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Carbon/carbon composites usually work in complex thermo-chemical environments, surface recession is
thus inevitable due to chemical ablation and further affects the system stability and safety. In this paper,
a model for chemical ablation of the materials which accounts for the effects of non-uniform temperature
and pressure is proposed. As an application, the surface recession of a carbon/carbon composites leading
edge structure are simulated in detail. The results show that the non-uniform distributed pressure plays
an important role in the final ablation configuration. The effects of altitude and oxidation protection on
the chemical ablation are discussed as well.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Carbon/carbon composites, due to their excellent thermo-phys-
ical properties and low densities, have found extensive applica-
tions in rocket nozzles, aero plane braking disks, and thermal
protection systems of atmospheric re-entry vehicles [1–3]. Use of
such composite components would reduce the structure weight
for increased payload and enhance the reliability of the system.
However, a challenge arises from the complex thermo-chemical
environments in which the structures are working. The hostile
thermo-chemical constraints give rise to heterogeneous oxidation
reactions between carbon and oxidizing species such as H2O,
CO2, and O2 from the hypersonic flow, causing undesirable surface
recession [4–8], degradation or micro-damage [9,10] of the materi-
als by chemical erosion or ablation. In addition, the surface and
interface defects produced by the chemical reaction may result in
mechanical erosion. Existing studies indicate that thermo-chemi-
cal ablation is the primary cause for surface recession [11], while
the effect of mechanical erosion is secondary for advanced car-
bon/carbon composites with high-density. Accordingly, under-
standing the mechanism of thermo-chemical ablation is a key
from the view point of structure design.
Great efforts have been made to minimize chemical ablation so
as to improve the system stability and safety. In addition to exper-
imental explorations [12], numerical models have also exploited to
predict the oxidation erosion of carbon/carbon composite materi-
als and structures. A thorough literature review on numerical char-
acterization of ablative materials used for different military and
aerospace applications was given in Ref. [13]. To solve the chemical
ablation problem for charring or carbon based materials, several
approaches [14–16] were developed to calculate the temperature
of body and the surface recession caused by chemical ablation.
These studies essentially regarded the oxidation reactions of chem-
ical ablation as equilibrium processes, implying that the oxidation
species are consumed completely at the gas–solid surface and thus
the reactions are fully controlled by the diffusion rate of the reac-
tants. However, experiments [1,2,17] confirmed that the oxidation
reaction of carbon/carbon materials at lower temperatures is a
non-equilibrium process with the reaction rate in the Arrhenius
form. Only at higher temperatures the oxidation reaction is con-
trolled by the diffusion rate of the reaction species. This fact was
simulated by some later researches where the non-equilibrium
nature of reaction process was taken into account [18]. In particu-
lar, by distinguishing the kinemics and diffusion-controlled
regimes, the whole chemical reaction process of carbon/carbon
materials was formulated [19].

Besides the correlation with temperature, the oxidation reac-
tions in the chemical ablation of carbon/carbon composites are also
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dependent on the concentration of reaction gases at the surface,
which is related to the local pressure [20–22]. In practical applica-
tions, the complex local fluid field near the composite structure
leads to non-uniform temperature and gas pressure on the surface,
thereby giving rise to non-uniform chemical reaction. Neverthe-
less, most of the existing models are focused on one-dimensional
cases [14–16,19] in which the temperature effect is involved but
the pressure is presumed constant. Though these models can pro-
vide the thermal and ablation information at some positions such
as where being most seriously ablated, they are hard to be used
to predict the overall erosion configuration of the structure.

Motivated by the above reasons, a chemical ablation model for
carbon/carbon composites is developed in this paper to incorpo-
rate both effects of non-uniform temperature and pressure. As
the application, the thermal and ablation behaviors of a leading
edge structure are simulated. Quantitative evaluation of the struc-
ture response at different altitudes is performed, and the influence
of a possible oxidation protection is discussed.

2. Model and algorithm

The ablation of carbon/carbon composites is a coupled thermo-
chemical process which involves complex heat and mass transfers.
Toward a quantitative modeling, the following aspects will be con-
fronted with. First, a transient thermal analysis is needed to pro-
vide the temperature field due to incoming heat flux in any time.
Next, a chemical ablation model is required to predict the surface
recession rate. Finally, a suitable numerical approach is necessary
to tackle the evolution of the moving boundaries.

2.1. Transient thermal analysis

A carbon/carbon composite structure may suffer complicated
thermal conditions such as aerodynamic heating and radiation
flux. To analyze the chemical ablation, the first step is to obtain
the transient temperature field T. In the rectangular Cartesian coor-
dinate system (x, y, z), the general form of differential equation
governing the transient temperature is given by
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where qC is the material density, Cp is the heat capacity, and kx, ky, kz

are the heat conductivity components in the global directions.
The associated boundary conditions for (1) can be specified

according to energy balance on the structure surface. Fig. 1 illus-
trates the current configuration of the receding surface of the
structure during ablation, where the dashed line stands for a con-
trol volume of infinitesimal thickness [7,23]. The energy fluxes
leaving the control volume include the conduction qN into the
materials and the radiation qrad-out away from the surface. The latter
takes away by the ablation mass ejector heat flux _mwhw, with _mw

being the materials oxidation rate and hw the gases enthalpy of
reaction product. The inputting energy fluxes involve the conduc-
tion qw from the gas boundary layer, the radiation qrad-in from the
Fig. 1. Energy fluxes over the ablation interface layer.
gas boundary layer, and the enthalpy flux _mwhcs absorbed by oxida-
tion reaction. Here hcs is the reaction enthalpy. Therefore, the con-
duction energy fluxes qN which provides the link to the in-depth
heat transfer equation can be written as

�k
@T
@s
¼ qN ¼ qw � ½ _mwhw � _mwhcs� þ qrad-in � qrad-out ð2Þ

where the term in the square bracket means energy variation
caused by the chemical reaction and the values of hw and hcs can
be gathered from literature [23]. In most cases the influence of
the radiations qrad-in and qrad-out on the ablation process is not signif-
icant and thus is neglected. In contrast, the conduction qw is a vital
parameter which varies with the wall temperature and can be
expressed by [20].

qw ¼ ChðTr � TwÞ ð3Þ

Here, Ch is the convective heat transfer coefficient, Tr is adiabatic
wall temperature, and Tw is the solid wall temperature. The value
of Ch and Tr can be obtained from the flow field analysis with the
help of computational fluid mechanics software (FLUENT). Conse-
quently, qw can be updated dynamically with the wall temperature
in the heating and ablation process.

2.2. Model of oxidation ablation

Following Refs. [1,19], the oxidation reaction is controlled at
low temperatures by reaction kinematics rate, while at higher tem-
peratures by the diffusion rate of gaseous oxygen. Thus, the chem-
ical ablation of carbon/carbon composite should be divided into
two regimes [19], reaction kinemics rate controlled and diffusion
rate controlled regime.

In the kinemics rate controlled regime, the oxidation reaction
rate is determined by

_mC;ch ¼ 12� A� exp � Ea

RTw

� �
� CO2 ð4Þ

where A is a constant, Tw is the solid wall temperature, CO2 is the
concentration of oxygen, Ea is the activation energy, which changes
depending on the level of oxidation protection. In the diffusion rate
controlled regime, the oxidation rate is determined by the diffusion
rate of gas species as [19],

_mC;d ¼ 12
2uþ 1
uþ 1

� �
N ð5Þ

in which u is the ratio of produced CO and CO2 and N is the diffu-
sion rate of oxygen through boundary layer. The expressions of u
and N are given by
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where P is the total pressure, Pog is the pressure of oxygen in the
bulk air, Pi is the logarithmic pressure of inert, R is universal gas
constant, d is characteristic dimension, u is flow velocity of air
around the body, and q is the density of air. Some of the parameters
are functions of altitude.

In the whole ablation process, the lower one of the reaction
kinemics rate and the diffusion rate plays the dominating role
and is used as the oxidation rate. Depicted in Fig. 2 is the variation
of the oxidation rate with temperature at P ¼ 1 atm. It is clear that
the critical temperature appears at about 1150 K, implying that the



Fig. 2. The relation between oxidation rate and temperature.
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oxidation reaction is controlled by reaction kinemics rate and dif-
fusion rate, respectively, at temperatures lower and higher than
1150 K. As mentioned before, the pressure on the structure surface
is non-uniform and also affects the chemical ablation behavior. In
lights of (4) and (5), it can be assumed that the oxidation rate is lin-
early dependent on the pressure in both regimes. Therefore, once
the temperature and pressure distribution on the surface are deter-
mined, the oxidation behavior of the carbon/carbon composites
can be calculated.

2.3. Tackling of moving boundary

With the calculated oxidation rate, the surface recession rate
can be obtained from

_Rw ¼
_m

qC
ð8Þ

where qC is the density of material and _m is the mass ablation rate.
To tackle the moving boundary, the surface recession depth at a sur-
face node DRw is obtained by the product of recession rate _Rw and
the time increment Dt at each time step. Then the boundary nodes
are moved inward along the normal to the surface by the amount of
DRw. By remeshing the elements, the new configuration of struc-
tures can be determined.

The FEM analysis is performed by using the commercial FEM
software ABAQUS. The value of DRw is passed into the user subrou-
tine UMESHMOTION in ABAQUS to update the new positions of the
surface nodes. The new position of each surface node is given by

new x ¼ x� DRw � lx

new y ¼ y� DRw � ly

new z ¼ z� DRw � lz

ð9Þ

where lx, ly, lz are the direction cosines.
The new meshes are determined by the mesh smoothing algo-

rithm based on the Arbitrary Lagrangian–Eulerian (ALE) adaptive
meshing technique. It is noted that in remeshing the elements this
technique helps controlling element distortion but sacrifices the
accuracy. For example, the node movement with velocity of
1 mm/s for 1 s should be 1 mm, which is different from the com-
puted result of 0.026 mm after remeshing by ALE. The problem
Table 1
The effect of time increment on the ALE adaptive meshing.

Dt (s) Displacement(mm) Errors(%)

1 0.026 97.4
0.1 0.874 12.6
0.01 0.964 3.6
0.001 0.973 2.7
can be resolved by adjusting the time increment Dt. Indeed, as
shown in Table 1, with decreasing values of Dt, the computed node
displacement becomes continuously closer to 1 mm.
3. Results and discussions

3.1. The thermal and ablation response of the leading edge structure

The proposed model now is used to analyze the ablation behav-
ior of a carbon/carbon composite leading edge structure. As shown
in Fig. 3, the structure owns a blunt leading with curvature radius
of 0.125 mm and included angle 13�, suffering a hypersonic flow
with Ma = 6. The related materials parameters are taken as
qC ¼ 1800kg=m3, Cp = 840 J/(kg K) and kx = ky = 15 W/(m K). The
parameters of coming air conditions are coming from that at the
altitude of 24 km. By using FLUENT, the convective heat transfer
coefficient Ch and adiabatic wall temperature Tr are obtained. At
each time step, the heat flux qw calculated by Ch, Tr and Tw is input
to the FEM model (ABAQUS) to solve the heat transfer equation of
the leading edge structure. In the meantime, the non-uniform pres-
sure on the structure surface is calculated to gather the oxidation
reaction rate. Then the surface nodes are moved to new positions
along the normal to the surface to form the new surface configura-
tion. For comparison, the results based on the existing one-dimen-
sional model will also be given, where the ablation rate is assumed
only dependent on the wall temperature and the pressure is set to
be that at stagnation point (the most serious ablative position).

Fig. 4(a) plots the calculated morphology of the leading edge
structure after the ablation of 10 s. It is seen that serious erosion
occurs mainly in the region near the stagnation, in accordance with
the prediction relying on an empirical model [6]. If the pressure is
assumed constant, the whole ablation surface, including the lead-
ing edge and the side, is eroded seriously, as illustrated in
Fig. 4(b). Similar phenomenon can be found for the recession depth
as depicted in Fig. 5, where the result of the present model and that
based constant pressure assumption are compared. Note that the
abscissa in the figure means the node index numbered from 1 to
165 along the upper surface path, with the number 1 denoting
the stagnation point and the number 165 the other end.

Given in Fig. 6 are the surface temperature distributions at dif-
ferent times. The predictions by the present model (solid lines) and
by that assuming uniform pressure (dashed lines) exhibit similar
feature and almost coincide at t = 0.5 s and 1 s. The difference
between them is not large even for longer time. Because more
energy is taken away due to more serious erosion, the temperature
is a little lower for uniform pressure case. At t = 10 s the tempera-
ture is above 1150 K in most part of the surface, thus the oxidation
rate is diffusion rate controlled there. In this regime the reaction
rate is not sensitive to temperature, as demonstrated in Fig. 2,
but depends on the gas pressure. Fig. 7 shows the distribution of
the pressure on the ablating surface, obtained from the present
model via FLUENT. The pressure is much higher near the stagna-
tion point than elsewhere. This explains why the final ablation
morphology predicted by the present model (Fig. 4(a)) differs from
that based on uniform pressure assumption (Fig. 4(b)). In other
Fig. 3. The schematic sketch of the carbon/carbon composite leading edge
structure.



Fig. 4. The ablation morphology of (a) the temperature and pressure-dependent ablation model; (b) the temperature-dependent ablation model(uniform pressure).

Fig. 5. The recession depth along the surface of carbon/carbon composite leading
edge structure.

Fig. 6. The wall temperature along the surface of the carbon/carbon composite
leading edge structure (The solid lines represent the predictions by the present
model and dashed lines by that assuming uniform pressure).

Fig. 7. Pressure distributions along the surface of the carbon/carbon composite
leading edge structure.
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words, it can be concluded that the non-uniformity of pressure
strongly affects the process of ablation.
3.2. Effect of altitude

As shown in Table 2, the ambient temperature, pressure of air
would change with altitude [24], which have greater influence on
the chemical ablation. A study is carried out to focus on the abla-
tion behaviors of carbon/carbon composite at different altitude.
The ablation morphologies of the leading edge at H = 0, 10 and
24 km are shown in Fig. 8. It is observed that the erosion is quicker
at lower altitudes, and the surface recession depth reduces with
increasing altitude. The erosion in the case of t = 0.312 s and
H = 0 is even of the same order as that in the case of t = 10 s and
H = 24 km. The calculated temperature, pressure and the recession
depth at the stagnation point at t = 0.312 s are shown in Table 3. It
can be shown that the temperature and pressure of the structure
surface increase with decreasing altitude, finally leading to more
serious erosion.
3.3. Effect of oxidation protection

As discussed above, the unprotected carbon/carbon composite
will be ablated severely at relatively lower temperatures. This
causes insecurity of the structure for continuing usage. Accord-
ingly, to enhance the oxidation resistance, some strategies for oxi-
dation protection are usually utilized. In the following, the present
model will be applied to analyze the chemical ablation behavior of
the oxidation protecting materials through matrix modification
[17,25].

In the thermal-oxidative condition, the modifiers react with
oxygen to form oxides which inhibit reaction. The usage of the
matrix modifiers slow down the oxidation reaction kinematics
rate. The difference between matrix-modified and unprotected car-
bon/carbon composites comes from the activation energy. The acti-
vation energy when using modifiers (Ea = 56 kcal/mol) is larger
than that of the bare carbon/carbon composite (Ea = 35.7 kcal/
mol), meaning that the reaction with modifiers is difficult to hap-
pen. The oxidation rate is shown in Fig. 9, where the critical tem-
perature is at about 1780 K for the matrix-modified carbon/



Table 2
The air temperature, pressure at different altitude.

Flight altitude (km) Temperature (K) Pressure (kPa)

0 288.15 101.32
10 223.15 30.96
24 220.65 2.93

Fig. 8. The ablation morphology of carbon/carbon composite leading edge structure
at different altitude.

Table 3
The temperature, pressure and recession depth of the stagnation point at different
altitude.

Altitude (km) Temperature (K) Pressure (kPa) Recession depth (mm)

0 1584 4128.5 3.0 � 10�2

10 1199 1322.8 5.1 � 10�3

24 932 135.1 5.7 � 10�6

Fig. 9. The oxidation rate of matrix-modified carbon/carbon composites.

Fig. 10. The effect of matrix modifiers on the ablation of carbon/carbon composite
leading edge structure.
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carbon composite. Hence the oxidation reaction is controlled by
reaction kinemics rate when the temperature is lower than
1780 K, and by diffusion rate when the temperature is higher than
1780 K.

As shown in Fig. 10, the surface recession of the carbon/carbon
composite with modifiers is much smaller than that of the bare
one. When using modifiers, the largest erosion at the stagnation
point is reduced about 73.8%, from 2.4 � 10�2 mm to
6.3 � 10�3 mm. The result clearly shows the efficiency of applying
oxidation protection to improve the ability of erosion resistance.
4. Conclusion

A new model for chemical ablation of carbon/carbon composite
structures has been proposed. The outstanding feature of the
model that differs from the previous ones is that both effects of
non-uniform temperature and pressure are incorporated. Numeri-
cal example for surface recession of a carbon/carbon composites
leading edge, indicates that the region near the stagnation point
of the leading edge is eroded more seriously than elsewhere. This
is consistent with the existing experimental observation and
shows the reasonability of the present work. The model has also
been applied to examine the effect of altitude on ablation and
the efficiency of oxidation protection by matrix modifiers. The
results are believed of significant importance in practical
applications.
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