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Abstract

In order to improve the thermal protection efficiency of carbon/phenolic (C/Ph)
composites used as the heatshield of hypersonic vehicles, it is essential to find out the
components of its thermal protection mechanism. In this study, a pyrolysis layer model
considering pressure is established to simulate the percentages of heat dissipated by
different thermal protection mechanisms. Numerical results reveal that the thermal
protection mechanism of C/Ph composites mainly comprises of surface radiation, the
heat absorbed by the heat capacity and the TBE of pyrolysis gas, but the TBE weakens
as heating time increases. Furthermore, the evolution law of different thermal protection
mechanisms of C/Ph composites with resin content is given. Based on the components
of thermal protection mechanisms, reducing the thermal conductivity of the resin matrix
composites or increasing the material emissivity are effective approaches to enhancing
the thermal protection efficiency of C/Ph composites exposed to severe aerodynamic
heat.
Keywords: C/Ph composites, Computer modeling, Pyrolysis, Thermal protection

mechanism, Efficiency
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NOMENCLATURE

Variables

A pre-exponential factor, Hz

¢p specific heat, J/(kg-K)

E  Arrhenius law activation energy,
Jkg

h  enthalpy, J/kg

K permeability coefficient, m?

k thermal conductivity, W/(m-K)

M mole mass, g/mol

T mass injection rate, kg/(m?:s)

n reaction order

p pressure, Pa

g heat flux, W/m?

R universal gas constant, J/(mol-K)

T temperature, K

t time,s

u velocity, m/s

x coordinate, m

AH enthalpy, J/kg

& emissivity of material surface

i dynamic viscosity, Pa-s

¢ porosity

p density, kg/m?
o Stefan-Boltzmann constant,
W/(m*K*)

¢ thermal blockage coefficient

Subscripts

¢ interface between the pyrolysis layer
and the char layer

g pyrolysis gases

p interface between the virgin layer and
the pyrolysis layer

s solid phase

w material surface

1 the virgin layer

2 the pyrolysis layer

3 the char layer

Abbreviations
C/Ph  carbon/phenolic

TBE thermal blockage effect



1. INTRODUCTION

Under aerodynamic heating, various physical and chemical reactions occur in
carbon/phenolic (C/Ph) composites exchanging for excellent thermal protection effects
[1-3]. The thermal response of C/Ph composites is affected by many factors, such as the
heat absorption of resin pyrolysis and the heat dissipation generated by the flow of
pyrolysis gas [4-8]. So far, improving the thermal protection efficiency of C/Ph
composites used as the heatshield of hypersonic vehicles is still a challenge.

Many scholars have studied the thermal protection mechanism and the thermal
response model of thermal protection materials [9-17]. Most thermal response models
account for the heat conduction inside the material, the pyrolysis process of the resin
matrix, the surface radiation, the flow of pyrolysis gas and the energy transfer caused
by the gas flow. For example, Amar [18] presented a study extending the model of
polymer matrix composites considering decomposition kinetics, pyrolysis gas flow, and
a mixture (solid and gas) energy equation. Chen and Milos [19] developed a series of
thermal response programs to simulate the heat conduction, thermal decomposition,
flow of pyrolysis gas, and surface ablation of thermal protection system (TPS) materials.
Furthermore, Lachaud et al. [20, 21] took a multiscale approach to model and analyze
the ablation of porous materials considering the oxidation of a carbon preform and the
char layer. The developed model considered the oxygen diffusion through the pores of
the materials and in-depth oxidation and mass loss to gain a comprehensive
understanding of the ablation process. Based on the model previously developed by
Lachaud et al, Martin [22] presented a volume-averaged fiber-scale oxidation model
where the mixture energy equation is written as:
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in which the first term accounts for the energy, the second term accounts for the grid



convection, the third term accounts for the gas flux, the fourth term accounts for the
heat conduction modeled by the Fourier’s Law and the fifth term accounts for the mass
diffusion. Recently, Li et al.[23, 24] built physical and mathematical models for the
coupling of thermal and ablative responses of material, hypersonic flow response, and
chemical response in chemical nonequilibrium boundary layers to explore the influence
of gas-phase reactions on the thermal protection performance of charring materials.
Based on these thermal protection models, Shi et al. [25-27] found that the main
endothermic mechanisms of the silica fiber reinforced polymer composites are radiation,
the heat absorption of material and the evaporation of molten fibers. Increasing the heat
capacity and emissivity of the thermal protection material is also helpful in improving
its heat-absorbing capacity. However, most of the previous studies do not consider the
energy dissipated by the pressure change and a discussion of the proportion of different
thermal protection mechanisms.

In this paper, a pyrolysis layer model considering pressure is established, the
proportion of heat dissipated by each energy dissipation term is predicted, the
components of thermal protection mechanism of C/Ph composites exposed to severe
aerodynamic heat are analyzed, and a method for improving the thermal protection
efficiency of materials is proposed.

2. PYROLYSIS LAYER MODEL CONSIDERING PRESSURE

C/Ph composites are chosen to be widely used as the heatshield of hypersonic
vehicles due to their advantages of low density, low thermal conductivity, and heat
absorption during high-temperature pyrolysis. Under aerodynamic heating, if the resin
matrix starts to pyrolyze, the pyrolysis layer forms. Meanwhile, if the resin matrix
totally pyrolyzes, the char layer forms, as shown in Figure 1. These three layers are

divided by the pyrolysis degree of resin. On the material surface, acrodynamic heating,



thermal blockage effect (TBE) caused by the injection of pyrolysis gas, surface ablation

and combustion of surface char are considered.
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FIGURE 1 The pyrolysis layer model of C/Ph composites
In Figure 1, x is the coordinate along the material thickness, subscripts p and ¢
denote interfaces between these three layers, and subscript w represents the material
surface. Furthermore, the pyrolysis process of phenolic resin inside C/Ph composites
can be described by four reactions, as presented in Table 1.

Table 1 Pyrolysis equations and kinetic parameters [28]

Reactions A6 E (J/kg) n(-)
PR —H>0 (physisorbed) 8560 71200 3
PRz — 0.69H,0+0.01CsHs+0.01C7Hs+0.23 8560 71200 3
Ce¢HeO
PR3 — 0.09C0O,+0.33CO+0.58CH4 4.98x10% 170000 3
PR4 — H» 4.98x108 170000 3

The mathematical model with pressure for the pyrolysis phenomenon in Figure 1
is established according to the conservation laws of energy, mass and momentum. The

governing equations of three different layers are given by
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in which p is the density, ¢, is the specific heat, T is the temperature, ¢ is the time, £ is
the thermal conductivity, p is the pressure, u is the velocity of pyrolysis gas, ¢ is the
porosity, AH is the enthalpy, subscripts 1, 2 and 3 denote the virgin layer, the pyrolysis
layer and the char layer respectively, subscript g denotes the pyrolysis gas, and subscript
s denotes the solid phase.

The continuity equation of the pyrolysis layer is written as

0544 ﬁ(ugg )z_% 4

+
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In the virgin layer and the char layer, the continuity equation is

0(%p) , 0(u5m,)
ot OX

=0 (&)
The pyrolysis gas is treated as the ideal gas, and the ideal gas law is

g
=—RT 6
p M (0)

where M is the mole mass.
As the C/Ph composite is porous, pyrolysis gas flow can be described by the Darcy

law

<_%® (7

u=-—
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in which K is the permeability coefficient, u is the dynamic viscosity.

The energy conservative equation at the material surface can be given by
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oT dm
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where ¢ is the emissivity of material surface, ¢ is the thermal blockage coefficient, o
is the Stefan-Boltzmann constant, and subscript C represents the combustion in material
surface.

@ can be defined by the relation

dm .
o =1-058 L 97| 5 )
dt dt ) aq.,.

where 4, is the recovery enthalpy, gcou is the cold wall heat flux.

Hot wall heat flux can be given by

4=0,4-h,/h) (10)

where £, is the wall enthalpy.

The mass injection rate of pyrolysis gas on material surface d—;s can be given by

dlzzg3
dt

_ pu (1)

The temperature and the heat flux in X = X and X = X, must satisfy

T=T, X=X, (12)
T=T, X=X (13)
aT (x,t) aT (x,t)
—kK; =k,
OX OX X=X, (14)
_k, T (x,1) _k, oT (x,1) X=X, (15)
OX OX

At the material bond line, there are

oT
-k —=0 x=0 16
. (16)



P_g x=0 (17)
OX

At the material surface, there is

P=Dp, X=X, (18)
The initial conditions are

T=T, t=0 (19)

pP=p, t=0 (20)

Specific calculation procedures of the presented pyrolysis layer model considering

pressure can be described by the calculation flow chart in Figure 2.
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FIGURE 2 Calculation flow chart of the pyrolysis layer model considering pressure




3. COMPONENTS OF THERMAL PROTECTION MECHANISM

Thermal protection efficiency of C/Ph composites is closely related to their
thermal protection mechanisms. In this section, the proportions of the thermal
protection mechanism of C/Ph composites are given in detail. Besides, the improved
method of thermal protection efficiency of C/Ph composites is proposed according to

the numerical results.

3.1 Energy dissipation terms in C/Ph composites

There are several ways to dissipate heat on the material surface. For example, TBE
caused by the injection of pyrolysis gas is helpful to reduce the heat flux applied on the
material surface. Meanwhile, thermal radiation dissipates heat on the material surface
from the high temperature region to the lower region. In addition, if the surface
temperature is high enough, the carbon on the material surface will be oxidized and this

process will release heat. We define:

Orag = €07, 1)
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where subscripts rad, rzs, in and com stand for the thermal radiation, the TBE, the
thermal conduction and the surface carbon combustion, respectively.

Inside C/Ph composites, there are many ways of heat dissipation taken into
consideration in the pyrolysis layer model with pressure by different terms. According

to the energy conservation equation in each layer, the heat transferred from the high-



temperature region to the interior of the material is mainly dissipated by the following
means: (1) The heat capacity absorbs heat; (2) the injection of pyrolysis gas dissipates
heat; (3) the change of gas pressure inside the material dissipates heat; (4) the resin

pyrolysis dissipates heat (only in the pyrolysis layer). We define:
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where Q' stands for heat flow derivation to coordinate, subscripts con, rer, pre, pyr

and gf stand for the thermal conduction, the material heat capacity, the dissipation term
of pressure change, the dissipation term of resin pyrolysis and the dissipation term of
pyrolysis gas flow, respectively.
3.2 Main thermal protection mechanism of C/Ph composites

In order to estimate the thermal response of C/Ph composites and further analyze
the thermal protection mechanism, a specific aerodynamic heating condition is applied
in this section. The aerodynamic heating conditions are as follows: the heat flux of the
cold wall is 0.2 MW/m?, the enthalpy is 12 MJ/kg, the air pressure at the wall is 10 kPa,
the total aerodynamic heating time is 300s, and the material thickness is 0.05m.

As a typical C/Ph composite, Phenolic impregnated carbon ablator (PICA) is
widely used as the heatshield of hypersonic vehicles. The relevant thermophysical

parameters of PICA are shown in Table 2.



Table 2 Relevant thermophysical parameters of PICA[29-32]

Properties Unit Value References
p1 kg/m3 234 [30]
p3 kg/m?® 193 [30]
K1 W/(m-K) 0.31 [31]
ks W/(m-K)  2.1187x10 *xT+0.9907 [30]
Ccp1 JI(kg-K) 1.6548 xT+817.0709 [30]
Ccps JI(kg-K) 0.0754xT+4460.6 [30]
K1 m? 1.33x10° 1 [32]
Ks m? 3.81x10° 1 [32]
Tp K 489 [31]
Te K 1089 [29]
£ - 0.89 [31]
& - 80 % [30]
! - 90 % [30]

The variations of ¢, grad, ¢r=s, ¢in and geom at x = x,, with time are presented in Figure
3. The heat flux ¢ applied on the surface of C/Ph composites is mainly dissipated by the
radiation heat dissipation g,. and the TBE of pyrolysis gas g,-s. The residual heat flux
qin enters into the composite by heat conduction. Since the heat flow at x = x,, is small
and the surface temperature is low, there is no surface ablation phenomenon at the
material surface, that is, gcom = 0. As can be seen from Figure 3, at x = x,, the heat
dissipated by thermal radiation is the largest, followed by the energy dissipated by the
TBE of pyrolysis gas. Surface radiation is closely correlated with the surface
temperature. As presented in Figure 4, the surface temperature rises rapidly at the
beginning, then increases slowly after 50 s and basically stays constant at 1160 K. The
heat flux of surface radiation g4q rises rapidly at the beginning of heating, then slows
down gradually, and remains basically unchanged thereafter, which is the same as the
trend of material surface temperature. The TBE of pyrolysis gas consumes the heat flux
qr=s obviously at the initial heating stage, but it decreases gradually under continuous
heating. The reason is that the temperature gradient inside the material is high at the
initial stage of heating, and a large amount of pyrolysis gas is produced by the intense

pyrolysis of the resin. While at the later stage of heating, the temperature gradient inside



the material decreases gradually, and the amount of pyrolysis gas produced by resin
pyrolysis reduces gradually. Figure 5 shows the changing trend of the pyrolysis gas
mass injection rate with time when x = x,.. The variation trend of the TBE of pyrolysis

gas is consistent with that of the pyrolysis gas mass injection rate.

2.0x10°

1.8x10°
1.6x10° —-

\
[ Ax10° —
1.2x10°

Wl o e e

8.0x10"

Heat flux (W/m”)

6.0x10" 7 E— i

4.0x10' P f e Braa =77 s

2.0x10* -7,

oo L . I i A bt At heleshote bt mtbtoes Bt et

0 50 100 150 200 250 300
Time (s)

FIGURE 3 Variation histories of ¢, Grads Grzss Qins Geom at X =Xy

1200

1000

800 H

Surface temperature (K)

600 H

400 H

i I i I i I i I « I i I
0 50 100 150 200 250 300

Time (s)

FIGURE 4 Profiles of surface temperature of PICA under aerodynamic heating



0.007

0.006 -

0.005

0.004

0.003

0.002

Mass injection rate of pyrolysis gas (kg/(m’-s))

0.001

i ! ; 1 . AW A |
0 50 100 150 200 250 300

Time (s)

FIGURE 5 Mass injection rate of pyrolysis gas at x = x,,

To study the evolution law of the energy dissipation terms at different positions in

the PICA material, Figure 6 shows the variations of the 0., J,,, O, 0y and

0, at different thicknesses (the distances from the material bond line are 0.045 m, 0.04

m, 0.03 m, 0.02 m and 0.01 m), respectively. The positive value in Figure 6 represents
the heat transferred from the high-temperature region per unit volume in unit time while

the negative value represents the dissipated heat. With the increase of heating time, the
absolute values of Qg,,, Qpys Orer» Oy and Q. atdifferent positions first increase

and then decrease. This phenomenon suggests that the different heat transfer processes
inside composites are intense at the initial time but weaken as time increases under a
constant aerodynamic heating. In Figure 6 (a), the times corresponding to the peak point
of the heat conduction are 8 s, 27 s, 88 s, 180 s and 292 s, respectively, that is, the time
the resin begins to pyrolyze at this position. This is because the thermal conductivity of
the material increases rapidly when the resin begins to pyrolyze to produce carbon

residue, then the heat is transferred to the low temperature region quickly. Figure 6 (b)

shows the change of Q,,, at different positions of C/Ph composites. It is found that the

closer it is to the surface of the material, the greater the heat dissipated by the resin



pyrolysis. This is because the temperature gradient near the material surface is
significantly larger than that near the bond line of the material. The larger the
temperature gradient, the faster the pyrolysis rate of the resin and the more heat

dissipation of the resin pyrolysis occurs. Figure 6 (c¢) shows the variation of the

endothermic term of heat capacity 0, at different positions. It shows the same

tendency of the changing trend of the heat conduction term 0, since the heat

absorbed by the material heat capacity is closely related to that conducted from the

high-temperature region. As shown in Figure 6 (d), there are slight oscillations in the
endothermic term of pyrolysis gas flow (; at different positions, which is caused by
the oscillation of the mass injection rate. It is observed in Figure 5 that the mass

injection rate of pyrolysis gas fluctuates. Similarly, the endothermic term (,

oscillates at different thicknesses, as shown in Figure 6 (e). This is caused by the

oscillation of in-depth pressure distribution.
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FIGURE 6 Distribution profiles of physical quantities at different locations in PICA

material vary with time: (a) 0.y, , (6) Qhyr» () ULy » (d) Ogr  and (e) Uy

In order to analyze the main heat dissipation modes and their influencing factors

in the material, the heat flux on the material surface is integrated in time, and the heat

dissipation items inside the material are integrated in time and space.

t=time
Vit = LO qdt
t=time
Wrad ='L:0 qrad dt

Vs = J.t=0

t=time

q,,dt

(30)

(€1)

(32)



t=time
vio=[ " gt (33)

t=0
t=time px=L ,

l//rerz t=0 -0 qrerdth (34)
t=time px=L ,

Vi =y ],Lo TpeX (35)
t=time px=L ,

Vo = [ Gpyecxct (36)
t=time px=L ,

v =], |, ot (37)

where ¥ stands for the heat per unit area and subscript 7ot stands for the total heat.
Meanwhile, in order to quantitatively study the percentage of each energy

dissipation term on the surface and inside of the material in the whole heating process,

percentages of iad, Pizs, Winy Wrer, Pores Ppyr and ¥erin Wy are calculated using the

following formulae:

bfb,.y =¥, [ Wiy (38)
bfb, =w v, (39)
bfb, =, v, (40)
bfb.,, =w... v, (41)
bfb,e =V e [ Wit (42)
by, =¥ o [ Vi (43)
by, =y /vy (44)

where bfb stands for the percentage.
Figure 7 shows the percentage of the energy dissipation terms Yyud, ¥rzs, Prer, Poyrs
Pyre and Per in the total heat ¥, of PICA. It is illustrated that the heat consumed by

thermal radiation accounts for 46.29% of the whole heating process under the given



boundary condition, which has a crucial impact on the thermal protection performance
of materials. This is because the surface emissivity of PICA is high, and the surface
emissivity further increases when the char layer forms on the surface. Moreover, due to
the small resin content and low weight loss of PICA material, the amount of pyrolysis
gas generated by resin pyrolysis is small. Therefore, the TBE of pyrolysis gas is not
significant, and its heat consumption accounts for 3.05 % of the total heat. It is observed
in Figure 7 that the heat entering the material is not only absorbed by the heat capacity
of the material itself, but also dissipated through the heat absorption of resin pyrolysis,
pyrolysis gas flow and pressure change. The results show that the main means of heat
dissipation of PICA are heat capacity absorption (48.87%), surface radiation (46.29%),
TBE of pyrolysis gas (3.05%), pyrolysis gas flow (0.86%), pressure change (0.6%) and
resin pyrolysis absorption (0.33%). Since the resin mass fraction of PICA is small, heat
dissipated by pyrolysis gas flow, pressure change and resin pyrolysis absorption can be

neglected.
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Based on the above analysis results, the following methods can be adopted to
improve the thermal protection efficiency of low-density C/Ph composites: (1) The

surface of C/Ph composites can be treated or coated to make it have a higher radiation



coefficient, therefore, the radiation heat dissipation of the material surface is enhanced.
(2) Fiber with a larger specific heat capacity can be selected as the preform of the
composites, such as carbon fiber and silicon dioxide fiber, to increase the heat
absorption capacity of the material. (3) Reducing the thermal conductivity of the
composite is an effective method to increase the surface radiation heat dissipation. For
example, the matrix of the composites can be fabricated as the phenolic aerogel, which
reduces the thermal conductivity of the composites through the micro-pore structure.
3.3 Influence of resin content on thermal protection mechanism of C/Ph composites
For the purpose of studying the influence of resin content on the thermal protection
mechanism of C/Ph composites, the aerodynamic heating conditions are chosen to be
the same as those in section 3.1, but the resin mass fraction rises from 30% to 50%.
Material thickness is 0.03 m and density of carbon fiber preform is 160 kg/m>. Relevant
material properties of C/Ph composites with different resin mass fractions are shown in

Table 3.

Table 3 Properties of C/Ph composites with different resin mass fractions

Resin mass Density of the Density of the char  Density of the fiber
fraction virgin layer (kg/m?) layer (kg/m?3) reinforcement
() (kg/m®)
30 % 229 194 160
35 % 246 194 160
40 % 267 194 160
45 % 291 194 160
50 % 320 194 160

Figure 8 shows the variation rule of bfb,-; of C/Ph composites surface in different
time periods when the resin content is 30%. It is found that the TBE of pyrolysis gas on
the material surface has a time effect. When the aerodynamic heating time increases,
bfb,=s gradually decreases, but its downward trend slows down. At the same time, pie

charts show the percentage of each energy dissipation term on the material surface. The



percentage of heat dissipated by thermal radiation at the material surface of the total
heat, bfbq4, increases obviously with time, which is 24.93% within 20 s, and increases
to 47.09% within 300 s. This is caused by the increase of material surface temperature.
The higher the temperature is, the greater the total radiated energy is. Correspondingly,
as time increases, bfb;, presents a continuous downward trend, which is 63.84% in 20 s

and decreases to 49.81% in 300 s.

63.84% 57.25% nH
— Fitted curve

141 B o1,

» » b,
12 20 1.23% 35.13% 62%
D70 1%

bfb in

50.75%

6

(3]
T

oL I WeRS , WEEN , WNEN 0, WS ., BN
0 50 100 150 200 250 300

Percentage of heat dissipated by thermal blockage effect (%)
1

Time (s)

FIGURE 8 Variation of different energy dissipation terms at different times

Because of the time effect of the TBE of pyrolysis gas, the percentage of each
energy dissipation term on the material surface is diverse in different time periods.
Therefore, numerical results of different resin mass fractions in 100 s periods are taken
for discussion. Figure 9 shows the evolution law of the percentage of each energy
dissipation term at the surface of C/Ph composites with different resin mass fractions
in 100 s. Corresponding to different resin mass fractions, the surface radiation of C/Ph
composites is one of the main ways of heat dissipation, and the heat dissipated by
surface radiation is much greater than that dissipated by the TBE of pyrolysis gas on

the material surface. However, the percentage of heat dissipated by the TBE of pyrolysis



gas of the total heat increases gradually as the resin mass fraction of C/Ph composites
rises. When the resin mass fraction increases from 30% to 50%, the bfb,.s increases
from 5.46% to 14.03 %. The relationship between bfb,.; and the resin mass fraction is
approximately linear. By contrast, the percentage of heat dissipated by thermal radiation
on the material surface decreases gradually as the resin mass fraction rises. When the
mass fraction of the resin goes from 30% to 50%, the bfb,.a decreases from 40.94% to

35.53%, which is due to the declination of surface temperature.

0 I . 1 A 1 . 1 . 1
30% 35% 40% 45% 50%

Percentage of heat dissipated by thermal blockage effect (%)

Resin mass fraction (-)

FIGURE 9 Percentages of Wyuas ¥z, Win with different mass fraction of resin

Figure 10 presents the surface temperature distribution curve of the C/Ph
composites with different resin mass fractions. As shown in Figure 10, the more resin
content of the material, the lower the surface temperature. The decrease of temperature
is caused by the increase of the amount of generated pyrolysis gas, and the TBE of
pyrolysis gas on the material surface is more and more apparent, which effectively
blocks the aerodynamic heating. Finally, the proportion of heat entering the material in
the total heat bfbi, shows a downward trend along with the mass fraction of resin

increase. As the mass fraction of the resin goes from 30% to 50%, bfbi» decreases from



53.6% to 50.44%. However, composite density increases with the rising of resin mass
fraction, which is against the optimal design of the TPS. Furthermore, a rise in the resin
mass fraction directly results in the declination of heat dissipated by surface radiation.
Therefore, the method of increasing the resin mass fraction to enhance the thermal
protection efficiency of C/Ph composites is not suggested in practical engineering

applications.
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FIGURE 10 Surface temperature profiles of material with different resin mass

fractions

3.4 Improved method of thermal protection efficiency of C/Ph composites

From the above analysis, it can be seen that there is a competitive mechanism
between the heat dissipated by surface radiation and the heat dissipated by the TBE of
pyrolysis gas, that is, if the TBE of pyrolysis gas is enhanced, the surface temperature
can be reduced, but leading to the decrease of heat dissipated by surface radiation.
Enhancing the heat dissipation of TBE of pyrolysis gas or enhancing the heat
dissipation of surface radiation can effectively reduce the heat entering the material, but
to enhance the TBE of pyrolysis gas requires an increase the mass flow rate of pyrolysis

gas in the material. Although the mass flow rate of pyrolysis gas can be significantly



increased by enhancing the mass fraction of the resin in the material, the density of
materials is also obviously increased, which is not conducive to the optimization design
of TPS of the aircraft. The approach to enhancing the thermal protection efficiency of
C/Ph composites is suggested in the following ways: (1) Reduce the thermal
conductivity of the resin matrix composites. The resin matrix composites with low
thermal conductivity can effectively block the heat transferring to the back of the
material, thus significantly increasing the surface temperature and reducing the
temperature rise at the back of the material. The heat radiated in the material surface is
significantly enhanced. (2) Increase the emissivity of the material surface, such as
applying a high emissivity coating on the material surface or surface ceramic treatment

of resin-based composites.

4. CONCLUSIONS

For the purpose of improving the thermal protection efficiency of C/Ph composites,
a pyrolysis layer model considering pressure is established and then the components of
a thermal protection mechanism of the composites exposed to severe aerodynamic
heating are analyzed. The thermal protection mechanism is given and the method for
improving the thermal protection efficiency is proposed.

The thermal protection mechanism of C/Ph composites is mainly composed of the
thermal radiation on the surface, the absorption heat of material heat capacity and TBE
of pyrolysis gas. At the same time, the TBE of pyrolysis gas has a time effect, that is,
the TBE is evident in the case of short-time aerodynamic heating. As heating time
increases, the TBE becomes less and less noticeable. In brief, there is a competitive
mechanism between the surface radiation and endothermic terms caused by resin matrix
pyrolysis, pyrolysis gas flow and TBE of pyrolysis gas.

The methods for improving the thermal protection efficiency of materials are


javascript:;
javascript:;

proposed based on the above competitive mechanism. Firstly, increasing the surface
radiation is suggested rather than increasing the resin content of C/Ph composites.
Secondly, reducing the thermal conductivity of materials at high temperatures is also a
good approach, which can not only increase the surface radiation but also improve the

thermal insulation performance.
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