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Abstract.  This study presents an efficient computational methodology to perform ablative thermal response 
analysis of carbon/phenolic composites by introducing a novel dual-domain technique for heat transfer and gas 
diffusion physics. Phenomena such as in-depth heat transfer, material decomposition (i.e. pyrolysis), in-depth gas 
diffusion, and surface recession required for ablation analysis of carbon/phenolic composites are simulated. The 
proposed method is verified with reference simulation test data from Ablation Workshop for a one-dimensional 
model under four different combinations with surface heat flux, temperature, pressure boundary conditions, and 
surface recession conditions verified. A two-dimensional ablation problem was also solved, showing its scalability. 
Temperatures, recession depth, depth of boundaries between layers, the mass flux of char, and pyrolysis gas are 
obtained and compared with the reference for all cases. 
 

Keywords:  charring ablation; carbon/phenolic composite; finite element analysis; thermal protection 
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1. Introduction 
 

Hypersonic and supersonic air vehicles experience aerodynamic heating while traveling at high 

speeds in the atmosphere. Due to the vehicle's speed, the air is compressed at the surface and 

generates heat. This heat raises the surface temperature of the vehicle even by thousands of Kelvin 

(Anderson 2006). In order to protect the vehicle from heat, the thermal protection system (TPS) 

has been utilized in the last few decades. Since the amount of the generated heat is different 

according to the vehicle's trajectory, it is critical to developing an appropriate TPS.  

Various materials are used for the TPS, and the ablative TPS material is mainly used when a 

large heat flux occurs (e. g., space missions). For the ablative TPS material, polymer composites 

with phenolic resin are typically used. The Phenolic Integrated Carbon Ablator (PICA) (Natali et 

al. 2016, Tran et al. 1997) and AVCOAT (Linda n.d.) developed by NASA were used in actual 

space missions. In the ablative TPS materials, complex phenomena occur in a high-temperature 

environment. The polymer matrix is decomposed into carbon mass and gases when the 
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temperature rises, called pyrolysis. When the pyrolysis occurs, the polymer matrix in the solid-

state turns into a carbon mass (char), and the remaining elements become gases. These gases 

escape the vehicle’s surface and interfere with the heat transfer, which also aids the protection of 

the surface. Due to the pyrolysis, a char layer is formed on the outermost part of the aircraft 

surface. This layer is particularly vulnerable to oxidation and suffers from various 

thermomechanical damages such as sublimation, melting, and spallation. Given that the shape of 

the TPS changes during flight, changing the aerodynamic flow and aerothermal heating, it is 

critical to predicting the shape changes. 

Many studies have been conducted since the 1960s to predict the ablation of TPS materials. 

The development of the Charring Material Ablation code (CMA) was begun based on the theory 

for the overall ablation phenomena such as the in-depth response of polymer composites, the 

chemically reacting flow boundary layer, and the interaction between solids and fluids (Moyer et 

al. 1968, Kendall 1968, Rindal 1968, Bartlett et al. 1968a, b, c). The theory developed at this time 

has been still used in many studies until recent years. The Fully Implicit Ablation and Thermal 

(FIAT) codes were subsequently developed, and a fully implicit scheme was applied to the CMA 

theory (Chen and Milos 1999). Since the CMA/FIAT codes were limited to 1D, TITAN (Chen and 

Milos 2001) and 3DFIAT (Chen and Milos 2018) were also developed for an extension to 2D and 

3D problems. Many studies based on the CMA theory use the simplified assumption of gas 

diffusion inside materials. Besides, some researchers have attempted to develop an advanced 

simulation technique for gas diffusion. Porous material Analysis Toolbox based on OpenFOAM 

(PATO) can simulate the multi-dimensional gas movement within the porous material by applying 

Darcy's law, and the chemical interaction between gas and solid has also been applied (Lachaud et 

al. 2014). The analysis scheme also differs depending on the code. For instance, CMA uses the 

finite difference method (FDM). On the other hand, FIAT and PATO use the finite volume method 

(FVM). In particular, the finite element method (FEM) has recently attracted attention due to its 

advantages of high computation efficiency, flexibility, and ability to model complex shapes 

compared to other methods (Dec 2010, Dec 2013, Dec 2012, Risch 2017, Wang et al. 2019). In-

house codes such as Charring Ablator Response (CHAR) (Amar et al. 2016) and Heat Transfer and 

Erosion Analysis (HERO) (Ewing and Pincock, 2017) were also developed based on the FEM. 

Wang et al. 2019 increased the code's versatility by implementing the complex ablation 

phenomenon to commercial finite element software such as ABAQUS (Wang et al. 2019, Wang et 

al. 2018, Want and Pasiliao 2018). They successfully implemented the complex theories into 

ABAQUS user subroutines and verified the proposed codes through experiments for one-

dimensional cases (Wang et al. 2019). However, their code uses the simplified gas diffusion 

equation, which does not fully reflect its complex nature.  

This study aims to develop a more efficient and advanced methodology to perform ablation 

analysis of carbon/phenolic composites in the ABAQUS environment. Based on the CMA theory, 

the gas diffusion using Darcy’s law, which was not considered in previous studies using 

ABAQUS, has been implemented by a novel dual-domain system technique due to ordinary 

differential equations’ similarity between the heat transfer and gas diffusion physics. The limitation 

of the ABAQUS, that two main physical phenomena (heat transfer and gas diffusion) cannot be 

analyzed simultaneously, is overcome by adopting the dual-domain system. The developed method 

is also verified for one-dimensional cases through tests provided by Ablation Workshop (Lachaud 

et al. 2011, Lachaud et al. 2012). Besides, by applying the developed method in a 2D problem, the 

accuracy in the multi-dimensional complex-shape model is also confirmed. Section 2 explains the 

fundamental theories related to the ablation of carbon/phenolic composites. Section 3 includes 
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applying the related theories to ABAQUS. Lastly, Section 4 includes the verification of the results. 

Conclusions are made in Section 5. 
 

 

2. Basic governing equations 
 

Various phenomena such as Fig. 1 occur in ablative TPS materials such as carbon/phenolic 

composite in an aerodynamic heating situation. The heat generated from compressed air near the 

vehicle's surface is transferred to the TPS through convection or radiation. The arrived heat is 

transferred into the material in the form of conduction and raises the temperature. Above a specific 

temperature, the polymer matrix is pyrolyzed and decomposed into a char layer and pyrolysis gas. 

Since this reaction is endothermic, it interferes with the heat transfer. As the heat transfer proceeds, 

the pyrolysis zone gradually propagates into the material, and the char layer deepens. The 

pyrolysis gas generated inside passes through the porous char layer and exits through the surface. 

The movement of these gases is also an essential factor that hinders heat transfer. The outermost 

shell of TPS is a char layer, and it is vulnerable to sublimation and spallation and chemical 

reactions such as oxidation, and the recession occurs. Many researchers have made mathematical 

derivations of these complex phenomena (Bartlett et al. 1968a, b, c Moyer et al. 1968, Kendall 

1968, Rindal 1968, Dec 2010, Dec 2013). Next, each phenomenon's equations are primarily 

divided into four types: in-depth heat transfer, material decomposition, in-depth gas diffusion, and 

surface heat flux, and each of them will be explained in the following sections. 

 

2.1 Surface heat flux 
 

The surface energy balance equation can be derived from in and out energies for a control 

volume shown in Fig. 2. 

 

 

 

Fig. 1 Various phenomena occurring during ablation of carbon/phenolic composite 
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Fig. 2 Energy balance at the surface (C.V: Control Volume) 

 

 

𝑞𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 = 𝜌𝑒𝑈𝑒𝐶𝐻(ℎ
𝑟

− ℎ
𝑤

) + 𝜌𝑒𝑈𝑒𝐶𝐻 (𝐵𝑐
′
ℎ

𝑐
+ 𝐵𝑔
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𝑔
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𝑤
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∞
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where 𝜌𝑒 and 𝑈𝑒 denote the density and velocity of flow at the edge of the boundary layer, 

respectively. ℎ𝑟 is the recovery enthalpy, ℎ𝑤 is the enthalpy on the surface. 𝐶𝐻 is the Stanton 

number. On the outermost surface of the TPS, various phenomena such as energy flow and 

chemical reaction occur. As shown in Fig. 2, various heat types affect the TPS surface, and the 

relationship between the heats can be defined using the energy balance (Eq. (1)). The heat 

transferred to the inside of the TPS (𝑞𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦) can be obtained through the external convective 

heat flux entering into the material (𝜌𝑒𝑈𝑒𝐶𝐻(ℎ𝑟 − ℎ𝑤)), the energy of the materials leaving the 

TPS surface (𝜌𝑒𝑈𝑒𝐶𝐻(𝐵𝑐
′ℎ𝑐 + 𝐵𝑔

′ ℎ𝑔 − 𝐵′ℎ𝑤)), and the net radiative heat flux (𝜎𝜀(𝑇𝑤
4 − 𝑇∞

4 )). The 

species flux leaving the surface can be obtained as the sum of the pyrolysis gas flux and the char 

flux as in Eq. (2) 

𝑞𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 = 𝜌𝑒𝑈𝑒𝐶𝐻(ℎ
𝑟

− ℎ
𝑤
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− 𝐵′ℎ

𝑤
) − 𝜎𝜀(𝑇𝑤

4 − 𝑇
∞
4 ) (1) 

(𝜌𝑢)𝑤 = ṁ𝑔
” + ṁ𝑐

”  (2) 

𝐵′ =
(𝜌𝑢)w

𝜌𝑒𝑈𝑒𝐶𝐻
, 𝐵𝑔

′
=

ṁ𝑔
”

𝜌𝑒𝑈𝑒𝐶𝐻
, 𝐵𝑐

′
=

ṁ𝑐
”

𝜌𝑒𝑈𝑒𝐶𝐻
 (3) 

𝐵′values are non-dimensional ablation rates obtained by dividing the mass flux of the material 

exiting the TPS by the convective heat transfer coefficient (𝜌𝑒𝑈𝑒𝐶𝐻) (Eq. (2)-Eq. (3)).  ṁ𝑐
”  

represents the amount of erosion of the outermost char layer of the TPS and dividing this by the 

density gives the surface recession rate. 

�̇� =
ṁc

”

𝜌𝑐
 (4) 

Besides, the Stanton number (𝐶𝐻) decreases by the species exiting the surface, which is called 

the blowing effect and is expressed as Eq. (5), and 𝜆 is 0.5 in this work (Moyer and Rindal 1968).  
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𝐶𝐻

𝐶𝐻0
=

𝑙𝑛 (1 + 2𝜆𝐵′)

2𝜆𝐵′
 (5) 

where 𝐶𝐻 is the corrected Stanton number and 𝐶𝐻0 is the original Staton number. 

 

2.2 In-depth heat transfer 
 

The governing equation for heat transfer with pyrolyzing is shown in Eq. (6) (Dec 2010). The 

left side is a term for the internal energy of solid material. The first term on the right side relates to 

heat conduction, the second term is the heat absorbed by pyrolysis, the third term relates to the 

effect of the recession, and the fourth term relates to the movement of the pyrolysis gas. 

ρ𝐶𝑝

𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘∇𝑇) + (ℎ

𝑔
− ℎ

̅
)

𝜕𝜌

𝜕𝑡
+ �̇�𝜌𝐶𝑝∇𝑇 + �̇�𝑔

” 𝐶𝑝𝑔∇𝑇  (6) 

Here, 𝜌 is current density, 𝐶𝑝 is heat capacity, 𝑘 is the conductivity of the solid material. ℎ
𝑔

 

and 𝐶𝑝𝑔 denote the enthalpy and heat capacity of the pyrolysis gas, respectively. ℎ
̅
 is the mass-

weighted average enthalpy of the virgin and char materials and can be obtained as follows.  

h̅ =
𝜌𝑉h𝑉 − 𝜌𝐶h𝐶

𝜌𝑉 − 𝜌𝐶
 (7) 

 

2.3 Material decomposition 
 

𝑣𝑖𝑟𝑔𝑖𝑛 → 𝑐ℎ𝑎𝑟 + 𝑔𝑎𝑠  (8) 

The elevated temperature decomposes polymeric materials such as phenolic resin. When the 

polymer virgin material is pyrolyzed, char consisting of carbon is produced, and the remaining 

elements are discharged in the form of gas (Eq. (8)). As the gas exits the material, the material 

becomes porous, and its density decreases. The density of carbon/phenolic composite changes 

non-linearly with the current temperature and density, as shown in Eq. (9) (Goldstein 1969).  

𝜕𝜌𝑖

𝜕𝑡
= −𝐴𝑖𝑒𝑥𝑝 (−

𝐸𝑖

𝑅𝑇
) 𝜌𝑣𝑖

(
𝜌𝑖 − 𝜌𝑐,𝑖 

𝜌𝑣,𝑖
)

𝜓,𝑖

(𝑖 =  𝐴, 𝐵, 𝐶)  (9) 

where 𝐴𝑖 is the pre-exponential factor, 𝐸𝑖 is the activation energy, 𝑅 is the gas constant, 𝑇 is 

the temperature, 𝜌𝑖 is the current density, 𝜌𝑐,𝑖 is the char density, 𝜌𝑣,𝑖 is the virgin material 

density, and 𝜓𝑖 is the reaction order. This study assumes that it comprises three substances A, B, 

and C, with different pyrolysis properties for the simulation of complex polymer pyrolysis. A and 

B are the polymer material with different decomposition kinetics and C is the fiber. By 

independently calculating the decomposition of A and B, a complex two-step pyrolysis 

phenomenon can be modeled. The density of the solid composite material can be obtained through 

the density and volume fraction (Γ) of the three materials as follows.  

𝜌 = Γ(𝜌𝐴 + 𝜌𝐵) + (1 − Γ)𝜌𝐶 (10) 
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The degree of decomposition can be obtained from the current density, the density of virgin 

material, and the char density as Eq. (11). Using the degree of decomposition, the properties of the 

material undergoing pyrolysis can be computed assuming that the thermal properties linearly vary 

with local volume fractions of charred materials as Eq (12)-(14) 

𝜏 =
1 −

𝜌𝑐
𝜌

1 −
𝜌𝑐
𝜌𝑣

   (11) 

𝐶𝑝 = 𝜏𝐶𝑝,𝑣 + (1 − 𝜏)𝐶𝑝,𝑐 (12) 

𝑘 = 𝜏𝑘𝑣 + (1 − 𝜏)𝑘𝑐 (13) 

𝜅 = 𝜏𝜅𝑣 + (1 − 𝜏)𝜅𝑐 (14) 

 

2.4 In-depth gas diffusion 
 

As mentioned earlier, when the solid material is pyrolyzed, its density decreases with the 

generation of gas. Supposing that no chemical reaction takes place between the gas and the solid 

material (the gas also escapes from the solid material as soon as it is created), the gas is generated 

by the amount by which the density of the solid material decreases. Then, an equation can be 

derived as follows (Dec 2010). 

 ∇ ∙  �̇�𝑔
” =

𝜕𝜌

𝜕𝑡
  (15) 

The pyrolysis gas movement is shown in Eq. (16) using Darcy's law, a law for fluid passing 

through the porous material. 

�̇�𝑔
” =  −

𝜌𝑔𝜅

𝜇𝜙
∇𝑃  (16) 

where 𝜇 and 𝜙 are the viscosity and porosity, respectively; P is the pressure; and 𝜅 is the 

permeability. Through Eq. (15) and Eq. (16), the final equation for gas generation and diffusion 

can be obtained as follows. 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (

𝜌𝑔𝜅

𝜇𝜙
∇𝑃) = 0  (17) 

 

 

3. Methodology 
 

The developed method of ablation analysis using ABAQUS is as shown in Fig. 3. When the 

various equations discussed in Section 2 are implemented to ABAQUS with the modeled thermal 

material behavior, ABAQUS performs ablation analysis and derives analysis results such as 

temperature, pressure, and density fields to the users. All equations must be appropriately applied 

to ABAQUS to ensure convergence and proper material properties must be considered for accurate  
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Fig. 3 Framework of ablation analysis using ABAQUS 

 

 

interpretation. Equations related to the ablation of carbon/phenolic composites are implemetend to 

ABAQUS using its provided user subroutine. In particular, the material properties are taken from 

the open-source database, TACOT. 

 

3.1 ABAQUS user subroutines 
 

In ABAQUS, users can implement boundary conditions and material modeling in various 

situations using user subroutines written in the Fortran language. Various physical phenomena 

introduced in Chapter II are applied to ABAQUS using several subroutines, as shown in Fig. 4. 

UEXTERNALDB is used to read the external data such as boundary conditions as well as the 

varying material properties, and to store the output field values such as temperature and density. 

USDFLD is used to implement the material decomposition. It is called at all integration points and 

calculates the current density by solving Eq. (9) explicitly. Then, the corresponding material 

properties at each integration point are also obtained using Eq. (11)-(14). With material properties 

computed in USDFLD, UMATHT defines material behaviors with in-depth heat transfer (Eq. (6)) 

and gas diffusion (Eq. (17)). Here, the heat transfer and the gas diffusion were simultaneously 

applied using a dual-domain system, which will be discussed later. DISP is used to define the 

pressure boundary condition, which is used for the gas diffusion analysis. With DFLUX, the heat 

flux boundary condition (Eq. (1)) is applied to the desired position. After all boundary conditions 

and governing equations have been implemented, ABAQUS derives the solutions (temperature and  
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Fig. 4 Procedure for ablation analysis of carbon/phenolic composites using ABAQUS 

 

 

pressure). After the temperature and pressure fields are computued, UMESHMOTION calculates 

the erosion rate (Eq. (4)) and moves the surface node. The mesh is then refined using arbitrary 

Lagrangian-Eulerian (ALE) method, and the solution variable is re-mapped to the new mesh. The 

above procedures are repeated until the last analysis step is completed. 

 

3.2 Dual-domain system 
 

Although ABAQUS provides some frameworks to perform various multiphysics analysis (Lin 

and Lafarie-Frenot 2018, Ghashochi-Bargh et al. 2020, Lee and Yun 2021), heat transfer and gas 

diffusion cannot be analyzed simultaneously in the ABAQUS. It is the dual-domain system that  
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Fig. 5 (a) Schematic of the dual-domain system and the ABAQUS visualization of (b) temperature and (c) 

pressure obtained using dual-domain system 

 

 

makes this possible. In-depth heat transfer equation (Eq. (6)) and gas diffusion equation (Eq. (17)) 

have a similar form as both equations have time derivatives and Laplacian terms. Originally, 

UMATHT is a subroutine for definition of material behavior in heat transfer analysis. However, 

the gas diffusion can also be analyzed using the similarity of the two equations (Eq. (6) and (17)). 

Assuming the pressure as an imaginary temperature and applying material properties for pressure 

analysis instead of thermal analysis into UMATHT, ABAQUS can perform the gas diffusion 

analysis. However, since UMATHT is called only once at one integration point, one domain is 

divided into two virtual domains to perform heat transfer analysis and gas diffusion analysis 

simultaneously as shown in Fig. 5. As can be seen in Fig. 5(b) and 5(c), where the contours of the 

nodal temperature in both domains are viewed, temperature values are shown in the heat transfer 

analysis domain and pressure values are shown in the gas diffusion domain.  In order to 

effectively visualize temperature and pressure fields, the range of the nodal temperature values is 

adjusted in each case. For cases where analysis results in one domain are needed for another 

analysis domain (such as decomposition rate (
𝜕𝜌

𝜕𝑡
) and mass flux (�̇�𝑔

” )), values are shared through a 

common block provided by Fortran. In addition, there are studies that have analyzed various 

physical phenomena using a dual-domain system (Lee and Kannatey-Asibu 2009, Li et al. 2020).  
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3.3 Theoretical ablative composite for open testing (TACOT) 
 

Basic properties required for analysis are taken from the TACOT database (Van Eekelen et al. 

2012).  TACOT is an open-source database released for verification of ablation analysis of 

carbon/phenolic composite. Structural properties (volume fraction, porosity, permeability), thermal 

properties (heat capacity, thermal conductivity, enthalpy), pyrolysis gas properties (molar mass, 

heat capacity, enthalpy, viscosity, density), parameters about pyrolysis, and B′ table for recession 

and heat flux boundary conditions are included in this database.  

 

 

4. Results 
 

In order to verify the proposed analysis method, the ablation workshop's test cases are used 

(Lachaud et al. 2011, Lachuad et al. 2012). There are four test cases for a one-dimensional model 

and one test case for a two-dimensional model. Various situations are designed by changing the 

boundary conditions. A brief description of each case for the one-dimensional model can be found 

in Table 1. The initial condition and boundary condition are shown in Fig. 6. In Case 1, only 

temperature and pressure boundary conditions are applied to the top surface without surface heat 

flux boundary conditions and recession. In case 2, the heat flux boundary condition is applied to 

the top surface, and recession is not considered. Cases 3 and 4 consider recession in the heat flux 

boundary condition, but the magnitudes of the heat flux are different. In Cases 2, 3 and 4, heat flux 

boundary conditions that change over time are applied as shown in Fig. 7. The analysis is 

performed for 60 seconds in Case 1 and 120 seconds for Case 2, 3, and 4. Detailed values of the 

boundary conditions are shown in Table 2.  

 

 
Table 1 Summary of test case 

Test case Description 

1 
No surface heat flux boundary condition, constant temperature boundary 

condition, constant pressure boundary condition, no recession 

2 
Low surface heat flux boundary condition, no temperature boundary condition, 

constant pressure boundary condition, no recession 

3 
Low surface heat flux boundary condition, no temperature boundary condition, 

constant pressure boundary condition, recession 

4 
High surface heat flux boundary condition, no temperature boundary condition, 

constant pressure boundary condition, recession 

 
Table 2 Boundary condition values 

Test case 
Temperature B.C. 

(K) 

Pressure B.C. 

(Pa) 

𝛒𝐞𝑼𝒆𝑪𝑯 𝒎𝒂𝒙 

(𝐤𝐠 ∙ 𝐦−𝟐 ∙ 𝒔−𝟏) 

𝐡𝐫  𝐦𝐚𝐱 

(𝑱 ∙ 𝒌𝒈−𝟏) 

1 1644 101325 X X 

2 X 101325 0.3 1.5 ∙ 106 

3 X 101325 0.3 1.5 ∙ 106 

4 X 101325 0.3 2.5 ∙ 107 

 

260



 

 

 

 

 

 

Computational ablative thermal response analysis of carbon/phenolic composites… 

 
Fig. 6 Geometry and boundary conditions of the analysis model 

 

 

Fig. 7 Heat flux boundary conditions that change with time 

 

 

Each case is verified by three types of data: the first type is the in-depth temperature reaction, 

the second type is the in-depth pyrolysis response, and the third type is the surface recession 

response. In the case of the in-depth temperature reaction, the result is obtained by measuring the 

temperature change over time at 10 probe points (top surface, 1 mm, 2 mm, 4 mm, 8 mm, 12 mm, 

16 mm, 24 mm, 50 mm from the initial surface) (Fig. 8 (a)). The top surface probe is a Lagrangian  
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Fig. 8 Three types of output data. (a) Thermal response probe points and (b) pyrolysis and recession 

response (blue: charred layer, green: pyrolysis zone, red: virgin layer) 

 

 

Fig. 9 Thermal response data from Case 1-4. Reference data from (Lachaud et al. 2011, Lachuad et al. 

2012) 
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Fig. 10 In-depth pyrolysis and surface recession response data of Case 1-4. Reference data from (Lachaud 

et al. 2011, Lachuad et al. 2012) 

 
 

point that moves along the recession surface and the remaining points are Eulerian (which are 

fixed at their initial position). The temperature at a fixed point is obtained by interpolation of the 

temperatures at integral points of the element containing the corresponding point. In the case of in-

depth pyrolysis, the boundary between the charred layer and the pyrolysis zone (𝑑𝑐  (2%)), the 

boundary between the pyrolysis zone and the virgin layer (𝑑𝑣  (98%)), and the amount of 

pyrolysis gas generated by pyrolysis leaving the surface (𝑚�̇�” ) are used (Fig. 8(b)) to verify the 

result. Depth of boundaries (𝑑𝑐 , 𝑑𝑣) are determined by the degree of decomposition (Eq. (11)) 

calculated in USDFLD. Also, mġ ” is obtained using the pressure gradient (Eq. (16)) calculated in 

the pressure domain of UMATHT. Unlike in-depth, moving velocity of the node on the surface 

where the erosion occurred is significant. Therefore, mġ ”  is corrected ( mġ  = mġ  − |�̇�| ×

(𝜌𝑣𝑖𝑟𝑔𝑖𝑛 − 𝜌𝑐ℎ𝑎𝑟)) considering the velocity of the node. The surface recession response can be 

verified using wall (recession) depth and the amount of char leaving the surface (mċ ” ) (Fig. 8(b)).  

Fig. 9 shows the temperature change over time at the ten probe points. In all cases, it is 

consistent with the results of the reference, which means that the model proposed in this study 

accurately simulates the in-depth heat transfer of carbon/phenolic composites in various situations 

such as heating, cooling, and recession of surface. Fig. 10 shows the in-depth pyrolysis response 

data and the surface recession data. The boundaries 𝑑𝑐  and  𝑑𝑣 show that the current model 

properly simulates the material decomposition phenomenon. Furthermore, 𝑚�̇� shows that dual-

domain system applied in this study can predict the pyrolysis gas movement. 𝑑𝑤𝑎𝑙𝑙 shows that the 

surface recession modeling using UMESHMOTION works well.  
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Fig. 11 (a) The actual specimen used in the arcjet test (Chen and Milos 2001) and (b) a model based on it 

 
Table 3 Boundary condition values at stagnation point over time 

Time (s) 𝛒𝐞𝑼𝒆𝑪𝑯 (𝐤𝐠 ∙ 𝐦−𝟐 ∙ 𝒔−𝟏) 𝐡𝐫 (𝑱 ∙ 𝒌𝒈−𝟏) 𝐩𝐰 (𝑷𝒂) 

0 0 0 101325 

0.1 0.3 2.5 ∙ 107 101325 

40 0.3 2.5 ∙ 107 101325 

40.1 0 0 101325 

120 0 0 101325 

 
Table 4 Scale factor of heat flux boundary condition according to location 

𝐗 𝐘 𝒒𝒘/𝒒𝒘𝟎 𝐗 𝐘 𝒒𝒘/𝒒𝒘𝟎 

0.000 0.000 1 5.068 1.617 0.476 

1.987 0.196 1 5.080 1.864 0.261 

2.957 0.439 0.971 5.080 2.114 0.169 

3.431 0.597 0.955 5.080 2.614 0.137 

3.898 0.777 0.925 5.080 4.114 0.111 

4.354 0.980 0.863 5.080 6.114 0.101 

4.800 1.209 0.743 5.080 9.780 0.101 

 

 

The proposed method is also applied to an axis-symmetric 2D model such as Fig. 11 to confirm 

the scalability to multi-dimensional and complex shapes. In the case of 1D problem, the heat flux 

and pressure boundary conditions are applied only to the top surface (Fig. 6), whereas the 

boundary conditions are applied to the top round surface and sidewall in the case of a 2D problem. 

The rest of the initial and boundary conditions are the same as in the 1D cases. The heat flux and 

pressure boundary condition values overtime at the stagnation point are shown in Table 3. At  
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Fig. 12 (a) Temperature, (b) density, and (c) pressure contour after 40 s 

 

 

Fig. 13 Thermal response data from 2D case. Reference data from (Van Eekelen el al. 2012) 
 

 

positions other than the stagnation point, the heat flux changes depending on the position by 

multiplying the scale factor (𝑞𝑤/𝑞𝑤0,  𝑞𝑤: corrected heat flux, 𝑞𝑤0: original heat flux) of Table 4 

by the coefficient (𝜌𝑒𝑈𝑒𝐶𝐻). In Table 4, the origin of X and Y coordinates (X=0, Y=0) is the 

stagnation point. Further information about 2D modeling can be found in (Chen and Milos 2001, 

Van Eekelen et al. 2012).  

Fig. 12 shows the temperature, density, and pressure contours at 40s. It can be seen that the 

current method simulates in-depth heat transfer, density change according to material 

decomposition, and pressure change due to the generation of pyrolysis gas in 2D case. Fig. 13 

shows the thermal response data of the 2D case. The result shows that there are discrepancies 

between the reference and this work. Furthermore, the differences increase as the depth increases. 

It can be said that the discrepencies are caused by various reasons such as differences in numerical 

analysis schemes or differences in the custom-written code compared to the commercial software.  
 

 

5. Conclusions 
 

In this paper, ablation theory and an efficient computational simulation methodology are 

presented that can simulate the ablative thermal response of carbon/phenolic composites, a 

representative material used in heat shielding structures. The method was constructed in 
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ABAQUS, a commercial finite element analysis software. Theoretical equations for various 

phenomena occurring in ablation, such as surface heat flux, in-depth heat transfer, material 

decomposition, and in-depth gas diffusion, were discussed and converted to be applicable to 

ABAQUS using various user subroutines, including USDFLD, UMATHT, DFLUX, and 

UMESHMOTION. The authors also tried to analyze the motion of pyrolysis gas with the 

implementation of the dual-domain system using the similarity between the heat transfer equation 

and the gas diffusion equation so that both simulations can be performed simultaneously. The 

developed method was also verified using the test cases of various boundary conditions provided 

by the Ablation Workshop. For material properties, an open-source database TACOT was used. In 

order to validate the proposed method, the analysis results, including temperatures, recession 

depth, depth of boundaries between layers, the mass flux of char, and pyrolysis gas, were obtained 

and compared with the reference for a total of four cases. It was found that the analysis results 

from the proposed method are consistent with the reference. The proposed method was also 

applied to a 2D model for verification in a multi-dimensional problem. Therefore, we conclude 

that the developed methodology can perform ablation analysis of phenolic composites.  

The advantage of the current method is that ABAQUS, a versatile commercial program that can 

use various functions, is used. It is easy to add new functions based on current research. In the 

future, research will be conducted on the addition of new phenomena such as coking that are not 

currently considered, expansion to complex shapes, multi-physics analysis such as linkage with 

CFD, and application of multi-scale analysis using molecular dynamics.  
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EC 

 

 

Nomenclature 
 
q heat flux (W/m2) 

𝜌𝑒𝑈𝑒𝐶𝐻 convective heat transfer coefficient (kg/m2-s) 

ℎ  enthalpy (J/kg) 

𝐵′ non-dimensional ablation rate 

ṁ"  mass flux (kg/m2-s) 

T temperature (K) 

𝜎 Stefan-Boltzmann constant (W/m2-s-K4) 

𝜀 emissivity 

�̇� surface recession speed (m/s) 

𝜌 density (kg/m3) 

ℎ̅ mass weighted material enthalpy (J/kg) 

A pre-exponential factor (1/s) 

E activation energy (J/mol) 

R gas constant (8.314 J/(mol-K) 

Γ volume fraction 
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τ degree of decomposition 

Cp heat capacity (J/kg-K) 

k thermal conductivity (W/m-K) 

𝜅 permeability (m2) 

P pressure (Pa) 

𝜇 viscosity (Pa-s) 

𝜙 porosity 

Subscripts 

e freestream 

c char 

v virgin 

g gas 

w wall (surface) 

r recovery (boundary layer) 
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Appendix A. UMATHT Implementation 
 

UMATHT is one of the most important subroutines in this analysis for in-depth heat transfer and gas 

diffusion analyses. In UMATHT, six values (Table A1) must be entered to obtain the Jacobian matrix of Eq. 

(A1). By adjusting these values, the users can model the desired phenomena. 

𝑱 =
1

Δ𝑡
∫ 𝛿𝑇𝜌

𝜕𝑈

𝜕𝑇
𝑑𝑇𝑑𝑉

V

+
1

Δ𝑡
∫ 𝛿𝑇𝜌

𝜕𝑈

𝜕𝒈
∙ 𝑑𝒈𝑑𝑉

𝑉

 

− ∫ 𝛿𝒈 ∙
𝜕𝒇

𝜕𝑇
𝑑𝑇𝑑𝑉

𝑉

− ∫ 𝛿𝒈 ∙
𝜕𝒇

𝜕𝒈𝑉

∙ 𝑑𝒈𝒅𝑽 − ∫ 𝛿𝑇
𝜕𝑟

𝜕𝑇𝑽

𝒅𝑻𝒅𝑽 − ∫ 𝛿𝑇
𝜕𝑞

𝜕𝑇
𝑑𝑇𝑑𝑆

𝑆

 

(A1) 

The in-depth heat transfer equation such as Eq. (6) can be divided into two parts. 

�̇� = ρ𝐶𝑝

𝜕𝑇

𝜕𝑡
− (ℎ

𝑔
− ℎ̅)

𝜕𝜌

𝜕𝑡
− �̇�𝜌𝐶𝑝∇𝑇 − �̇�𝑔

" 𝐶𝑝𝑔∇𝑇 (A2) 

𝒇 = −𝑘∇𝑇 (A3) 

Multiply both sides of Eq. (A2) by Δ𝑡 and change it to the incremental form as shown below 

Δ𝑈 = ρ𝐶𝑝Δ𝑇 − (ℎ
𝑔

− ℎ̅)Δ𝜌 − �̇�𝜌𝐶𝑝∇𝑇Δ𝑡 − �̇�𝑔
" 𝐶𝑝𝑔∇𝑇Δ𝑡 (A4) 

The internal energy at the next increment (U) can be obtained using the obtained ΔU as follows 

U(t + ΔT) = U(t) + ΔU (A5) 

∂U/ ∂T and ∂U/ ∂𝐠 can be obtained from Eq. (A4). 

∂U

𝜕𝑇
= ρ𝐶𝑝 (A6) 

∂U

𝜕𝒈
= −�̇�𝜌𝐶𝑝Δ𝑡 − �̇�𝑔

" 𝐶𝑝𝑔Δ𝑡 (A7) 

From Eq. (A3), ∂𝒇/𝜕𝑇 and ∂𝒇/𝜕𝒈 are obtained as follows.   

∂𝒇

𝜕𝑇
= 0 (A8) 

∂𝒇

𝜕𝒈
= −𝑘 (A9) 

In the case of the in-depth gas diffusion equation (Eq.(17)), it can be separated as follows. 𝑃 is pressure, 

which is deemed as temperature. 

 

 

Table A1 Six values for UMATHT 

Internal energy (𝑼)-related values Flux (𝒇)-related values 

U ∂U/ ∂T ∂U/ ∂𝐠 𝒇 ∂𝒇/𝜕𝑇 ∂𝒇/𝜕𝒈 
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�̇� = −
∂ρ

𝜕𝑡
 

(A10) 

𝒇 = −
𝜌𝑔𝜅

𝜇𝜙
∇𝑃 (A11) 

As in the case of in-depth heat transfer, six values to be entered into UMATHT can be extracted from Eq. 

(A 10) and Eq. (A11). The three values related to the internal energy are as follows (Eqs. A12- A14). 

Δ𝑈 = −Δρ (A12) 

∂𝑈

𝜕𝑃
= 0 (A13) 

∂𝑈

𝜕𝒈
= 0 (A14) 

If the pyrolysis gas is assumed to be an ideal gas, the gas's density can be expressed as Eq. (A.15). 

ρ
g

=
𝑃𝑀𝑔

𝑅𝑇
 (A15) 

With Eq. (A11) and Eq. (A15), values about flux (𝒇) are calculated.  

∂𝒇

𝜕𝑃
= −

Mg

𝑅𝑇

𝜅

𝜇𝜙
∇𝑃 (A16) 

∂𝒇

𝜕𝒈
= −

𝜌𝑔𝜅

𝜇𝜙
 (A17) 
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