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ABSTRACT: A one–dimensional, transient and thermal degradation model for predicting 
responses of composite materials when are exposed to the fire is presented. The presented model 
simulates ablation of composites with different layers of materials and considers material properties 
as functions of temperature. The reactions are modeled by using Arrhenius-type parameters and 
density-temperature diagrams which are obtained by specific experimental techniques  
such as thermogravimetric analysis. This transient thermal model has been implemented in form of  
a computer code by means of new numerical methods in order to predict the temperature distribution 
in the liner, the amount of char and erosion, and the liner thickness variations with time. By using 
implemented computer code, ablation phenomena in a glass-filled phenolic composite has been simulated 
with the same parameters of a similar experiment. The results are in a good agreement with the 
experimental data and the model can successfully be used in the design of thermal protection 
shields as an aid of material and thickness selection. 
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INTRODUCTION 
In many applications of polymer composites, 

adequate performance against fire is required. Fire and 
heat load resistance capabilities of composite materials 
are mandatory for these applications. The strength of 
composite materials strongly depends on temperature and 
rapidly decreases once the temperature exceeds the glass 
transition temperature. As a result, investigation of 
structural behavior of composite materials during fires 
facilitates efficient material design [1-5]. 

Thermal degradation process is associated with 
extensive changes in physicochemical properties, and 
often is endothermic. This process creates gas or liquid  
 
 
 

products that are released into the environment. 
In ablative protection process, heat flux is dissipated  
by a series of endothermic reactions within the composite. 
This is followed by substance burning and heat flux 
reduction. Ablative heat shield operation can be briefly 
stated as follows: Convective heat which reaches  
the surface of the composite is balanced with surface 
radiation, conduction and chemical reactions as shown  
in Fig. 1. In addition, a large amount of heat flux exerted 
to the surface by hot exhaust gases, makes this phenomena 
a destructive process. Ablative composite keeps surface 
temperature unchanged, and thus, increase in the heat flux  
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Fig. 1: Graphical representation of ablation phenomena in a composite material [6]. 
 
does not affect the temperature of the surface,  
but intensifies chemical reactions of the process. 

Composite thickness should be designed in such a way 
as to prevent the failure of main structure by keeping 
back-wall temperature below certain limit, hence it is 
important to predict the erosion and temperature distribution 
of the composite during the process. On the other hand, 
this procedure comprises complex chemical and  
mechanical processes, so it is difficult to accurately model 
all of the individual processes. Several analytical models  
have been developed, which predict the thermal response 
of the materials during decomposition [6-10]. A thorough 
review can be found in Henderson & Wieck [6]. 

Generally, degradation modeling is divided into two types: 
the first type of the modeling is used for simulating  
of surface ablative protection in which only volume reduces 
and density remains unchanged, and second type is used 
for simulating the volume and mixture ablative protection 
in which density is variable. In this paper, we focus  
on the second type and model whole system as continuum 
instead of modeling each zone separately. Moreover, 
thickness changes during the ablation process complicate 
the issue. In these circumstances, several techniques  
have to be adopted in the numerical method. 

By adopting innovative modeling and numerical 
techniques in this paper, most of governing equations 
numerically are solved without inaccurate assumptions, 
whereas in previous works, some physical parts  

have been neglected or some approximate assumptions 
have been considered. Additionally, in this paper, system 
is considered continuum with variable thickness which 
makes the simulation more complicated while in previous 
approaches, system has been modeled with different 
layers or fixed composite thickness. In practice, numerical 
modeling has been implemented in form of computer 
code and validation of the code has been checked with 
benchmarks. Furthermore, this modeling and implemented 
code has been evaluated with experiments results. This 
series of experiments have been conducted by Boyer [11] 
on a single fiber-reinforced phenolic material. 
 
THEORITICAL  SECTION 
Mathematical model 

In experimental conditions, complex processes of heat 
and mass transfer take place in the composite. When  
the composite is exposed to high temperature and high 
velocity fluid stream, decomposition of resin begins  
at a pyrolysis temperature and char layer ablation forms 
at higher temperatures [12]. The free surface of  
the composite under the influence of high temperature 
stream is continuously spilled and oxidized. 
In this section, the mathematical model which  
is corresponded to the aforementioned ablation process  
has been described. Related differential equations, their initial 
and boundary conditions and equations of composite 
properties are obtained and presented. 
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Governing equations 
As the reactions propagate through the composite,  

the virgin matrix is transformed into the charred substance 
and finally into the glass. The final glass product  
is assumed to be non-combustible over the temperature 
range of the study. The decomposing matrix has only 
solid and gaseous phases. This implies that the pyrolysis 
transforms the solid into the gaseous phase directly. 
These two phases have the same temperature at any given 
point and the thermal expansion is neglected. Based on 
these assumptions, the governing equations are [13]: 

Conservation of energy for the combined phases: 
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Conservation of mass for the gas and solid: 
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And Arrhenius model for the mass source term: 
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By using mass conservation equation, a relation 
between location of the composite surface s(t) and  
the polymer-char interface can be found: 

( ) ( ) ( )( )* *s t s t L s t= + φ −                                             (5) 

where ( )c p cyφ = ρ ρ  is the expansion coefficient. 

Since s* does not exist in the case of continuity,  
s* (separation location of the two areas with high density 
difference) can be considered as location of maximum 
changes in density; In fact, second derivative at this point 
is zero: 

*

2
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y s

0
y =

∂ ρ
=
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                                                                   (6) 

 
Boundary and initial conditions 

General form of applied initial conditions for the 
composite is [14]: 

( ) ( ) 0t 0
T y, t T y,0 T

=
= =                                               (7) 

The boundary conditions in general form encompass 
terms related to convective, radiative and blowing 
exchange at the free composite surface. The amount of 
energy transferred to the composite, which leads  
to increase in the temperature of the sample and its thermal 
degradation, can be obtained from the following 
equation: 

( )k e rw bl w 1q q q q q at x s t= − − − =                         (8) 

In Eq. (8), qk is amount of conductive heat transfer,  
qe is amount of convective heat flux transferred from 
surrounding into the surface and qbl, qrw and qw are  
the convective heat fluxinjected into the surface boundary, 
the radiation heat flux radiated to the surrounding  
and convective heat flux injected into  
the high temperature wall, respectively [15]. 

The amount of heat transfers are determined  
by the following equations: 
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Fig. 2: Details of the gridding. 
 
Composite properties 

According to continuous properties of the composite, 
density can be considered as Eq. (15):  

s a cρ = ρ +ρ                                                                  (15) 

Subscripts 'a' and 'c' are related to primary composite 
and solid phase of reaction products, respectively.  
By using mass fraction averaging for the solid enthalpy, 

a c
s a a c c a c

s s
h Y h Y h where Y and Y
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= + = =
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(16) 
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                (18) 

To identify the density of each component by using 
the density of composite, the following relationships  
are used: 
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where s0ρ  and sfρ  are initial and final density of 
composite, respectively. Therefore: 
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Additionally, to obtain effective thermal conductivity, 
the following equation is used: 

a sf a c s0 c
e

a sf c s0

k k
k

ρ ρ +ρ ρ
=

ρ ρ +ρ ρ
                                               (23) 

 
Numerical model with moving grid 

As mentioned above, this modeling has a moving 
boundary at the top of the sample, which makes it more 
complex. In this model, the composite has been divided 
into the layers with a node at the center of each layer  
as shown in Fig. 2 [16]. As the char layer erodes, 
thickness of the outer layer decreases which makes  
the simulation arduous. To handle this situation, the number 
of layers is kept fixed but the layers thickness is updated 
after each time step. Furthermore after each time step,  
the solution values at the new arranged points  
are interpolated from values of old mesh points. 

On the other hand, the spectral method is used to 
solve differential equations. This method is used to find  
the smooth with negligible fluctuations. 
 
Spectral method 

Spectral method is one of the most capable methods 
used to solving complicated partial differential equations. 
The main idea of this method is considering the solution 
of equations as sum of orthogonal functions (such as 
Fourier and Chebyshev functions) whereas coefficients of 
these functions are unknown. In order to find unknown 
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variables, it is necessary to solve the same number of 
equations. So, a few points equal to the number of 
unknown variables are considered in the domain.  
For each point, governing equations are applied  
to the assumed solution. Since the solution is sum of series 
of simple functions, operations (such as integral and 
derivation) in the equations can be applied easily. 

In this method, type and number of orthogonal 
functions should be specified. In this paper, Chebyshev 
functions are selected for this purpose and number of 
functions is determined with respect to the required 
accuracy for each case. In the following, Chebyshev 
functions and numerical approach are introduced. 

Since Chebyshev functions are orthogonal 
polynomials, computing derivative, integrals and 
mathematical operations can be done with high speed. 
These polynomials are defined by recursion as follows: 

( ) ( ) ( ) ( ) ( )0 1 n 1 n n 1T x 1, T x x, T x 2xT x T x+ −= = = −  (24) 

 
Solution of ODE 

In Eq. (1), T is an unknown variable which must be 
calculated. Generally, T(x,t) is a function of location and 
time, however by solving this equation in each time step, 
T can be considered as a function of location only and 

some terms such as T
t

∂
∂

 can be obtained by previous time 

step solution: 
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So the function T(x) (which is function of location 
only) can be written as a sum of Chebyshev orthogonal 
functions. In this case, assume that order of accuracy is 
n+1, so T(x) is considered as sum of n+1 Chebyshev 
function. Thus: 

n
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In Eq. (26), temperature is considered as sum  
of multiplication of Chebyshev functions (Fn) and  
at the beginning of the procedure, this coefficients  
are unknown and can be found by solving system of equations. 

Additionally, best efficiency and result approximation 
of Chebyshev functions are in the range [-1,1], while 

composite thickness is variable and equations  
must be solved in domain [ ]x a,b∈ . So a linear mapping 

should be considered between these two ranges: 

[ ] [ ]y : 1,1 , x : a, b−                                                     (27) 
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Thus, Eq. (26) can be corrected as follows: 
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By using Eqs. (1) and (28), following result is obtained: 
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To create the system of equations, location of n+1 
points must be determined. Two equations are related  
to the boundary conditions at the beginning and end  
of the range, and the rest (n-1 points) are within the range. 
The points are located uniformly throughout the solution 
domain and by using Eq. (29), n-1 equations are obtained. 

To complete the system of equations, it is sufficient  
to create two equations that are related to the boundary 
conditions. In case of constant temperature conditions, 
these equations are: 

T(0)=Tc                                                                         (30) 
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And in case of adiabatic boundary conditions: 

x 0

T 0
x =

∂
=

∂
                                                                   (32) 

n

n n
i 0

c AF (B) 0
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Equation of boundary condition in case of heat 
transfer with different ways such as radiation and 
convection heat is: 
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Table 1: Values of test parameters. 
0 0 0

0 a c gT T 297.15K, T T T 293.15K∞ = = = = =  

0 0 0
a c gh 552 kJ / kg, h 0, h 0= − = =  

( )1.5
a ak 0.453 10210 / T , 273.15K T 873.15K, k in W mK ,Tin K = + ≤ ≤    

( )4
c ck 0.3736 4.017 10 T, 273.15K T 873.15K, k in W mK ,Tin K−  = + × ≤ ≤    

( )a ac 285.2 3.565T, 273.15K T 873.15K, c in J kg K ,T in K = + ≤ ≤    

( )c ac 518.96 0.736T, 273.15K T 873.15K, c in J kg K ,T in K = + ≤ ≤    

( )gc 3109 J kg K=  

2
a ah 788789 285.2T 1.7825T , 273.15K T 873.15K, h in J kg ,T in K= − + + ≤ ≤     

2
c ch 183785 518.96T 0.368T , 273.15K T 873.15K, h in J kg ,T in K= − + + ≤ ≤     

g gh 911403 3109T, 273.15K T 873.15K, h in J k g,T in K = − + ≤ ≤    

3 3 3
s0 sf k1700 kg m , 1120kg m , 1598 kg mρ = ρ = ρ =  

1 2n 55.4, n 3.81= =  
44 16 8

1 2A 6.78 10 Hz, A 1.3 10 Hz, E 2.18 10 J kmol= × = × = ×  
2

0 0 N N0.9, h 0, 0.9, h 10 W mε = = ε = =  

 

( )( ){ }( )2 2s
f r s s s

T
k h h T T T T T T

n ∞ ∞ ∞
∂

− = + + + − +
∂

    (34) 

( )s sx , tφ  

Due to the nonlinear nature of the obtained relation,  
in some terms, Ts is substituted with its value in  
the previous time step: 

( )n n n skc A F Ax B− + =                                                 (35) 

( )( ){ }2 2
f r s,t 1 s,t 1h h T T T T− ∞ − ∞+ + + ×  

( )( ) ( )n n s sC F Ax B T t∞+ − + φ  

( )n n sC F Ax B+ ×                                                          (36) 

( )( ){ }( )2 2
n f r s,t 1 s,t 1kA h h T T T T− ∞ − ∞+ + + + =  

( )( ){ }2 2
f r s,t 1 s,t 1 sT h h T T T T (t)∞ − ∞ − ∞+ + + − φ   

After obtaining the necessary equations to solve  
the system of equations, the matrix of equations will be 
as follows: 

0

1

n

c
c

Ac b , c

c

 
 
 = =
 
 
 



                                                    (37) 

That c is matrix of unknown coefficients of solution 
and elements of matrix A and b can be achieved  
by obtaining general governing equations and boundary 
conditions that have been mentioned earlier. This system 
of equations can be solved by Gaussian elimination 
technique. 
 

RESULTS  AND  DISCUSSION 
The experimental measurements of tests 07,09 and 10 

conducted by Boyer [11] have been reproduced by using  
the explained model. In these experiments, a glass-filled 
phenolic composite (MXBE-350) designed by fiberite 
corporation has been exposed to the heat. The heat fluxes 
in experiments are given in Fig. 3. Detailed experimental 
data by using Arrhenius kinetics model are given in Table 1. 
These data have been derived from reference [13] with 
the exceptions of the initial, ambient, and reference 
temperatures and the emissivity, which are not stated  
in this reference.  

In each of these tests, amount and duration of inlet 
heat which has been applied to the composite is different. 
Duration of tests 07 and 09 are 105 seconds and test 10  
is 225 seconds. In addition, amount of input heat is shown 
in Fig. 3. Due to different amount of applied heat, comparison 
of the test results is possible. In this case, by using 
implemented software, results are examined in three cases: 
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Fig. 3: Piecewise linear approximations of the heat fluxes 
measured by Reference [11]. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4: Comparison of temperature changes at some point 
during the ablation process in test 07. 
 

1- Temperature changes at different sections of composite 
during the ablation process 

2- Density of the domain in various times 
3- Mass flux through different sections of composite 

during the ablation process 
In Fig. 4, temperature changes at different sections 

during ablation process in test 07 are shown. As Fig. 4 
shows, computer results are in good agreement with  
the experimental data which indicates this computational 
method is highly predictive. At the beginning of simulation, 
temperatures of all sections are equal to the ambient 
temperature and after heating temperature of each section 
increases. Additionally, rates of temperature changes  
in sections near the boundary are higher. This means that 
reactions near heat source are more active and char 
materials are created in this area at initial stage. 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5: Density of the domain in various times in test 07. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6: Mass flux through the different stages of composite 
during the ablation process in test 07. 
 

Density of the domain in various times and mass flux 
through the different sections of composite during  
the ablation process in test 07 are illustrated in Figs. 5 
and 6, respectively. 

In Fig. 5, at the beginning of heating process, density 
of the domain is identic and after some time, due to 
conversion of composite to char, density of areas close  
to heat source decreases rapidly and this reduction continues 
until the conversion of material occurs entire the domain. 
Fig. 6 illustrates mass flux (due to releasing gas products 
of reactions) through the domain in different instants.  
At first stage of process, mass fluxes increase (because of 
onset of reactions) and after a while, these fluxes decrease.  
The reason of mass flux reduction is that most of material 
conversion occurs and reactant is not suffice to continue 
reactions. 
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Fig. 7: Comparison of temperature changes at some point 
during the ablation process in Test 09. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8: Density of the domain in various times in Test 09. 

 
 

In Fig. 7, temperature changes at some point during 
ablation process Test 09 is shown. Furthermore, density 
of the domain in various times and mass flux through  
the different sections of composite during the ablation 
process in Test 09 are illustrated in Figs. 8 and 9, 
respectively. 

In Fig. 10, temperature changes at some points during 
ablation process in Test 10 are shown. Good agreement 
between computational results and experimental results  
is apparent. Density of the domain in various times and 
mass flux through the different sections of composite 
during the ablation process in Test 10 are illustrated  
in Figs. 11 and 12, respectively. 

As mentioned in modeling section of this paper, yc  
is an experimental value that is effective on erosion  
of composite. For simplification, this variable is considered  
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9: Mass flux through the different stages of composite 
during the ablation process in Test 09. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10: Comparison of temperature changes at some point 
during the ablation process in Test 10. 
 
constant in different temperatures. Hence, in order  
to observe the influence of this parameter on erosion, 
different values are considered for this parameter. Fig. 13 
shows that as yc increases, rate of erosion of composite 
decreases. 
 
CONCLUSIONS 

An ablative model for predicting responses of 
composite materials when are exposed to heat source 
presented and mathematical, physical and chemical 
aspects of this model was investigated. In order  
to simulate this phenomenon, numerical method and 
innovative techniques were introduced and procedure of 
implementation was mentioned. Finally, in order to verify 
implemented predictive computational tool, results of  
the software were compared with experimental results. 
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Fig. 11: Density of the domain in various times in Test 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12: Mass flux through the different stages of composite 
during the ablation process in Test 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13: Thickness changes in composite with different yc . 

Investigated results were consists of temperature 
changes at different sections of composite, density 
distribution of the domain in various times and mass flux 
through different sections of composite during the 
ablation process. These case studies were done and 
illustrated that the developed one-dimensional model 
provides the predictions very close to the experimental 
results. The discrepancies between the predicted and  
the experimental results are thought to be due to the fact 
that the model does not account for all of the physical 
processes which occur in the material. In addition,  
the material properties play a vital role in the accuracy  
of the results, and any inaccuracy in some of the material 
properties could account for part of the discrepancy.  
In a nutshell, the mathematical model could be further 
improved by including the processes mentioned above. 

 
Nomenclature 
ρ                                                                              Density 
c                                                        Specific heat capacity 
T                                                                      Temperature 
Ta                                                       Ambient temperature 
t                                                                                   Time 
k                                                        Thermal conductivity 
h                                                                            Enthalpy 
m′′                                                                        Mass flux 
R                                                      Universal gas constant 
E                                                             Activation energy 
L                                                         Composite thickness 
s                                                      Char moving boundary 
s*                                             Pyrolysis moving boundary 
I                                        Enthalpy of surrounding hot gas 
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