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composites exposed to high speed hot gas flow. A mathematical equation is

derived to calculate the erosion rate of the composite using combined solution
of the heat conductivity, filtration and kinetic equations of reactions which occur
simultaneously in a pyrolysis process. The fibre orientation distribution density function
has been employed to determine the mechanical erosion of the composite as well as
its chemical erosion and to evaluate the fibres angles with respect to their flow
direction. The model describes composite erosion rate as a function of composite
surface temperature, hot gas pressure head applied on the material and the
thermo-physical properties of the fibres and resin. The DSC and TGA techniques have
been employed to measure the ablation kinetic parameters. The thermal conductivity
coefficients of the composites have been obtained by Cussons thermal conductivity
apparatus. To examine the validity of the results obtained by the model, a series of
experiments were carried out using short carbon fibre/phenoclic resin composite
samples in an oxyacetylene torch. The results obtained from the model are totally in
accordance with the experimental data collected from the oxyacetylene flame tests.
This model can be effectively used in the design of thermal protection shields, for both
material selection and calculation of the materials thickness.

Q model is introduced to describe the erosion rate of random short carbon fibre

INTRODUCTION

Ballistic re-entrance of a space
vehicle into the earth's atmosphere
is subjected to harsh aerodynamic
heating. Therefore, its successful
return depends mainly on the
provisions made for reduction of
aerodynamic heat transfer to its
structure [1,2]. For hypersonic
vehicles subjected to
aerodynamic heating the integrity
of the structure, in the thermal
protection systems,
maintained by charring the ablative

Severe

is usually

materials.

Ablation is an erosive phenom-
enon in which the removal of mate-
rial takes place as a consequence of
thermo-mechanical, thermo-chemi-
cal, and thermo-physical erosions
resulting from high temperature,
high pressure and high velocity of
the combustion flame. Low ther-
mal conductivity and high thermal
stability are critical factors for
ablation resistance applications and
composite materials have been
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proved to meet these requirements. A typical ablation
resistance material is often exposed to severe
environments and it is obvious that the use of
composites can take advantage of their excellent
properties (e.g., high chemical stability and high
mechanical properties) under these extreme condi-
tions [3]. Carbon-base materials, e.g., carbon-
phenolic materials, graphite and three dimensional
carbon-carbon structures are very interesting ablative
materials as vehicle heat shields for re-entry into
earth atmosphere [4]. This interest stems from the
resistance of carbon-base materials to ablation, their
strength at high temperatures and their ability to
maintain extremely high surface temperatures as well
as re-radiation of a large amount of energy [5,6].

Short-fibre reinforced composites (SFRC) have
been applied in many applications as a class of
structural materials due to their relatively low cost,
simplicity of fabrication [6-8] and superior mechani-
cal properties [9,10]. Extrusion compounding and
injection-moulding techniques are often employed to
make short-fibre reinforced composites [11,12]. Short
fibres are often misaligned or even damaged due to
processing. Hence, in the final composites, there is a
kind of fibre orientation distribution (FOD) [13-15].

When a composite is exposed to high temperature
and high velocity fluid stream, the decomposition of
the resin begins at its pyrolysis temperature and
subsequently a char layer is formed at higher
temperature. The free surface of the composite under
the influence of high temperature stream con-
tinuously moves back and it is oxidized depending on
the oxygen content of the gases. Therefore, three
zones can be distinguished in this process: (i) the
virgin material, (ii) the pyrolysis zone and (iii) the
porous char layer [1]. In this respect, the ablative
composites undergo four main physicochemical
processes comprising: chemical reactions (mainly
oxidation), sublimation, thermo-mechanical erosion
of a composite under the action of an external
over-running gas flow, and erosion due to an internal
flow of gases generated by thermal decomposition
[16].

Ren et al. [4] and Dimitrienko et al. [16] have
proposed a number of analytical models to predict the
mechanical erosion of the unidirectional or textile
composites.

Recently, thermo-mechanical properties and the
solid particle erosion performance of short carbon
fibre reinforced vinyl ester resin-based composites
have been evaluated. It is found that they exhibit
superior thermo-mechanical response with highest
energy dissipation/damping ability accompanied with
a constant storage modulus by modelling the erosion
rate with the modulus behaviour by summation
method [17]. Vignoles et al. [18] have presented a
modelling analysis of the surface evolution of
carbon/carbon fibre composites under ablation in the
rocket nozzle critical conditions which shows the
effect of carbon fibre in the heat shields.

The main objective of this study is to predict the
erosion rate of the random short carbon fibre com-
posites. For this reason, the fibre orientation
distribution (FOD) method was employed to derive
an expression to determine the mechanical erosion of
the composite following chemical erosion. The
experimental data were also analyzed and compared
to the analytical results obtained from the model. A
mathematical model was developed to predict the
erosion rate of short carbon fibre phenolic composites
exposed to a hot gas flow. This model not only
considered the thermo-chemical erosion but also the
thermo-mechanical erosion of the composite. The
main novelties of the current work are the prediction
of the composite erosion rate as a function of pressure
head and surface temperature with the aid of integral
method to modify the results, while all the earlier
studies were summation models.

THEORY

Fibre Orientation Distribution (FOD) Method
During extrusion compounding and injection
moulding processes, continuous changes in fibre
orientation take place in the bulk of moulded com-
ponents. These changes are intricately related to the
size and concentration of the fibres, flow behaviour
of the melted polymer matrix, mould cavity, and
processing conditions.

A fibre orientation distribution function which
represents the inclination angle must have such
properties that by variation of its shape parameters
being able to describe the changes from a
unidirectional distribution to a random distribution
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[19]. Fibre orientation can be described by a pair of

angles (6,¢) as shown in Figure 1. The FOD density

function, g(6), can be defined as follows [19-22]:
(sin0)*'(cos 0)*"

g(0)= B 1)

| (sin6)*"'(cos6)*'d6

9“““

where » and ¢ are the shape parameters which can be
used to determine the shape of the distribution curve,
r21/2 and g=1/2. The angle (6) between the fibre
orientation direction and flow of hot gases should be
in the range 0 < 6,;,, < 6 < 6, < m By
differentiation of eqn (1) with respect to 6 and
equating the resultant expression to zero the most
probable fibre orientation angle (6,,,,) is obtained as

follows:
0, =arctan {(2r -1/ (2q -1 1" } 2)

When r and g are set to 1/2, the 6,,,, cannot be
calculated, indicating that the fibres are distributed
randomly within the matrix.

Thus, eqn (1) is a suitable probability density
function for describing the fibre orientation distribu-
tion and it is being used in the present study. The
mean fibre orientation, 0 can be calculated based

mean>
on eqn (1) as follows:
O
0,.. = | 02(©)do 3)
O

2(0)d0 is the probability density of the fibres with
orientation laid in definite intervals. Additionally, the
cumulative distribution function of the fibre orienta-
tion is given by [21,22]:
0
, | (sin®)*"(cos6)**'d6
G(6)= [ g(6)do == @
O (sin@)*'(cos©)*'d 0O

f,

|||||

The FOD density function, g(8), can also be defined
as similar as g(6) with exception that its range varies
from 0 to 2m. Hence, the 3D spatial FOD function for
composite can be specified for a pair of orientation
angles (6, ¢) as follows [19]:

Y

Figure 1. Spatial fibre orientation angles 6 and ¢ [18].

g(0)g(o)

2(6.9)= sin @ 6))

The previous equation has to comply with two
physical conditions: first, the one end of the fibre
should be indistinguishable from the other end there-
fore, the angels turn out to be recurring. Second, every
fibre must have a pair of orientation angles, thus the
integral of all possible directions or orientation spaces
must be equal to unity [19]. The laminate analogy
approach (LAA) is used here to evaluate the erosion
rate of SFRC. In the LAA, the SFRC can be simulated
as a sequence of stacks of various lamina with differ-
ent fibre orientations. Then, this composite is regarded
as a combination of laminates, each comprising fibres
having the same ¢ (L(¢;), i=/, 2,..., n" denotes the i th
laminate containing fibres of the same ¢).

Each laminate with the same fibre angle is then
treated as a stacked sequence of laminae; each lamina
consists of fibres having the same ¢ and the same fibre
orientation, (L(¢i,0j), j=1, 2,..., m" denotes the jth
lamina containing fibres having the same ¢; and the
same angle 6). To calculate the erosion rate of the
SFRC in the "Z" direction (Figure 1) using the LAA
assumption, it is required initially to evaluate the
thermal conductivity of the corresponding unidirec-
tional composite assuming all the fibres lie in the Y-Z
plane. Calculation of unidirectional composite erosion
rate is explained in the next section.

Composite Erosion Rate
Ambrosio et al. [23] have developed a model of
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Scheme I.

erosion describing the erosion process as a sequential
destruction of the porosity in charring material.
Erosion rate of a surface layer of energetic material
under the action of pore pressure is known as
combustion rate or D; The expression for D; is
determined on the basis of joint solution of the
heat-conductivity, filtration equations and kinetic
equation describing the pyrolysis process in a
quasi-static approximation.

The eqns (6) and (7) have been obtained for the
thermo-mechanical erosion rate of non-reinforced
isotropic materials [16] as shown in Scheme I.

The equation parameters have been totally
described in the Symbols section and “p” is the
pressure head of the flow at surface that can be
defined as eqn (8) in Scheme 1.

in eqn (8), p, is the gas density and V,, is the flow
velocity. The model is based on the presentation of
the pores in the form of hollow cubes with varying
wall thickness. While the material is heated, the wall
thickness porosity decreases and at a certain time a
failure occurs in wall porosity under the action of
pressure. The process of thinning of wall pores is
caused by matrix pyrolysis. Therefore in eqn (6), the
activation energy of thermo-mechanical erosion, £ ,,,,,
corresponds to the activation energy of matrix
thermo-decomposition erosion [16].

In order to find the rate of thermo-mechanical
erosion of composite, the equation should be divided
into two components, erosion rate of matrix and
erosion rate of fibres. Although, fibres are not
independent constructional material, excluding

matrix, theoretically similar equation can be
considered as eqn (9) for the fibres as shown in
Scheme I, where oy is the strength of the monofibres
at perpendicular directions and ks oy and ¢y are
thermal conductivity, density and heat capacity of the
fibres, respectively.

Short fibre composites have complex geometrical
structures. To determine the short fibre composites
linear erosion rate, a simplifying assumption has been
used with the presumption that all the short fibres in
the composite are laid in the same direction. The
external thermo-mechanical erosion rate of a
unidirectional composite (D',) can be determined
with the help of the model presented in Figure 2a in
the form of a multilayer material consisting of
periodically repeated layers of a matrix and
hypothetical fibre material:

D’ =bath, (10)
! tm +tf
(11)
t =h /D_ , t =h /D,

where, %, and hyare thicknesses of the layers and 7,,
and frare times during which a complete recession of
one layer of the matrix and fibre occurs, respectively
[16]. Substituting eqn (11) into eqn (10) yields the
final results for the erosion rate of a unidirectional
composite as follows:
Du' — (1_51;. + 5111]
D me

f

D (12)

946
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Figure 2. External thermo-mechanical erosion of composite: (a) erosion of unidirectional composite for determination

of rate D', and (b) erosion of unidirectional composite for determination of rate D, ((1) matrix and (2) fibre) [16].

where, 5m=hm/(hm+hf) would be the relative thickness
of interlayer matrix between the layers of fibres in the
unidirectional composite.

The erosion rate on the composite surface under

the action of a gas flow across the direction of the
fibres is defined as D,,. According to Dimitrienko et
al. [16] a total rate of recession of the multilayer
material, D,,, would be numerically close to the value
of recession rate of the fiber:
D, =D, (13)
Eqns (12) and (13) describe the erosion rate of
unidirectional composites in longitudinal and
transverse directions, respectively.

In the case of a short-fibre unidirectional
composite, at time ¢, there are n fibres that are
eroded by the hot gas flow. At r+A¢, it is assumed that
m fibres are completely eroded or torn away from the
composite surface. In the same time, some fibres
which have reached the composite surface begin to be
abraded. A simplifying assumption is that at any time,
the number of corroded fibres is constant. With this
assumption, eqns (12) and (13) can be used to
calculate the erosion rate of the unidirectional short
fibre composites.

The above mentioned assumption is depicted in
Figure 3. For a thin laminate in which all the fibres lay
in the same angle of O, the erosion rate will be
calculated as follows:

D, =D sin*0+D, cos’6 (14)

The erosion rate of a multi laminate short fibre
composite with random orientation is then given by:

emax
D= [ D,g(6)d6 (15)
Orin

By importing eqns (4) and (14) into eqn (15), the
resulting equation indicates that the erosion rate of the
random short fibre composites depends on
materials characteristics, e.g., density, p, heat
capacity, ¢, thermal conductivity, k, intensity of
volumetric ablation J?, activation energy, E,,, ultimate
strength of matrix and fibre, the surface temperature
(T,,) and pressure head of the flow passing over the

Gas flow
_ > > > —D

1

—
2

Figure 3. Thermo-mechanical erosion of unidirectional
short fibre composite. ((1) matrix and (2) fibre)
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material surface. This equation has been achieved by
considering two assumptions which describe that the
erosion of the unidirectional short fibre composites is
equal to long fibre composite and all the fibres may be
eroded which means that none of them can be pulled
out of the matrix mechanically. Eventually, the final
equation has been solved by Matlab Program. The
parameters have been separately calculated and the
obtained results are discussed later.

EXPERIMENTAL

Materials

Phenolic resin (IL502) was obtained from Resitan
Co., Iran, used as a polymeric matrix in composite.
The physical properties of the resin are given in Table
1. Short carbon fibres supplied by UVICOM Co.
Ltd., Russia were added as reinforcement of the poly-
meric matrix. The physical properties parameters of
the carbon fibres are also given in Table 2.

Sample Preparation

Phenolic resin powder was mixed with ethanol at the
predetermined ratio 55/45 for 3 h. Stearic acid as
releasing agent was added initially into the mixture.
Then, it was mixed with short carbon fibres with a
stirrer at 120 rpm for an hour until the carbon fibres
were fully impregnated by phenolic resin mixture.
The fibre/resin ratio was adjusted to 50/50 wt%
(38/62 vol%). Subsequently, the samples were placed
in vacuum oven at 80°C for one hour. After degassing,
impregnated fibres were placed inside a compression
mould under 50 bar pressure and heated to 150°C
with the heating rate of 7°C/min to be cured for one
hour.

Table 1. Physical properties of phenolic resin.

Table 2. Physical properties of carbon fibre.

Specification Unit Value
Fibre length mm 5
Fibre diameter um 7
Fibres density, py kg.m-3 1700

J.kg 1.k 600
Jmlstk!l 14
Activation energy, E J.mol-1 54000
kg.m-3.s"" 550

Heat capacity, cf
Thermal conductivity, k¢

Intensity of volumetric ablation, Jo
Ultimate strength of fibres in
tension, of MPa 2200

Characteristics Unit Value

Matrix density, p, kg.m-3 1050
J.kg 1.k 2000
Jmlstk! 0.35

Heat capacity, ¢,
Thermal conductivity, &,

Test Method

The specific heat and heat of ablation of the
carbon/phenolic composite, produced by the above
described method, were measured by a Shimadzu
DSC-60, Japan, with constant 10 K/min heating rate.
Furthermore, the ablation kinetic parameters were
obtained by using Shimadzu TGA-50, Japan, with the
heating rate of 10 K/min under nitrogen atmosphere.
The thermal conductivity coefficient of the composite
was measured according to ASTM E1225-87 by
means of a Cussons thermal conductivity apparatus,
(model P5687, England) and the composite density
was obtained in accordance with ASTM D4018. The
obtained results are reported in Table 3.

With the purpose of evaluating the ablation
performance of the fabricated composites, the oxy-
acetylene flame test was carried out according to
ASTM E0285-80. During this test hot gases flowed
with 3000 K and 8x10® W.m2 heat flux was
produced. The composite samples prepared for
surface erosion measurement have cylindrical shape
with 25 mm height and 10 mm diameter. The test
results including the ablation surface temperature
which was measured by a pyrometer were useful to

Table 3. Physical properties of carbon fibre/phenolic
composite.

Characteristics Unit Value

Activation energy, E,p, J.mol1 98700
Intensity of volumetric ablation, J%,, | kg.m-3.s1 |320000
Ultimate strength of matrix in

tension, o1 MPa 18

Composite density, p, kg.m-3 1297
Heat capacity, c, J.kg-1 k-1 1300
Thermal conductivity, k. J.m1.s1k-1] 0.901

Char density, popar kg.m-3 850

LI |ranian Polymer Journal / Volume 20 Number 12 (2011)
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Table 4. Oxyacetylene test condition.

Characteristics Series 1 | Series 2 | Series 3
Heat flux (W.m-2) 8x106 8x106 8x106
Flame temperature (K) 3000 3000 3000
Pressure head (kPa) 19 30 40
Flow velocity (m/s) 250 300 365
Test time (s) 20 20 20

indicate the ablation and thermal behaviour of the
samples. The test method specifies the surface
erosion of ablative materials when the samples were
exposed to a steady flow of hot gas provided by an
oxyacetylene burner.

In order to acquire the back surface temperature,
composite sheets of 100x100 mm area and 4 mm
thickness were fabricated. Then, an aluminum sheet
of 2 mm thickness was located on the rear side of the
composite sheets. A hole of 1 mm diameter and 1mm
depth for locating the heat sensor was provided on
the aluminum sheet. In this way, the thermal
insulation effectiveness of the ablative materials can
be determined.

In order to compare the theoretical simulation with

Erosion Rate of Random Short Carbon ...

experimental data, three series of tests were conduct-
ed for different values of pressure head and gas flow.
In each series three samples prepared under the same
conditions were tested. In all tests, the heat flux was
set at 8x106 W.m2 and hot gas pressure head was
changed. At the end of each test, the total erosion,
surface temperature and weight loss were measured.
The experimental test conditions are listed in Table 4.

RESULTS AND DISCUSSION

To estimate the capability of the model developed,
numerical calculations have been conducted for
different samples and the results have been compared
with the experimental data. Erosion rates and surface
temperatures of samples, measured directly by
oxyacetylene test for three different pressure heads
and flow, are given in Table 5.

The erosion rate, calculated by the model and the
experimental data obtained from oxyacetylene test
are shown and compared in Figure 4. As can be seen
in Figure 4, the experimental data are in good
agreement with the calculated values. At lower

Table 5. Erosion rate and surface temperature of samples in oxyacetylene test.

Sample Sample length Erosion rate Surface temperature Weight loss
(mm) (mm/s) (°C) (%)
Series 12
1 25 0.050 2200 29
25 0.045 2230 27
3 25 0.050 2220 28
Series 2P
1 25 0.060 2275 30
25 0.058 2290 32
3 25 0.060 2260 31
Series 3¢
1 25 0.070 2310 35
2 25 0.065 2320 36
3 25 0.065 2325 35

(a) At pressure head 19 kPa and flow velocity 250 m/s; (b) at pressure head 30 kPa and flow velocity 300 m/s; (©) at

pressure head 40 kPa and flow velocity 365 m/s.

Iranian Polymer Journal / Volume 20 Number 12 (2011) [eZie)
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Figure 4. Thermo-mechanical erosion of carbon fibre/
phenolic composite vs. pressure head.

pressure heads, the composite is subjected to lower
mechanical stresses, and hence, the fibres are not
pulled out of the matrix and are, therefore, eroded
gradually. As a result, the theoretical values correlate
with the experimental data. The mechanical stresses
arise as the pressure head increases. The higher
mechanical stresses caused some of the fibres to be
pulled out of the matrix before they were being
completely eroded. This phenomenon increases the
erosion rate of the composite. Since, the fibre-pull out
has not been taken into account in the applied
computer modelling, at high pressure heads, the
predicted values for the erosion rate have deviated
from those of the experimental results.

At pressure head of 19 kPa, the theoretical and
experimental values of the erosion rates were
0.048 mm/s and 0.05 mm/s, respectively. Twenty
seconds after the beginning of the test, the theoretical
and experimental values of the surface erosion were
0.96 and 1 mm, respectively. When the pressure head
value reached 30 and 40 kPa, the difference between
the experimental and theoretical values elevated to
6.67% and 5.4%, correspondingly which are slightly
higher than the difference of 4% between these values
at the lower pressure head of 19 kPa.

Figure 5 shows the effect of pressure head values
on the erosion rate of the composite according to the
theoretical modelling which have been derived from
above equations. It is apparent that as a result of
increasing the pressure head, the erosion rate of the
composite goes up. As it is seen, the efficacy of

0.7

0.6

0.5

0.4

0.3 )
Composite

Erosion rate (mm/s)

0.2
0.1 /""’

Pressure head (bar)

Figure 5. Erosion rate of the composite, resin and carbon
fibres vs. pressure head value.

pressure head on the mechanical erosion rate is
higher at lower pressure head values and its influence
becomes less apparent especially when the pressure
head value is higher than 500 kPa (5 bar). In other
words, in higher pressure heads the composite erosion
rate increases gradually. This observation can be
likewise concluded from eqns (6)-(9).

The erosion rates of phenolic resin and carbon
fibres versus pressure head values are also depicted in
Figure 5. The mechanical erosion of the matrix is con-
siderably higher than that of the fibre due to lower
tensile strength of the matrix in comparison with the
tensile strength of the fibre. In Figure 5, it can be seen
that phenolic matrix is eroded more rapidly than the
carbon fibre/phenolic composite which signifies the
higher resistance of the latter composite against
erosion as compared with its constituents. In addition,
the composite surface temperature affects the erosion
rate of its components dramatically.

Figure 6 presents the influence of the surface
temperature on the erosion rate of the composite at
different values of the pressure head. It is clear that as
a consequence of surface temperature rising as well as
pressure head increment, the erosion rate accelerates
remarkably. This is attributed to the more apparent
erosion rate of the matrix with respect to surface
temperature that increases the erosion rate of the
composite.

Back surface temperature can also be measured
during the oxyacetylene test according to the method
described previously. Figure 7 indicates the back

SIS0 [ranian Polymer Journal / Volume 20 Number 12 (2011)
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Figure 6. Erosion rate of the composite vs. the surface tem-
perature at different pressure head values.

surface temperatures of carbon/phenolic composite
versus experiment time which have been calculated
according to the model derived by Bahramian
etal. [1].

The kinetic parameters such as frequency factor
and degree of thermal degradation reaction that have
been determined by employing TGA results are
reported in Table 6 and used to calculate the back
surface temperatures of the composite sheets.

Experimental data that are obtained by oxy-
acetylene flame tests are reported in Figure 7, as well.
The test time duration is 30 s and the front surface

........ Erosion Rate of Random Short Carbon ...

1000
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900 1
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500

Temperature (K)
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Figure 7. Prediction of back surface temperature in
oxyacetylene test.

temperature rises up to 2325 K. In the oxyacetylene
test, the experimental back surface temperature
increases up to 888.6 K during 30 s. A similar trend
has been observed for results obtained by the
theoretical model in which the temperature has been
raised to 930.7 K by equal time intervals. As can be
seen, the results have a good correlation at the first
18 s and after that, partial deviation is observed.
Initially the erosion rate is very low and that is
because the degradation process has not started at the
depth of the samples.

As the test time prolongs the back surface

Table 6. Thermal degradation kinetic parameters of composite.

Property Symbol Unit Value
Frequency factor A s 8.14x104
Degree of thermal degradation reaction n - 3.2
Heat of ablation H J/kg 3.134x105
Composite thermal conductivity k. Jim.s.k 0.901
Specific heat of composite Cp J/kg.k 1300
Density of composite p kg/m3 1297
Primary temperature Ty K 202
Surface temperature Tw K 2470
Air heat transfer coefficient h Jim2.s K 10
Specific heat of flowing gas Cq J/kg.K 1680
Molecular weight of outlet gas Mg kg/mol 16
Gasification coefficient of the matrix r - 0.6
Gas global constant R J/mol.K 8.314
Thickness of Samples y m 4.1x10-3

Iranian Polymer Journal / Volume 20 Number 12 (2011) FERelsy
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Figure 8. Effect of flame temperature on back surface
temperature.

temperature begins to increase noticeably which is
due to the continuous erosion of the ablative materials
that increases the heat transfer mechanism. It is
observed that after 19 s, the predicted temperatures
are higher than the actual ones which have actually
originated from the difference between the rate of the
theoretical and actual erosions.

Figure 8 shows the effect of flame temperature on
the back surface temperature. It is evident that by
decreasing the flame temperature from 3000 K to
2400 K, the back surface temperature decreases from
428 K to 364 K in 20 s which confirms the direct
effect of flame temperature on the back surface
temperature. The influence of two different
composite erosion rates (i.e., 2.5 and 5 mm.s-!) on the
back surface temperature is indicated in Figure 9.

1000
900
800 Erosion Rate
700 5 mm/s

2.5 mm/s
600 -

500 -

Temperature (K)

400 4

300 -

200 T T T T T

Time (s)

Figure 9. Effect of erosion rate on back surface
temperature.

When the erosion rate doubles, the back surface
temperature increases from 780 K to 930 K after
30 s.

CONCLUSION

A mathematical model is developed to predict the
erosion rate of short carbon fibre phenolic composites
exposed to a hot gas flow. The model not only
considers the thermo-chemical process but also takes
into account the thermo-mechanical erosion of the
composite. The comparison of the experimental data
with those calculated by the model indicates good
correlation at 19 kPa (0.19 bar) pressure head. At
higher pressure rates, however, there is a slight
deviation between the experimental and calculated
results. The deviation is attributed to the fibre-pull out
mechanism that causes the removal of the fibres prior
to their absolute erosion as the pressure head
increases. The model also indicates that the erosion
increases rapidly when the surface temperature of the
composite rises above 1000 K. Furthermore, the
model is able to predict the erosion of the composite
as a function of the applied pressure head and the
temperature at the surface of the composite.
Eventually, the effect of the flame temperature and
erosion rate on elevation of back temperature has been
clarified by the model. In general, the developed
model has been adequately approved by the experi-
mental data of ablation behaviour of the carbon
fibre/phenolic composite.

SYMBOLES

C : Heat capacity of matrix (J.kg-1.K-1)

¢r : Heat capacity of fibres (J.kg1.K-1)

D,, : Erosion rate of matrix (m.s-!)

Dy : Erosion rate of fibres (m.s!)

D, : Erosion rate of unidirectional composite in
transverse directions (m.s!)

D', : Erosion rate of unidirectional composite in

transverse directions (m.s™!)
Dg : Erosion rate of a thin laminate in which all
the fibres lied under the same angle 0 (m.s™!)
E,, :Activation energy of matrix (J.kg-!)
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Eyr : Activation energy of fibres (J.kg-!)

g(8)  : Fibres orientation distribution function

h,, : Thicknesses of the matrix layer (m)

hf : Thicknesses of the fibres layer (m)

S, : Intensity of the volumetric ablation of
matrix (kg.m3.s1)

J()f : Intensity of the volumetric ablation of
fibres (kg.m=3 s-1)

ky,, : Thermal conductivity of matrix (J.m-1.s-1.K-1)

kf : Thermal conductivity of fibres (J.m-1.s-1 K-1)

k.. : Thermal conductivity of composite
(JmlslK-1)

P : Pressure head (Pa)

r : Shape parameters

R : Universal gas constant (J.mol-1.K-1)

q : Shape parameters

T, : Surface temperature (K)

by : Times during which a complete recession of
one layer of matrix occurs

I : Times during which a complete recession of
one layer of fibres occurs

ly : Characteristic diameter of pores

P> : Matrix density (kg.m3)

o : Fibres density (kg.m3)

Pq, : Gas density (kg.m™3)

Pur - Char density (kg.m-3)

Oy, - Ultimate strength of matrix in tension (Pa)

Or : Ultimate strength of fibres in tension (Pa)

Vg : Flow velocity (m.s1)

O, : Relative thickness of matrix

0, ¢ : Spatial fibre orientation angles
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