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ABSTRACT: To improve the performance of charring materials as the thermal protection system in supersonic vehicles subjected to

aerodynamic heating, we develop a nonlinear pyrolysis layer model of nonhomogeneous charring composites, propose a scheme of

variable density in which the resin distribution of charring materials is taken as a piecewise linear function, and then simulate the

thermal behavior of the design by means of the written calculation codes. This model reveals that the thermal behavior of charring

materials depends not only upon several key parameters such as heat flux, moving interfaces, moving boundary and temperature-

dependent thermal properties, but also upon variable density. Further numerical investigations point out that the pyrolysis layer plays

a very important role in the thermal protection performance. This study will be useful for the optimization of the thermal protection

system in supersonic vehicles. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42331.
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INTRODUCTION

The thermal behavior of gradient materials is an issue of growing

interest like applying gradient materials in aerospace vehicles sub-

jected to aerodynamic heat loads.1 As is known to all, AVCOAT,

which is charring materials of epoxy novolac resin with special

additives in a fiberglass honeycomb, had been successfully applied

in the thermal protection system (TPS) for Apollo vehicles. Dur-

ing the re-entry of a manned spacecraft, charring materials oper-

ate heavily by absorbing heat through pyrolysis and rejecting it

via pyrolysis gas injection back into the boundary layer of gas.2

Furthermore, oxygen in the boundary layer of gas field may get to

the ablation surface and then some carbon on the surface at a

high temperature is oxidized. The ablation surface gradually

moves into inside the thermal protection layer.3 Recently, many

researchers have still focused on simulations for the thermal

response of charring materials.4–6 Lattimer et al.7 measured the

pyrolysis kinetic parameters and then analyzed in-depth tempera-

ture distribution by using the Arrhenius law. This method com-

bines thermal analysis tests with the heat conduction equations,

but the test results are highly dependent on the heating rate,

which has significant difference with that of re-entry. Meanwhile,

Li et al.8 built the pyrolysis layer model of homogeneous materi-

als. Thermal properties of charring ablators changing with pyroly-

sis were researched by both test and theoretical methods,9–12 and

the heat conduction equations with moving boundary or

temperature-dependent thermal properties are strong nonlin-

ear.13–17 To make the thermal behavior calculation easier, Li

et al.18 regarded the pyrolysis layer as an interface. Regrettably, all

models above are suitable only for homogeneous materials, not

for nonhomogeneous materials. With the development of tech-

nology, nonhomogeneous composites will take the place of

homogeneous ones in order to optimize the performance of TPS

materials. Therefore, the mathematical model and the numerical

method corresponding to the nonhomogeneous density compo-

sites have to be developed in the calculation for thermal behavior.

In this study, we will present a scheme of variable density of

AVCOAT and calculate the thermal behavior of nonhomogeneous

composite by using the calculation codes written on the basis of

the nonlinear pyrolysis layer model and the numerical method.

PYROLYSIS LAYER MODEL

Physical Model

The thermal response of charring materials under aerodynamic

heating is as follows. First of all, charring materials can absorb

heat by the heat capacity of materials themselves. When the sur-

face temperature rises up to the beginning pyrolysis temperature

Tvp of charring materials, the resin in surface materials starts to

pyrolyze. Furthermore, when the surface materials are heated to

the complete pyrolysis temperature Tpc, a char layer will form

on the surface. Heating continues, the surface ablates and

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4233142331 (1 of 8)

http://www.materialsviews.com/


gradually moves into the virgin layer after it reaches the abla-

tion temperature Ts.

A one-dimensional physical model (Figure 1) can be established,

since the temperature gradient vertically to the surface is much

larger than those in the other orientations.19,20

In Figure 1, q is the heat flux, xvp, xpc, and xs are, respectively,

coordinates of two moving interfaces and one moving bound-

ary, and L is the thickness of virgin materials without ablation.

Along the x direction in space, the model is divided into four

layers, namely the virgin layer, the pyrolysis layer, the char layer

and the ablation layer. The physical-chemical phenomena of the

four layers are the following:

a. The virgin layer: the zone where the temperature is lower

than Tvp.

b. The pyrolysis layer: the zone where the temperature varies

from Tvp to Tpc. It is just an unsteady and complex zone of

ablator with two moving interfaces. On the one hand, mate-

rials pyrolyze and release mixed gases which mainly consist

of methane, ethylene, acetylene and hydrogen. On the other

hand, loose solid carbon is gradually forming. In this layer,

there exists the seepage of pyrolysis gas, the chemical reac-

tions between pyrolysis gas and solid carbon, and the

changes in density. Further, mechanism of absorbing heat

mainly depends on the pyrolysis and the heat capacities.

c. The char layer: the zone where the temperature is higher than

Tpc, but lower than Ts. In this layer, there is a solid carbon

structure through which the pyrolysis gases flow to the surface

of the ablator. In addition, solid carbon and pyrolysis gases

continue to absorb heat, and even the consequent cracking of

pyrolysis gases is taken into consideration if necessary.

d. The ablation layer: the surface recession zone where the tem-

perature is higher than Ts. It becomes a part of the boundary

layer with both absorbing and releasing heat. In this layer, there

is convection and radiation phenomenon with the oxidation

reaction; what is more, ejecting pyrolysis gases and combustion

products can change the velocity and temperature of gas flow.

Mathematical Model

A prediction mathematical model must be developed to calculate

the thermal response of TPS during re-entry. The development of

such a model involves a detailed consideration of each phenom-

enon in the above physical model and its relation to the over-all

materials behavior. We put forward two basic assumptions to

simplify the calculation. First, pyrolysis gases do not react chemi-

cally with the porous char layer through which it flows. Second,

there is no secondary cracking of pyrolysis gases. Based on the two

assumptions and the physical model, the one-dimensional process

of heat and mass transfer in charring materials with variable den-

sity taken into account is described by the differential equations
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where q, c, and k are the density, the specific heat, and the ther-

mal conductivity, respectively. _mis the mass injection flux per

area, and h is the enthalpy. The subscripts 1, 2, 3, and g repre-

sent the virgin layer, the pyrolysis layer, the char layer and

pyrolysis gas, respectively.

If the accumulation of gases is ignored, the mass injection flux

per area yields to the change of density. The conservation of

mass may be denoted by:
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Noting that q1 is a x-dependent function, k1 depends on q1, k2

is a function of both q2 and T, and k3 is a temperature-

dependent function, we can write
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Introducing eqs. (6–8) into eqs. (1–3), we obtain
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It is evident that the nonlinear influence coming from the quad-

ratic terms of eqs. (10) and (11) make the calculation difficult.

Suppose that the bondline of ablator is adiabatic, and the

boundary conditions are expressed by the relations:

Figure 1. One-dimensional physical model.
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where subscript com and w represent the combustion of carbon

and the ablation surface, respectively. e is the emissivity of the

ablation surface, r is Stefan-Boltzmann constant, Tw is the sur-

face temperature, the thermal blockage coefficient u and the

heat flux q are, respectively, defined by the relations.21
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hr
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in which qcoldis cold-wall heat flux, the recovery enthalpy hr is

defined by the relation22

hr5331025q2
cold2146qcold123108 (18)

and the wall enthalpy hw is:21

hw5
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>>:

(19)

In terms of conservation of mass, mass injection flux per area

of the surface carbon combustion is denoted by:

_mcom5q3

Dxs

Dt
(20)

where Dxs is the moving boundary distance for each fixed time

step Dt.

It is apparent that the heat flux at two moving interfaces must

satisfy
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In addition, an initial condition may be represented in the form

TðxÞ5T0 t50 (23)

It should be noted that the above mathematical model is

strongly nonlinear with the temperature-dependent thermal

properties, the moving interfaces and the moving boundary,

which makes the calculation on the thermal behavior more

difficult.

NUMERICAL APPROACHES

Discrete Format of the Transient Heat Conduction Equations

To calculate the above mathematical model, it is necessary to

discretize the transient heat conduction eqs. (9–11). Here we

adopt the central difference format in an implicit numerical

method:
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introducing eq. (24) into the quadratic term in eq. (10) leads to

the result
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By combining eqs. (24–27) with eq. (10) it is readily shown that
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where _mn
g2j

is the mass injection flux per area of pyrolysis gas,

which can be obtained by recursion formula as follows. Integra-

tion of eq. (4) with regard to x shows that
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Using Newton-Cotes equation, introduction of eq. (30) into eq.

(29) leads to the expression for the mass injection flux per area

for j space step, namely,
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Let
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and substituting r2 and z2 into eq. (28), we obtain
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Similarly, eq. (32) is also taken as the discrete format of eqs. (9)

and (11), but r and z corresponding to eqs. (9) and (11) are the

following formulae, respectively:
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Determination of the Moving Boundary and the Moving

Interfaces

It is the purpose of this discussion to show how moving dis-

tance Dxs of boundary, moving distances Dxvp and Dxpc of

interfaces for each time step can be calculated for the thermal

behavior of ablator. By combining eqs. (20) and (24) with eq.

(15) it is readily shown that
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where the temperature-dependent surface recession rate on the

basis of reaction-rate-control regime,12 for AVCOAT as an exam-

ple, can be written in the following fitting function
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In view of the fact that the determination of the moving interfaces is very difficult, we have to introduce two functions representing

the heat flux difference on both sides of moving interfaces x 5 xvp and x 5 xpc, respectively:
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It is apparent that the functions Fvp and Fpc depend on the in-depth temperature distribution and the moving interfaces. As Dxvp

and Dxpc must meet the demand of eqs. (21) and (22), they can be determined by the matrix equation:
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where Dx0
vp and Dx00

vp are assumed as different initial moving

distances at the interface x 5 xvp, as well as Dx0
pc and Dx00

pc are

assumed as different initial moving distances at the interface

x 5 xpc for each time step.

Furthermore, the steps involved in the Newton Secant
method for obtaining Dxvp and Dxpc from eq. (34) are the
following:

a. Suppose initial values of Dxi
vp and Dxi

pc, (i 5 0, 00).

Calculate the in-depth temperature distribution, using the

discrete format of eqs. (9–11).

b. Calculate Dxvp and Dxpc using eq. (34). If����Dxvp2Dx00
vp

Dxpc2Dx00
pc

����
1
< d, stop the iteration. d is the permissible error.

However, if

����Dxvp2Dx00
vp

Dxpc2Dx00
pc

����
1
� d, let Dx0

vp 5 Dx00
vp, Dx0

pc 5 Dx00
pc

and Dx00
vp 5 Dxvp, Dx00

pc 5 Dxpc, then return to step (b).

NUMERICAL EXAMPLE

In order to carry out numerical calculations it is convenient to

write computer codes according to eqs. (32–34). Taking
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AVCOAT as charring composites in this numerical example, we

present a scheme of variable density of AVCOAT and calculate

the thermal behavior of nonhomogeneous composite by means

of the computer codes on the basis of MATLAB. In addition,

thickness L is 37.5 mm.

Materials Properties

Property Parameters of the Virgin Layer and the Char Layer.

Properties in the virgin layer and the char layer can be meas-

ured by experiments.23,24 In these two layers, it is considered

that some property parameters (e.g., enthalpy of pyrolysis and

combustion of surface carbon, the specific heat of pyrolysis gas,

the beginning pyrolysis temperature, the beginning carboniza-

tion temperature, the emissivity of ablation surface and Stefan-

Boltzmann constant) are constants. The thermal conductivity in

the virgin layer is a quadratic function of density similar to that

of porous media in the references.25–29

k151:4242631027q2
1 (35)

and the other parameters are functions of temperature,24,25

which are listed in Tables (I–IV).

Property Parameters in the Pyrolysis Layer. Thermal proper-

ties in the pyrolysis layer are temperature-dependent. It is

proved that dealing with the thermal properties between the vir-

gin layer and the char layer with linear interpolation is reasona-

ble in calculation.24 Properties in the pyrolysis layer are

illustrated by the relation

q25q12ðq12q3Þ3
T2Tvp

Tpc2Tvp

� �
kg m–3 (36)
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J kg–1K–1 (37)

k25k1jx5xvp
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2k3jx5xpc
Þ3 T2Tvp

Tpc2Tvp

� �
W m–1K–1

(38)

Boundary Conditions on the Surface

To perform the necessary trajectory simulations, we take Apollo

4 re-entry thermal environment (Figure 2)23 as the boundary

conditions on the surface, where the heat flux is a function of

time and the total re-entry heating duration is �550 s.

Nonhomogeneous Design

Owing to developments in the hypersonic vehicles, exacting

standards are now demanded for thermal protection materials.30

To optimize performance of TPS, let the density of resin chang-

ing with heat flux on the surface (i.e., when the heat flux

becomes higher, the density of the materials increases. Other-

wise, it decreases). The carbon distribution is uniform, and its

density is 100 kg m23, while the resin distribution of charring

materials is taken as a piecewise linear function in-depth den-

sity, which is

q15

300 0 � x < L=2

2:133104x2300 L=2 � x < 3L=4

22:133104x1900 3L=4 � x � L

8>><
>>: (39)

and is also shown in Figure 3.

Numerical Results

Based on the pyrolysis layer model and the numerical

approaches, numerical experimentation in trajectory thermal

behavior of the variable density AVCOAT composites under

Apollo 4 re-entry environments is performed by means of the

written codes. The over-all thermal response is as follows.

The bondline temperature of charring ablator is an important

factor to evaluate charring materials property for that it is adja-

cent to the metal structure of vehicles. As seen in Figure 4, the

bondline temperature keeps 300 K until 170 s, and then it rises

gradually to 334 K from 170 to 550 s.

The tendency of the surface temperature history curve is similar

to heat flux, shown in Figure 5. It rises abruptly before 80 s

until reaching the first peak point 2782 K. Then it decreases to

1500 K before 200 s and keeps almost unchangeable until 350 s.

After that, it rises again to another peak point 1912 K at 421 s.

In the following heating time, it decreases from the second peak

point to 1049 K. In order to identify the oscillation in the curve

clearly in initial heating time, the local position is zoomed. The

oscillation starts with the beginning of carbonization.

Thickness history of the char layer is shown in Figure 6. In the

first 18 s, the char layer does not appear. Under the heat flux at

the surface, it begins to increase rapidly from 18 to 150 s. The

large gradient is caused by the great heat loads in this time

period, which can be obtained by integration of heat flux in

Figure 2. After that, it grows slowly till 450 s. In the final heat-

ing time, it keeps the horizon at 4.6 mm, because the heat flux

in this period is small.

From Figure 7, we know that the pyrolysis layer is a thin layer.

The thickness history curve of the pyrolysis layer is just an

irregular curve. It rises rapidly from 0 to 0.4 mm in the first

25 s. The increase of curve is caused by that only the pyrolysis

layer appears without forming any char layer. Then it goes

down gradually until 50 s since the char layer begins increasing

Table I. Property Parameters as Constants

cg

(J kg21

K21) e

R
(W m22

K24)
hg

(J/kg3)
hcom

(J/kg3)
Tvp

(K)
Tpc

(K)

2093 0.65 5.671028 8.77107 1.163107 589 811

Table II. Specific Heat of the Virgin Layer

Temperature (K)
Specific heat
(J kg21 K21)

311 1457

367 1465

422 1549

478 1591

533 1758

589 1842
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abruptly. After 50 s, the thicknesses of both the char layer and

the pyrolysis layer rise in different speeds. From 50 to 200 s, the

thickness of the pyrolysis layer increases rapidly, while the thick-

ness of the char layer rises smoothly, which leads the pyrolysis

thickness increasing in this time period. From 200 to 450 s, the

curve gradually rises and then decreases. The decreasing is due

to the thickness of the char layer increasing. In following time,

the curve keeps rising because that the char layer does not

change in this time period.

The surface recession rate can be observed in Figure 8. It main-

tains zero before 33 s since that the surface recession does not

appear. Then it rises suddenly to 80 s and gets the first peak

point 0.29610 mm s21 near the time point of the peak heat

flux. After the peak point, it begins to decrease till 170 s then

keeps the horizon. From 350 to 420s, the curve rises again to

another peak point 0.004681 mm s21. In the following time, it

decreases from 0.004681 to 0 mm s21 till 500 s. Finally, no sur-

face recession would appear since that the surface recession rate

keeps at 0 mm s21. The oscillation in the curve near the first

peak point is zoomed in this figure too.

Figure 9 shows the thickness histories of the surface recession

for the design. In the first 33 s, the surface recession does not

appear. Before initial heating time of 150 s, the surface recession

thickness rises with a larger gradient. Then it rises a little in the

flowing 250 s. At 400 s, a little larger gradient occurs. Finally,

thickness keeps a plateau with the value 2.212 mm.

As shown in Figure 10, we can see the in-depth temperature

distribution at 550 s. Firstly, the curve rises with a smooth con-

cave curve from the bondline to 28.44 mm (the range of the

virgin layer). We can see that the in-depth temperature of this

stage rises extremely smoothly. Then the curve rises with a large

gradient. The beginning of this stage is the temperature Tvp,

and the end of this stage is the temperature Tpc. The curve of

this stage has a range of 2.517 mm, which is the range of pyrol-

ysis layer. From 30.957 to 35.288 mm, the curve rises with a

large gradient convex curve. It is the stage of the char layer. The

larger gradients of temperature distribution curve in the pyroly-

sis layer and the char layer are caused by that the thermal con-

ductivities of these two layers are larger than that of the virgin

Table III. Specific Heat of the Char Layer

Temperature (K) Specific heat (J kg21 K21)

811 1549

1367 1725

2756 1725

3033 1926

Table IV. Thermal Conductivity of the Char Layer

Temperature (K) Thermal conductivity (W m21 K21)

922 0.242

1033 0.381

1256 0.614

1367 0.736

1589 0.935

1700 1.030

1922 1.212

Figure 2. Cold-wall heat flux versus Time.

Figure 3. In-depth density distribution of resin.

Figure 4. Bondline temperature history.
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layer. In other words, the thermal conductivities increase gradu-

ally from 28.44 to 35.288 mm. The locations of the demarcation

points of the curve are the interfaces of the three layers. From

the Figure 10, it is obvious that the temperatures at the two

moving boundaries are Tvp and Tpc, respectively. Additionally,

subtracting the materials final thickness 35.288 mm from L

leads the surface recession thickness 2.212 mm.

Figure 5. Surface temperature history.

Figure 6. Thickness history of the char layer.

Figure 7. Thickness history of the pyrolysis layer.

Figure 8. Surface recession rate histories.

Figure 9. Surface recession histories.

Figure 10. In-depth temperature distribution.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4233142331 (7 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


CONCLUSION

In this article, we propose a new approach for modeling the effect

of density on the thermal behavior of charring ablator. The non-

linear pyrolysis layer model including pyrolysis and surface reces-

sion is developed for nonhomogeneous charring ablator. In our

pyrolysis layer model, there are several key parameters:

temperature-dependent thermal properties, variable density, mov-

ing interfaces and moving boundary. Note that nonlinear thermal

behavior is directly relevant with these parameters. Introducing a

piecewise linear density design, we have analyzed in detail the

thermal behavior of the design by using the calculation codes writ-

ten on the basis of the nonlinear pyrolysis layer model and the

numerical approaches. From the numerical results, it can be con-

cluded that the pyrolysis layer plays a very important role in the

thermal protection performance. The use of this model will help

us to improve TPS design for supersonic vehicles.
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NOMENCLATURE

q Density (kg m23)

c Specific heat (J kg21 K21)

k Thermal conductivity (W m21 K21)

_m Mass injection flux per area (kg m22 s21)

h Enthalpy (J kg21)

q Heat flux (W m22)

e Emissivity of ablation surface

r Stefan-Boltzmann constant (W m22 K24)

T Temperature (K)

L Thickness of charring ablator (m)

x Space coordinate (m)

t Time (s)

F Heat flux difference (W m22)

Subscripts

1 Virgin

2 Pyrolysis layer

3 Char

vp Interface between the virgin layer and the pyrolysis layer

pc Interface between the pyrolysis layer and the char layer

s Surface recession

g Pyrolysis gas

cold Cold wall

w Ablation surface

r Recovery

com Combustion

i Initial value of Newton Secant method for interface

between the virgin layer and the pyrolysis layer
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