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Abstract 

The thermo-physical parameters of the pyrolysis layer in charring material play a 

fundamental role in the design of the thermal protection system (TPS) in hypersonic 

vehicles, but there is still a lack of measuring methods for the pyrolysis layer 

including pyrolysis gases, carbon residue and resin. The measuring method for the 

thermal conductivity of the pyrolysis layer is presented by means of iteration 

inversion of temperature at measuring points, and experimental equipment is designed 

and manufactured. Furthermore, the thermal conductivity of the pyrolysis layer under 

different pressures is obtained by this method. The results reveal that its thermal 

conductivity is a nonlinear function of temperature; meanwhile, the pressure has a 

major effect on the thermal conductivity. This study can figure out the test problem of 

the thermal conductivity of the pyrolysis layer, which is helpful to the optimization of 

TPS. 

Keywords: Measuring method; Experimental equipment; Thermal conductivity; 
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Nomenclature 

cp specific heat [J·kg-1
·K-1] Subscripts  

h enthalpy [J·kg-1] c interface between the pyrolysis 

layer and the char layer J Jacobian matrix [-] 

k thermal conductivity 

[W·m-1
·K-1] 

cal calculated results 

exp experimental results 

L material thickness [m] g the pyrolysis gas 

Lt distance between middle test 

point and material bondline 

[m] 

m parameter at temperature Tm 

p interface between the virgin 

layerand the pyrolysis layer 

m mass [kg] w surface 

R temperature difference [K] 0 initial value 

T temperature [K] 00 initial value 

t time [s] 1 the virgin layer 

x space coordinate [m] 2 the pyrolysis layer 

γ  convergence error [-] 3 the char layer 

λ damping coefficient [-]   

ρ density [kg·m-3]   
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1. Introduction 

The use of thermal protection systems (TPS) is required during atmosphere entry 

missions in order to mitigate the aerothermal loads experienced at hypersonic 

conditions [1]. Charring material such as phenolic-impregnated carbon ablators is one 

successful class of TPS materials [2-4], and its thermo-physical parameters are crucial 

for the design of the TPS [5-7]. When simulating the thermal response of the charring 

material, the thermo-physical parameters are indispensable no matter what method we 

use [8-11]. Currently, thermal conductivity of the pyrolysis layer is usually 

approximated by the linear interpolation of that in the virgin layer and in the char 

layer, respectively, when using the pyrolysis layer model to simulate the thermal 

response of the charring material [12-15]. This approximation makes the TPS partial 

to safety, but it's not good for optimization. 

For the optimization of the TPS, it is necessary to obtain actual thermal 

conductivity of the pyrolysis layer, which is composed of the resin carbonization, the 

flow of the pyrolysis gases and the carbon fibers [16-21]. Actually, it changes with 

temperature and is hard to measure [22-24]. Over the last decade, a few researchers 

have explored this problem. For example, thermal diffusivity, measured as a function 

of temperature from 15 oC to 50 oC, is taken to calculate the bondline temperature of 

the carbon fiber reinforced epoxy resins during pyrolysis [25], but the measured 

parameter is not thermal diffusivity of the pyrolysis layer. Bourbigot et al. [26] 

measured the thermal conductivity of intumescent coatings using hot disc equipment 
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(TPS2500, Sweden), but TPS2500 measures the effective thermal conductivity of the 

whole sample. Up to now, it is difficult to measure the thermal conductivity of the 

pyrolysis layer and there is still a lack of measuring methods for the pyrolysis layer. 

Therefore, a measuring method is presented in order to obtain thermal 

conductivity of the pyrolysis layer by means of iteration inversion of temperature at 

measuring points, and the experimental equipment is designed and manufactured to 

realize this measurement method. 

2. Experimental design 

The specimen is prepared in sequence by vacuum-impregnation, drying, curing, 

and cooling processes in turn by our group [3, 4]. In addition, the cross section of the 

specimen is a square of 0.1 m×0.1 m. 

In order to acquire the thermal response of the pyrolysis layer under different 

pressures, experimental equipment is designed and manufactured, as shown in Fig.1 

(a). The schematic configuration of the equipment is presented in Fig. 1 (b) and it 

consists of the measuring system, the test system, the specimen delivery system and 

the pneumatic control system. The test system is the main measuring unit of this 

experimental equipment and it consists of the specimen (1), the alumina insulating 

firebrick (2), the heating element (3) and the hot plate (4). It can be observed that 

there is a gap between the heating element and the hot plate in order to make the heat 

more uniform. The hot plate made of SiC is situated closely next to the specimen. The 

specimen is heated by the hot plate; in addition, the sides and the back of the 
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specimen are filled with the alumina insulating firebrick; therefore, the heat 

conduction is assumed to be one-dimensional. During the experiment, the air pressure 

is controlled by the pneumatic control system, consisting of the air inlet (5), the air 

outlet (6), the pneumatic valve (7) and the vacuum tank (8). The air flows into this 

experimental equipment by air inlet and flows out by air outlet. When the air pressure 

inside the equipment measured by the pneumatic valve is steady, the heating element 

is turned on and the hot plate is heated by the heating element. When the temperature 

of the hot plate measured by thermocouples is steady at a certain temperature (Tc), the 

specimen is transported to the designated position by the specimen delivery system. 

This specimen delivery system consists of the specimen tray (9), bearing rod (10) and 

the motor starter (11). When the specimen reaches the designated position, the upper 

surface of the specimen is in close contact with the hot plate. There is a pressure 

sensor at the specimen tray, and when the pressure is high enough, the contact area of 

the hot plate and the specimen is considered complete. The thermal response of the 

specimen under different pressures is recorded by the measuring system. There are 

thermocouples (12) installed at the hot plate, the middle test point and the bondline, 

besides, the temperatures of these three test points are recorded by the installed 

thermocouples after each 30-second exposure. There are five thermocouples, four 

thermocouples, and five thermocouples installed at the bondline, the middle test point, 

and the hot plate, respectively, as presented in Fig. 2. The final experimental results at 

each test point are the average of the results recorded by different thermocouples. 
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(a) 

 

(b) 

Fig. 1. (a) Experimental equipment and (b) its schematic configuration 
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Fig. 2. Distributions of the thermocouples at the hot plate, the bondline and the middle 

test point 

3. Measuring method based on experimental results 

The temperatures of the bondline and the heating surface can be measured by the 

experimental equipment (Fig. 1), and then the thermal conductivity of the pyrolysis 

layer can be obtained using the iteration inversion method based on the pyrolysis 

layer model. 

3.1. The pyrolysis layer model 

The pyrolysis layer model is taken to predict the thermal behavior of the charring 

material. The pyrolysis layer model has been validated with experimental data in the 

study of our group in ref. [13]. The pyrolysis layer model consists of three layers: the 

virgin layer, the pyrolysis layer and the char layer. During the heating process, the 

charring material undergoes thermal degradation. A variety of physical and chemical 
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phenomena are involved, and the overall material response can be described by the 

pyrolysis of solid resin and the transport of pyrolysis gases through porous char 

[18-21]. Under the external heat load, part heat is absorbed by the charring material, 

and then if the temperature on the surface reaches the start pyrolysis temperature Tp, 

the resin begins to pyrolyze and the pyrolysis layer forms. The char layer does not 

appear until the temperature at the material surface reaches the full pyrolysis 

temperature Tc, so there are the virgin layer and the pyrolysis layer in the specimen if 

the temperature at the heating surface is kept at Tc. Once the temperature at the 

bondline reaches the start pyrolysis temperature Tp, the experiment is stopped and 

there only remains the pyrolysis layer at the end of the experiment, as shown in Fig. 3. 

Coordinates 0, xp, and L are respectively the bondline, the interface between the virgin 

layer and the pyrolysis layer, and the heating surface. Tw is the wall temperature and it 

is equal to Tc in this experiment. 

 

Fig. 3. Pyrolysis of the charring material during the experiment 

Here are some assumptions in the pyrolysis layer model  

(a) There is no secondary cracking for pyrolysis gases and the pyrolysis gases do not 

react with the carbon fiber. 

(b) There is no energy exchange between the pyrolysis gases and the solid material. 
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(c) The volume change caused by the pyrolysis gases accumulation is neglected. 

The above model is expressed by the following differential equations 

1 1 1

( , ) ( , )
[ ]p

T x t T x t
c k

t x x
ρ ∂ ∂ ∂=

∂ ∂ ∂
                      pxx <≤0    (1) 

2
2 2 2 2

( , ) ( , ) ( , )
[ ]p g pg g

T x t T x t T x t
c k m c h

t x x x t

ρρ ∂∂ ∂ ∂ ∂= + +
∂ ∂ ∂ ∂ ∂

&   Lxx p <≤   (2) 

where ρ, cp, k are respectively the density, the specific heat, the thermal conductivity, 

and h is the pyrolysis gases enthalpy. m& is the pyrolysis gases mass injection rate, 

subscript g stands for the pyrolysis gases, and subscripts 1 and 2 represent the virgin 

layer and the pyrolysis layer, respectively. 

In the pyrolysis layer, the conservation of mass is as follow 

2 2/ /gt dm dxρ∂ ∂ = − &                        (3) 

In addition, the boundary conditions are written as 

1

( , )
0

T x t
k

x

∂− =
∂

    0x =                       (4) 

= pT T        x = xp                      (5) 

= wT T        x L=                       (6) 

The heat flux in x = xp must satisfy 

1 2

( , ) ( , )T x t T x t
k k

x x

∂ ∂− = −
∂ ∂

     x = xp                (7) 

The initial temperature distribution of the charring material is linear interpolated 

by the measured temperatures at the bondline and the middle test point at t = 0 s. This 

model is discretized using the central difference format, and solved by the MATLAB 
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codes in Ref. [12, 13]. 

3.2. Iteration inversion method 

On the basis of the measured thermal response of the pyrolysis layer at different 

pressures, the thermal conductivity of the pyrolysis layer of the specimen under 

different pressures can be obtained by means of iteration inversion of temperature at 

measuring points. This method is calculated by the following steps: 

(1) Estimate the initial values. It is assumed that 1
,0mk = (k1+k3)/2 and 1

,00mk = 

(k1+k3)/2−ε, where ε is an arbitrary value, ε=0.1×k1 in this study. Subscript m stands 

for the parameter at temperature Tm and Tm= (Tp+Tc)/2, subscript 3 stands for the char 

layer, subscripts 0 and 00 stand for two initial values and the superscript stands for the 

iteration step. 

    In order to inverse the thermo-physical properties of the pyrolysis layer, it must 

be assumed that there is a virtual node outside the heating surface (the interface 

between the pyrolysis layer and the char layer) of the specimen. This virtual node is 

close to the heating surface and the distance is the length of one grid. The 

thermo-physical properties at this virtual node are that of the char layer at Tc. 

    Parameter km is the thermal conductivity of the pyrolysis layer at temperature Tm. 

Combining the thermal conductivity of the virgin layer at Tp (the interface between 

the virgin layer and the pyrolysis layer) and the thermal conductivity of the char layer 

at Tc (the virtual node), the thermal conductivity of the pyrolysis layer is approximated 

as  
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1 3

2 1
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1 3 1 3
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( ) ( ) ( ) ( )
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− −−
− −−− − +

− − m
c

T
T

 
 
 × 

  
    

     (8) 

(2) On the basis of the two given initial values of km, two kinds of distributions of 

thermal conductivity of the pyrolysis layer can be calculated by Eq. (8), and then two 

kinds of thermal response of the charring material can be predicted by the pyrolysis 

layer model. Two calculated bondline temperatures are respectively marked as1 ,0calT , 

1
,00calT  and the measured bondline temperature is marked as Texp, where subscripts cal 

and exp stand for the calculated results and experimental results, respectively. The 

temperature data is recorded every 30 s, so Texp, Tcal,0 and Tcal,00 are vectors of 

temperature. 

(3) Based on the Levenberg-Marquardt algorithm [27, 28], the equation is as follow 

( )T TJ J I k J Rλ+ ∆ =                        (9) 

where I is the unit matrix and λ is the introduced damping coefficient for the purpose 

of improving the convergence of this method. 

J is the Jacobian matrix 

,1 ,2 ,...
i i i

cal cal cal ni

m m m

T T T
J

k k k

 ∂ ∂ ∂
=  ∂ ∂ ∂ 

                  (10) 
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where n is the total time step, i is the iteration step. 

Each element of the Jacobian matrix can be approximated as 

,00 ,0

,00 ,0

( ) ( )i i i ii
cal m cal mcal

i i
m m m

T k T kT

k k k

−∂ =
∂ −

                   (11) 

In Eq. (9), R is defined by 

i i
exp calR T T= −                           (12) 

From Eq. (9), we have 

( ) ( )1[ ]
T Ti i i i ik J J I J Rλ −∆ = +                  (13) 

With the calculated ∆k, two initial values of km at the i+1 iteration step can be 

calculated, let 1
,0 ,00

i i
m mk k+ = ， 1

,00 ,00
i i i
m mk k k+ = + ∆ . 

(4) The convergence criterion is 

,00 ,0

,00

max
i i
m m

i
m

k k

k
γ

 
 
 
 

−
<                    (14) 

where γ = 0.001 in this study.  

    If this convergence criterion is satisfied then stop the iteration, 1
00

i
mk +
，

 is what we 

needed. Otherwise, if this criterion is not satisfied, return to step (2) with two newly 

calculated initial values of km. 

4. Results and discussion 

    Some material properties are presented in Appendix A. The thickness of the 

material (L) and the distance between the middle test point and the bondline (Lt) under 

different pressures are listed in Table 1.  
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Table 1 The thickness of the material (L) and the distance between the middle test 

point and the material bondline (Lt) under different pressures 

 L (m) Lt (m) 

101 kPa 0.02547 0.01201 
50 kPa 0.02493 0.01279 
4 kPa 0.02515 0.01264 

The temperature profiles of the specimen at the bondline, the middle test point 

and the heating surface at pressures of 101, 50 and 4 kPa are plotted in Fig. 4. The 

temperature profiles of the heating surface under different pressures are zoomed and 

they are roughly stable at a certain temperature, as shown in Fig. 4. It is easy to reach 

the conclusion that the heating time increases with pressure decreases from 101 kPa to 

4 kPa under the same bondline temperature rise. It is revealed that the overall capacity 

of heat transmission of the material decreases as pressure decreases. Moreover, the 

influence of the pressure on the capacity of heat transmission of the material at a 

pressure of 4 kPa is greater than that at pressures of 50 and 101 kPa. 
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Fig. 4. Measured temperature profiles of the specimen at the bondline, the middle test 

point and the heating surface at three kinds of pressure 

According to the measured results by the experimental equipment, the thermal 

conductivity of the pyrolysis layer at pressures of 101, 50 and 4 kPa can be obtained, 

as depicted in Fig. 5. It is clear to see from Fig. 5 that the thermal conductivity 

decreases as the air pressure decreases and all of them are nonlinear functions of 

temperature. The thermal conductivity at a pressure of 50 kPa is slightly lower than 

that at a pressure of 101 kPa; however, the thermal conductivity at a pressure of 4 kPa 

is much less than that at a pressure of 101 kPa. The influence of the pressure on the 

thermal conductivity of the pyrolysis layer is increasing at low pressures. The 

decrease of the air pressure has no effect on the heat conduction of solid and radiation 

in porous material. However, due to the high porosity of the pyrolysis layer, thermal 

conductivity of the gas-phase plays an important role in the overall heat transfer. The 
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decrease of the air pressure has a major effect on the heat transfer of the gas-phase. In 

addition, the pyrolysis gases released outside during pyrolysis and the amount of 

pyrolysis gases released decreases with the increase of the air pressure. The amount of 

pyrolysis gases in the pyrolysis layer is negatively correlated with the air pressure and 

this leads to the decrease of thermal conductivity of the pyrolysis layer as the air 

pressure decreases. 

 

Fig. 5. Thermal conductivity of the pyrolysis layer at pressures of 101, 50 and 4 kPa 

    The thickness of the virgin layer, the pyrolysis layer and the char layer of the 

charring material during pyrolysis at pressures of 101, 50 and 4 kPa are shown in Fig. 

6. The method for the estimation of the thickness of different layers has been 

presented in the study of our group in ref. [12]. The thickness of the virgin layer 

decreases with the increase of time and the thickness of the pyrolysis layer increases 

with the increase of time. The thickness of the char layer remains at 0, which indicates 
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that the char layer did not appear during the experiment. As is demonstrated in Fig. 6, 

the air pressure has an effect on the pyrolysis of the charring material. With the 

decrease in air pressure, the pyrolysis rate of the charring material decreases. 

 

Fig. 6. Thickness of the virgin layer, the pyrolysis layer and the char layer of the 

charring material at pressures of 101, 50 and 4 kPa 

5. Conclusions 

So far, no reported experimental equipment and methods have been found to 

measure the thermal conductivity of pyrolysis layers, so the relationship between 

thermal conductivity and temperature of the pyrolysis layer has been studied here. 

The influence of pressure was also considered. The results indicate that 

(1) Experimental equipment can be used to obtain the thermal conductivity of the 

pyrolysis layer under different air pressures.  

(2) Thermal conductivity of the pyrolysis layer is usually approximated by the linear 
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interpolation of that in the virgin layer and in the char layer, respectively. However, 

the result that thermal conductivity of the pyrolysis layer is a nonlinear function of 

temperature is good for the optimization design of the thermal protection system. 

(3) The air pressure has an effect on the pyrolysis of the charring material. With the 

decrease of the air pressure, the overall capacity of heat transmission of the material 

decreases. 
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Appendix A 

  In this experiment, the charring material (455 kg·m-3) is prepared by 

impregnating carbon fiber preform (300 kg·m-3) with boron modified phenolic resin 

anhydrous ethanol solution (without adding any filler), then dried and 

cured at different temperatures.  

  The TG and DTG curves of phenolic resin are shown in Figs. A. 1 (a) and (b). 

The weight loss is more than 15 % with a high weight loss rate from 300 K to 600 K, 

which is attributed to the curing reaction of the phenolic resin. Simultaneously, the 

curing reaction of the phenolic resin corresponds to the first peak of the DTG profile. 

The weight loss is about 20 % with a high weight loss rate from 762 K to 998 K, 

which is attributed to the pyrolysis process of the phenolic resin. Simultaneously, the 

pyrolysis process of the phenolic resin corresponds to the second peak of the DTG 
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profile. It is determined that the starting pyrolysis temperature of the phenolic resin is 

762 K and the full pyrolysis temperature is 998 K. The thermal conductivity of the 

pyrolysis layer is discussed over the T in this study, and the effect of the heating rate 

will be studied in future work. 

 

(a) 

 

(b) 

Fig. A. 1. (a) TG and (b) DTG of phenolic resin 
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The material properties of the charring material are given in Table A. 1. As is 

listed in Table A. 1, the density, thermal conductivity and specific heat of the virgin 

layer are constant; the density, thermal conductivity and specific heat of the char layer 

are also constant.  

Table A. 1 Properties of the charring material 

 Properties Unit Value 

Virgin layer 

Density kg·m-3 455 

Specific heat J·kg-1
·K-1 770 

Thermal conductivity W·m-1
·K-1 0.187 (101 kPa) 

Thermal conductivity W·m-1
·K-1 0.186 (50 kPa) 

Thermal conductivity W·m-1
·K-1 0.176 (4 kPa) 

Char layer  

Density kg·m-3 341 

Specific heat J·kg-1
·K-1 1520 

Thermal conductivity W·m-1
·K-1 1.22 

Pyrolysis layer 

Specific heat of the pyrolysis gases J·kg-1
·K-1 9630 

Enthalpy of the pyrolysis gases J·kg-1 9.02×106 

The begin pyrolysis temperature K 762 

The full pyrolysis temperature K 998 

The pyrolysis of the charring material is an internal decomposition of the solid 

that releases gaseous species, such as methane, carbon monoxide, carbon dioxide and 

hydrogen. There are chemical reactions, heat transfer, gas-phase and solid-phase in 
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the pyrolysis layer, the thermal diffusivity of the pyrolysis layer is hard to obtain. The 

density, thermal conductivity and specific heat of the pyrolysis layer show a gradient 

or an S-shape over the layer thickness. The density ρ2 of the pyrolysis layer is 

obtained by the thermogravimetry data φ  of the charring material 

2 1( )= ( )T Tρ ρ φ×                           (A. 1) 

The profile of the density distribution of the pyrolysis layer is shown in Fig. A. 2. 

 

Fig. A. 2. Density distribution of the pyrolysis layer calculated by the 

thermogravimetry data of the charring material 

The specific heat cp2 of the pyrolysis layer is acquired from the linear 

interpolation of those in the virgin layer and the char layer listed in Table A. 1; it is 

best formulated as a function of temperature 

2 ( ) 3.178 1651.6pc T T= × −    J·kg-1
·K-1                     (A. 2) 
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Highlights 

1. Equipment about thermal conductivity of the pyrolysis layer is designed.  

2. Inversion method for thermal conductivity of the pyrolysis layer is presented. 

3. Thermal conductivity of the pyrolysis layer is obtained. 

4. Pressure has effect on the pyrolysis rate of the charring material. 

5. Relationship between thermal conductivity and pressure is revealed. 

 


