 1. The right duct is also connected to a sam-
pling tube 2 (500 ml) and to a pressure transducer (Kyowa, PHF-S-
2MPSA2). The test specimen embedded in a stainless retaining ring
is pinched between the right and left flanges. The gap between the
test specimen and the retaining ring is sealed by epoxy-type bond
(AREMCO, 805). The diameter of the unsealed portion of the test
specimen is kept as much as possible to 10 mm.

Each test is performed as follows. The test specimen fixed to the
retaining ring is placed on the left flange. The right flange is placed
on the top of the left flange. The junction of two flanges is secured
by using 6 bolts. Next, the sampling tube 1 is filled by air at either
0.3 or 1.0 MPa (absolute) while the both vents are kept opened.
The sampling tube 2 is maintained at atmospheric pressure. After
the vents are closed, the variations of the pressure are recorded as
a function of time. Every test is performed at room temperature.
With the assumption that the flow can be described by Darcy’s law,
the permeability of test piece is determined by solving the following
equations using the pressure histories obtained in this experiment4,5:

∂p2

∂t
= πd2γ

8hµv2

(
p2

1 − p2
2

)
(1)

∂p1

∂t
= −v2

v1

∂p2

∂t
(2)

Results
A typical example of the pressure data obtained in this experiment

is shown in Fig. 2. One can see that the time derivative of p2 is mostly

Fig. 3 Normalized permeability of carbon–phenolic ablator as a
function of char volume.

Fig. 4 Normalized permeability of carbon–phenolic ablator as a
function of ply angle, vc = 1.00.

in proportion to p2
1 − p2

2. Therefore, the permeability of the test
specimen can be determined from the inclination of the fitted straight
line using the least-squares method. The obtained permeability is
shown in Fig. 3 as a function of char volume,

vc = (ρv − ρ)/(ρv − ρc) (3)

In this study, the measured permeability varies from about 10−17 to
10−13 m2 as the char volume varies from 0.3 to 1.0. Moreover, the
permeability for the case of 90-deg ply angle is about three times
larger than that for the case of the 0-deg ply angle. Possible errors
in the present measurement are evaluated, where an examination
is made of the uncertainty of the unsealed area and the machining
accuracy of the test piece. The overall error in the permeability is
determined within ±6%.

Figure 4 shows the normalized permeability as a function of ply
angle for the case of vc = 1.0. Because the ply angles of 0 and 90 deg
coincide with that of the principal directions of carbon cloths, the
permeability for the case of ply angle of θ(0 ≤ θ ≤ 90 deg) can be
evaluated geometrically by the following equation:

γ̃ = γ̃θ = 90 sin2 θ + γ̃θ = 0 cos2 θ (4)

The fitted curve is in Fig. 4. As can be seen, the agreement is fairly
good.

Summary
In this study, the gas permeability of carbon-cloth ablator devel-

oped in ISAS is determined experimentally. The measured perme-
ability varies for more than three orders of magnitude as the char
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volume varies from 0.3 to 1.0. The dependence of gas permeability
on ply angle of the carbon cloth is also examined. The permeability
for the case of 90-deg ply angle is about three times larger than that
for the case of 0-deg ply angle. It is also shown that the variation of
the measured permeability in terms of ply angle can be fitted fairly
well with the curve determined by Eq. (4). In the study of delam-
ination problem, thermal response of ablative test piece should be
solved at least in two-dimensional space. The dependence of gas
permeability on ply angle that is measured in this study will be used
in such studies.
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Nomenclature
Keq = equilibrium constant
k f = dissociation-rate coefficient
kr = recombination-rate coefficient
p = pressure
T = translational temperature
Tu = vibrational temperature
αO = mass fraction of atomic oxygen
�d = characteristic temperature of dissociation
ρ = total density
ρi = state density in the i th vibrational level
ρn = state density in the nth vibrational level
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ϕn = depletion factor for state n, deviation of quasisteady
distribution from equilibrium Boltzmann ρn = ρo

n (1 + ϕn)

Introduction

T HE proper treatment of energy transfer between nonequilib-
rium molecular energy modes and dissociation has important

implications in the accurate prediction of the aerothermodynamics
of gas systems, namely, aerodynamic heating on hypersonic vehi-
cles and thrust in propulsive nozzles.1 At high temperatures, molec-
ular collisions result in the exchange of the translational, rotational,
vibrational, and electronic energies of the collision partners. The
probabilities or effective cross sections of these elementary pro-
cesses differ significantly, giving rise to widely separate relaxation
times for the internal modes. Thus it becomes important to account
for the rates of relaxation processes to predict the nonequilibrium
behavior of these kinds of flows. Vibrational equilibration involves
widely separated relaxation times ranging between the very short
times for translational/rotational equilibration and the longer times
for chemical and ionization equilibration. The disparate eigenvalues
have significant physical and computational implications. Nonequi-
librium vibrational energy distributions are required for prediction
of dissociation rates, interpretation of radiation experiments, and
interpretation of ionic recombination rates.

The effect of vibrational population depletion in dissociating
flows behind shock waves for hypersonic applications was presented
in the work of Josyula and Bailey.2 The collisional approach to dis-
sociation was adapted to model the nonequilibrium flow physics
in the study of the dissociation kinetics of hypersonic flow past
a blunt body. In this study, the vibrational master equations were
coupled to fluid dynamic equations, and vibration-translation (V-T)
process were considered in evaluating the vibrational population
depletion effects of dissociation from the last quantum level. The
role of the V-T process in the dissociation kinetics was delineated
by assessing the competition between the V-T process, which pri-
marily restores equilibrium, and the dissociation process, which
perturbs the equilibrium state. The extent of the population de-
pletion and the consequent reduction of the dissociation rates is
sensitive to the temperature regime in the flowfield. For the disso-
ciation kinetics of the nitrogen molecule, in the temperature range
of 5000–15,000 K the new vibration-dissociation model yielded a
substantial rate reduction relative to Park’s equilibrium rate. The
nonequilibrium conditions behind the shock wave of a blunt body
exemplify the case where the translational temperature is greater
than the vibrational temperature (T > Tv), ultimately approaching
near-equilibrium conditions close to the surface of the body. The
higher rate of dissociation vs recombination in blunt-body flows
makes the vibrational population depletion effect significant in the
vibration-dissociation coupling model.

In expanding nozzle flows, however, the effect of vibration-
dissociation coupling on the vibrational population density is re-
versed and the population is enhanced. The sonic flow at the throat
of the nozzle is in thermal equilibrium, and as the flow proceeds
towards the exit of the nozzle the flow departs from the equilibrium
conditions. The vibrational temperature freezes near the throat, and
the translation temperature rapidly falls as a result of the expansion
process. The flow exhibits higher degrees of nonequilibrium as it
proceeds towards the exit. As the translational temperature starts
dropping, the dissociation rate drops significantly. However for the
same translational temperature drop, the change in the recombina-
tion rate is small, and the recombination rate remains consistently
higher than the dissociation rate throughout most of the nozzle
flowfield. This recombination-dominant flow leads to a popula-
tion enhancement in the vibrational manifold under the nonequilib-
rium reactive conditions. A vibration-dissociation coupling model,
thus, has to account for this enhancement to accurately predict the
nonequilibrium chemistry. The role of the vibrational population
enhancement in the development of vibration-dissociation coupling
model in high-temperature nozzle flows in hypersonic applications
is the objective of the present study.

The nonequilibrium vibrational energy distribution was modeled
by the master equations to calculate the population distributions by


