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Abstract 

Development of Multiscale 

Simulation Framework for 

Thermal Protection System 

Ablation Analysis 

PARK Taehoon 

Interdisciplinary Program in Space System 

The Graduate School 

Seoul National University 
 

This thesis aims to independently perform ablation analysis at each 

nano and macro scale as a preliminary study to perform multiscale 

ablation analysis of thermal protection systems (TPS). Ablation 

analysis of carbon/phenolic composites using macro-scale finite 

element analysis and oxidation analysis of SiC using nanoscale 

molecular dynamics simulation are performed. Phenomena in ablation 

of carbon/phenolic composite such as in-depth heat conduction, 

pyrolysis, gas diffusion, surface heat flux, and recession are 

implemented in commercial finite element program ABAQUS using 
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user subroutines written in Fortran. The developed code is compared 

with the open-source program PATO results for four one-

dimensional test cases of various boundary conditions, and the 

results are well consistent. Naive 2D implementation is also 

conducted. The oxidation of SiC is analyzed at the nanoscale using 

molecular dynamics simulation. SiC exhibits complex oxidation 

properties due to its peculiar lattice structure. Here, the effect of 

surface orientation and the effect of temperature are analyzed. In the 

simulation, AOs (atomic oxygen) of 7 km/s collide on a SiC structure 

under various conditions. The difference in reactivity according to 

the surface orientation is analyzed through simulation using three 

surface orientation (100), (110), (111) structures with NVE 

condition, and the effect of temperature to oxidation is analyzed 

through simulation under NVT conditions with five different 

temperatures (600, 900, 1200, 1800, and 2000 K).    

Keywords: Thermal protection system, carbon/phenolic composite, 

silicon carbide, multiscale simulation, molecular 

dynamics, finite element method 

Student Number: 2019-25121  
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1. Introduction 

1.1. Thermal protection system and materials  

A phenomenon called aerodynamic heating occurs in a vehicle that 

passes through the atmosphere at high speed. Air is condensed at the 

surface and generates heat (Figure 1 (a)). This heat increases the 

vehicle's surface temperature to nearly 3000K at a typical reentry 

condition where maximum speed is almost Mach 25 [1]. A thermal 

protection system (TPS) is used to protect the aircraft from such 

high temperatures. The TPS has been used in various vehicles, from 

space vehicles such as space shuttles and reentry capsules to 

missiles (Figure 1 (b)). 

 

Figure 1 (a) Seen from the International Space Station, the Soyuz 

TMA-05M descent module begins to re-enter the Earth's 
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atmosphere. From [2]. Credit: NASA. (b) Blocks of ablative material 

to the thermal protection system for the Orion spacecraft. From [3]. 

Credit: NASA/Isaac Watson 

 

The mission environment of the TPS varies depending on the 

vehicle's objective. Suitable TPS material must be selected for a 

successful mission. TPS materials are primarily divided into two: 

ablative and non-ablative [4].   

Ablative TPS is mainly made of polymeric materials such as phenol. 

It is generally made in a composite material containing fibers such as 

carbon in a polymer matrix. PICA (Phenolic Integrated Carbon 

Ablator), a carbon/phenolic composite developed by NASA, is 

representative [4,5]. PICA was used as a TPS material for Mars 

Science Laboratory (MSL), a vehicle used to land the Curiosity rover 

on Mars in 2012 [6]. Another example of ablative TPS material is 

AVCOAT used for the TPS on NASA's Apollo command module and 

Orion crew module [7]. AVCOAT is composed of phenol resin and a 

fiberglass honeycomb structure [8].  

Polymeric materials decompose when exposed to a high-

temperature environment, which is called pyrolysis. The gas 

generated by pyrolysis flows to the surface of the TPS and blocks 
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the heat load. The pyrolyzed polymer turns into a char layer. Char 

layer is composed of carbon atoms, so it has a very high reactivity to 

oxygen atoms in the atmosphere. Surface erosion occurs not only by 

oxidation by atomic oxygen but also by various mechanical and 

chemical reactions such as sublimation and melting. Ablative TPS is 

difficult to reuse because it suffers serious damage once used, but 

has an advantage that it can be used in harsher environments than 

non-ablative TPS [4]. 

On the other hand, unlike ablative TPS that blocks heat load by 

inducing material damage, non-ablative TPS uses re-radiation for 

insulation [4]. Non-ablative TPS suppresses damage as much as 

possible. In general, heat shielding performance is lower than that of 

ablative TPS. However, it has the advantage of reusability, so it has 

been actively developed in recent years. Ultra high-temperature 

ceramics (UHTC) is one of the representative non-ablative TPS 

materials. In general, UHTC is a binary compound in which B, C, and 

N are combined with transition metals such as Zr, Hf, Ti, Nb, and Ta 

[9,10]. UHTC has high hardness, stiffness, and melting temperature 

owing to strong covalent bonds between transition metals and B, C, 
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or N. Therefore, it can withstand extreme temperature, heat fluxes, 

mechanical loads, chemical reactions, and other conditions that it can 

encounter with during mission [9,11]. Research has also been 

conducted to increase oxidation resistance through additives such as 

SiC [10,12–15]. 

1.2. Research trends in TPS analysis  

Regardless of ablative or non-ablative characteristics, the damage 

will occur in extreme environments. Predicting the damage and 

considering it in the design is essential for the stability of the vehicle. 

Many macro-scale models had been developed since the 1960s. 

Mathematical models of physical phenomena such as in-depth 

material response, laminar boundary layer, and transport properties 

were preceded [16–21], and the Charring Material Ablation code 

(CMA) was developed based on them [22]. Fully Implicit Ablation 

and Thermal (FIAT) code was developed, which implemented a fully 

implicit scheme to CMA's theory for numerical stability [23]. Since 

the CMA/FIAT code was limited to one-dimension (1D), it was 

expanded to two and three -dimensions(2D, 3D), and TITAN [24] 

and 3dFIAT [25] were developed, respectively [26]. Models based 
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on the CMA theory assume simplified gas diffusion. The pyrolysis 

gas is assumed in thermal equilibrium with the solid material, the 

residence time inside the solid is negligibly short, and the gas exits 

vertically to the surface [17]. These assumptions were not suitable 

for more than 2D cases, and efforts were made to resolve them. 

Porous material Analysis Toolbox based on OpenFOAM (PATO) 

code implemented Darcy's law to simulate the movement of gas 

flowing through porous materials [27]. The numerical analysis 

scheme is different depending on the analysis code. CMA used the 

finite difference method, FIAT and PATO used the finite volume 

method for numerical analysis. The finite element method has gained 

more attention in recent years owing to its improved computational 

power, flexibility, and applicability to complex shapes compared to 

the finite difference or volume method [26,28–31]. Charring Ablator 

Response (CHAR)[32] and Heat Transfer and Erosion Analysis 

(HERO) [33] code are representative tools using the finite element 

method. These codes lack expandability as they are developed in in-

house codes. Therefore, research to perform ablation analysis using 

a commercial finite element analysis program such as ABAQUS is 
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ongoing. Wang et al. implemented CMA/FIAT-based ablation model 

using various user subroutines[26,34].  

Recently, a method of adding a nanoscale approach using Molecular 

Dynamics (MD) simulation has emerged to overcome the limitations 

of macroscopic numerical analysis. The MD simulation is a technique 

that calculates the motion of atoms through the calculation of 

potential energy between atoms. The interatomic potential is 

obtained through ab-initio calculation, and the collection of potential 

information between different elements calculated by the ab-initio is 

called a force field. Force fields such as Polymer Consistent Force 

Field (PCFF) [35] and Condensed-phase Optimized Molecular 

Potentials for Atomistic Simulation Studies (COMPASS)[36] are 

developed and continuously updating. Although many studies have 

been conducted using these force fields, these classical force fields 

have the disadvantage that they cannot simulate the formation and 

destruction of chemical bonds. The reactive force field (ReaxFF) [37] 

was developed to overcome this limitation. The ReaxFF can simulate 

chemical reactions because it not only predicts the position of each 

atom using interatomic potential but also calculates the bond order 
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using the distance between atoms. The ReaxFF has been applied to 

study heat shield materials, such as simulating the collision of the 

most unstable oxygen atoms in the reentry environment [38–46] or 

analyzing the pyrolysis of the polymer [47–50].  

1.3. Purpose and contributions of the research  

Molecular dynamics simulation can provide insight into various 

physical, chemical reactions at the nanoscale that are difficult to 

observe at the macro scale. However, a large gap in time and length 

scale between nano and macro-scale is the limit. It is essential to 

develop a multiscale approach to overcome the large discrepancy 

between scales (Figure 2). There have been many efforts to use the 

analysis results in molecular dynamics to the macroscale finite 

element analysis [51–55]. Mainly, the material properties were 

measured using molecular dynamics, and they were used for macro 

scale analysis. Mechanical properties such as stress-strain 

relationship [56], transport properties such as diffusivity [54], and 

thermal properties such as heat conductivity [55] and also pyrolysis 

properties for TPS [48] were studied. Before scale bridging, a solid 

understanding of the analysis methods and results at each scale is 
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required. Therefore, as a preliminary research for multiscale analysis, 

the macro-scale and nanoscale analysis is individually conducted in 

this thesis. A code for ablation analysis of carbon/phenolic 

composites at a macro-scale is developed using finite element 

program ABAQUS [57]. ABAQUS is suitable for performing complex 

ablation analysis because user can implement the user-defined 

material model and boundary conditions through various Fortran 

subroutines. In addition, it has the advantage of being able to use 

convenient tools provided by commercial programs such as an 

accurate finite element solver and powerful visualization. Oxidation 

analysis of SiC is performed using molecular dynamics with LAMMPS 

[58] which is an open source program that can perform large scale 

molecular dynamics simulations developed by Sandia National 

Laboratories. We hope that these analysis results at each scale will 

ultimately serve as a platform for developing a scale bridging method 

for multiscale analysis. 
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Figure 2 Schematic of multiscale simulation framework from atomic 

to system scale 
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2. Macro-scale ablation analysis of 

carbon/phenolic composite using the finite 

element method 

2.1. Physical description of carbon/phenolic composite 

ablation 

 
Figure 3 Various phenomena occurring during ablation.  

In the aerodynamic heating situation, the ablative thermal protection 

system material experiences the phenomena shown in Figure 3. The 

heat generated by aerodynamic heating is transferred to the thermal 

protection system in convection or radiation. When this heat 

encounters the material, it is transferred into the material in the 

form of conduction. The transferred heat raises the temperature of 
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the material. When the temperature rises, pyrolysis of the polymer 

material occurs. Phenol in a solid-state releases pyrolysis gases 

and turns into a charred layer composed of carbon. This process is 

endothermic and absorbs the heat. Besides, the generated gas 

escapes out of the material and transfers energy, so it releases heat 

load. Material properties change as it changes from a virgin polymer 

composite to a charred layer. The charred layer is created from the 

surface and gradually propagates downward. The charred surface 

layer is damaged by various physical and chemical reactions, which 

cause shape change. The most significant contributor to this erosion 

is collisions with highly reactive species, mostly oxygen atoms. 

Besides, melting and sublimation due to high temperature and 

spallation due to friction occur.  

To model the ablation phenomenon of the thermal protection 

system, it is necessary to solve these various phenomena 

numerically. The mathematical derivation of each phenomenon can 

be confirmed in various papers [16–21,28,29]. Next, the equation 

for each phenomenon, and the meaning of the equation will be 

described. 
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2.1.1. In-depth heat transfer  

The equation representing in-depth heat transfer is as follows. 

 

 
ρ𝐶

𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘∇𝑇) + ℎ𝑔 − ℎ

𝜕𝜌

𝜕𝑡
+ �̇�𝜌𝐶 ∇𝑇 + �̇�𝑔

" 𝐶 ∇𝑇  
(1) 

 

 

ρis the density of the material, 𝐶  is the specific heat, 𝑘  is the 

thermal conductivity, ℎ  is the enthalpy of the pyrolysis gas, ℎ is the 

average enthalpy between virgin and charred material, �̇� is the speed 

of surface recession, and �̇�"  is the mass flux of the pyrolysis gas. 

The left term of the equal sign is the internal energy of the solid 

material. The first term on the right of the equal sign is the energy 

transferred by conduction expressed in Fourier's law, the second 

term is energy consumption due to pyrolysis, the third term is the 

energy term associated with surface erosion, and the last term is the 

energy due to the diffusion of pyrolysis gas.  

2.1.2. Material decomposition 

 𝑣𝑖𝑟𝑔𝑖𝑛 → 𝑐ℎ𝑎𝑟 + 𝑔𝑎𝑠  (2) 

 

Phenol is pyrolyzed in a high-temperature environment. As can be 

seen in Eq. (2), virgin material decomposes into char consisting of 
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carbon and generate pyrolysis gas consisting of C, H, O, etc. The 

generated pyrolysis gas exits the material and reduces its density. 

As it changes from virgin material to char, the density and the 

density and various physical properties change. Therefore, the 

pyrolysis process must be accurately predicted to obtain the 

properties. According to Goldstein [59], the density change due to 

pyrolysis takes Arrhenius equation form as follows 

 𝜕𝜌

𝜕𝑡
= −𝐴𝑒𝑥𝑝 −

𝐸

𝑅𝑇
𝜌

𝜌 − 𝜌

𝜌
 

(3) 

𝐴 is the pre-exponential factor, E is the activation energy, R is gas 

constant, T  is temperature, ρ  is current density, ρ  is char 

density, ρ  is the virgin material density, and ψ is reaction order.   

2.1.3. In-depth gas diffusion  

When a polymer composite material is pyrolyzed, gas is produced. 

This gas moves through the porous material and forms a gas flux. 

Some assumptions are needed to simulate the movement of gas. The 

pyrolysis gas generated first is in equilibrium with the solid material. 

Second, the time for gas to existing inside the solid is short. With 

these assumptions, Eq. (4) is derived, which means pyrolysis gas 
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generation is equal to the decomposition of virgin material. The time 

derivative of density change can be expressed as follows [28]. 

 
 ∇ ∙  �̇�" =

𝜕𝜌

𝜕𝑡
 

(4) 

Generated gas flows through the porous material and Darcy's law 

expresses the motion of a fluid through a porous material. Darcy's 

law is written as follows, 

 
q =

κ

𝜇
∇P 

(5) 

q is the instantaneous flux, κ is the permeability, μ is the fluid's 

dynamic viscosity, and P is the pressure.  

Fluid velocity travel through a porous medium is determined by flux 

(q), and porosity(𝜙) as Eq. (6). 

 
 𝑢 =

𝑞

𝜙
  

(6) 

Mass flux of pyrolysis gas is expressed as follows. 

  �̇�"  = 𝜌 𝑢 (7) 

Combining Eq. (6) and Eq. (7) yields Eq. (8). 

 
 �̇�" =  −

𝜌 𝜅

𝜇𝜙
∇𝑃  

(8) 

The final form of pyrolysis gas diffusion in a porous medium can be 
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expressed as Eq. ((9)) using Eq. (4) and Eq. (8). 

 
 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (

𝜌 𝜅

𝜇𝜙
∇𝑃) = 0 

(9) 

2.1.4. Surface heat flux boundary condition  

 
Figure 4 Surface energy balance.  

 

Figure 4 shows various types of energy enter and exit the control 

volume adjacent to the TPS surface, and the total sum of energy 

entry and exit is zero according to the energy conservation law. 

Surface heat flux as boundary conditions can be obtained through this 

relationship. 

Energy entering the control volume is the convective heat flux (q ), 

the radiative heat flux (q  ), the energy of pyrolysis gas entering 

the surface (q ) and the energy by char consumption (q ). 

Energy exiting the control volume is the radiative heat flux (q  ), 
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the energy of species blowing outside (q  ), and the heat flux 

transferred to a material in the form of conduction (q ). 

Using the law of conservation of energy (Eq. (10)), Eq. (11) can be 

obtained. 

 𝐸 = 𝐸   (10) 

 q + q  + q + q

= q  + q  + q  

(11) 

Diffusive heat flux coming from the boundary layer is expressed as 

Eq. (12). 𝜌 𝑈 𝐶  is the convection heat transfer coefficient. 𝜌  and 

𝑈  denote the density and velocity of flow at the edge of the boundary 

layer, respectively. ℎ  is the recovery enthalpy, ℎ  is the enthalpy 

on the surface. 

 𝑞 = 𝜌 𝑈 𝐶 ℎ − ℎ   (12) 

 

According to the Stefan-Boltzmann law, net radiative heat flux 

considering both incoming and outgoing radiative heat flux is Eq. (13). 

𝜎 is Stefan-Boltzmann constant and 𝜀 is emissivity. 

 𝑞 = 𝑞  − 𝑞  = −𝜎𝜀(𝑇 − 𝑇
∞

)  (13) 

 

Energy, associated with material flux, can be calculated with mass 
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transfer coefficient (𝜌 𝑈 𝐶 ), mass flux (𝑚"̇ ), and enthalpy (ℎ). q , 

q , and q   are as follows.  

 𝑞 = ṁ" ∙ ℎ   (14) 

 

 𝑞 ℎ = ṁ" ∙ ℎ  (15) 

 

 𝑞  = (𝜌𝑢) ∙ ℎ  (16) 

  

The species flux leaving the surface can be obtained as the sum of 

the pyrolysis gas flux and the char flux as Eq 17. 

 (𝜌𝑢) = ṁ" + ṁ"  (17) 

 

These mass fluxes can be expressed as non-dimensional ablation 

rates by dividing mass transfer coefficients as follows [28]. 

 
𝐵′ =

(𝜌𝑢)

𝜌 𝑈 𝐶
, 𝐵

′
=

ṁ"

𝜌 𝑈 𝐶
, 𝐵

′
=

ṁ"

𝜌 𝑈 𝐶
 

(18) 

 

Assume that the Lewis number and Prandtl number are unity (C =

C ) [28].  

Combining Eq. (11)-Eq. (18), the final form of surface heat flux in 

boundary condition is obtained as follows.  
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 𝑞 = 𝜌 𝑈 𝐶 ℎ − ℎ

+ 𝜌 𝑈 𝐶 𝐵
′
ℎ + 𝐵

′
ℎ − 𝐵′ℎ

− 𝜎𝜀(𝑇 − 𝑇
∞

)  

(19) 

2.1.5. Theoretical ablative composite for open testing (TACOT) 

For accurate ablation analysis, not only accurate formulas but also 

accurate material properties are important. In this study, the material 

properties are taken from the TACOT database [60]. TACOT 

provides thermochemical properties of low-density carbon/phenolic 

ablator as a free open database for ablation analysis code verification. 

Structural properties (volume fraction, porosity, permeability, etc.), 

thermal properties (heat capacity, thermal conductivity, and enthalpy 

that depend on the temperature), constants for decomposition 

kinetics, pyrolysis gas properties (molar mass, heat capacity, 

enthalpy, viscosity, density, etc.) and B′table for heat flux boundary 

conditions is included in TACOT.  
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2.2. ABAQUS implementation  

2.2.1. Dual-domain system  

Both the heat transfer equation and the gas diffusion equation have 

similar forms involving Laplacian and time derivatives. ABAQUS 

UMATHT is a subroutine for solving the heat transfer equation, but 

the gas diffusion equation can also be solved using the governing 

equation's similarity. The key idea is to consider pressure at an 

imaginary temperature. If gas diffusion properties such as viscosity 

and permeability are used instead of heat transfer properties such as 

thermal conductivity and heat capacity and apply initial and boundary 

conditions of pressure value instead of initial and boundary conditions 

of temperature value, ABAQUS solves the gas diffusion equation 

rather than heat transfer equation. To perform both heat transfer 

analysis and gas diffusion analysis simultaneously, one more domain 

is required in addition to the original analysis domain. Two domains 

are identical material, but in ABAQUS, one domain is used for heat 

transfer analysis and the other for gas diffusion analysis. Data needed 

for analysis is shared using a common block.  
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Figure 5(a) is the graphical summary of the dual-domain system. To 

build a dual-domain system, two parts with the same geometry must 

be made at first. Two material models are defined and assigned to 

each part, so the two parts are recognized as different materials, and 

different material properties can be applied. Then assemble the two 

parts, as can be seen in Figure 5(b). Heat flux, temperature, and 

pressure boundary conditions are applied to the appropriate domain. 

After specifying the analysis parameters, such as the time step, the 

preprocessed dual-domain system is completed. Several studies 

have performed simulations by applying this dual-domain system 

[61–63]. 



 

 21

 

Figure 5 (a) Schematic of the dual-domain system and (b) the 

ABAQUS visualization of the dual-domain system. 
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2.2.2. Analysis procedure and ABAQUS user subroutines  

 

 
 

Figure 6 Procedure for ablation analysis of carbon/phenolic 

composites using ABAQUS. 
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ABAQUS can modify the governing equation through user 

subroutines. The equations discussed above are applied to the 

preprocessed model through various user subroutines. The analysis 

procedure and the subroutines used are in Figure 6. A detailed 

description of each subroutine can be found through the ABAQUS 

user manual [57]. 

-UEXTERNALDB  

UEXTERNALDB is used to open external files and called once at the 

beginning of the analysis, at the beginning of every increment, at the 

end of each increment, etc., depending on the needs of the user. Since 

opening an external file takes a lot of computation time, the files for 

input or output is opened through UEXTERNALDB at the beginning 

of the analysis. Then, information necessary for analysis such as 

information on heat flux distribution according to location, material 

properties according to the temperature of virgin material, charred 

material and gas, and B table is read and stored in the COMMON 

BLOCK. 

-USDFLD  

USDFLD is called at every integration point and plays a role in 
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calculating the material properties for heat transfer equation (Eq. (1)) 

such as density, heat capacity, thermal conductivity, and enthalpy, 

and the properties for gas diffusion equation (Eq. (9)) such as 

viscosity, porosity, and permeability. Calculated material properties 

are stored in COMMON BLOCK and transmitted to other 

SUBROUTINEs such as UMATHT.  

One of the critical equations, the material decomposition calculation, 

is solved in USDFLD to calculate material properties. Since ∂ρ/ ∂t 

is a function of temperature and density, as shown in Eq. (3), the 

temperature and density at the previous increment are required. The 

density at the previous increment is obtained through the value 

stored in the COMMON BLOCK, and the temperature at the previous 

increment is obtained through the GETVRM function. The density is 

explicitly calculated using the forward finite difference with the 

following ∂ρ/ ∂t values. 

 
ρ = 𝜌 Δ + Δ𝑡 × (−𝐴𝑒𝑥𝑝 −

𝐸

𝑅𝑇 Δ

𝜌
𝜌 Δ − 𝜌

𝜌
)   

(20) 

In the TACOT, since it is composed of three different materials, the 

total density is calculated using the rule of mixture after calculating 

the density for each material. Γ is the volume fraction of 
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composite material.  

 𝜌 = Γ(𝜌 + 𝜌 ) + 1 − Γ 𝜌   (21) 

When the density is calculated, the degree of decomposition τ of 

the material at the current integration point is obtained. 

  

𝜏 =
1 −

𝜌
𝜌

1 −
𝜌
𝜌

 

(22) 

In the case of virgin material that has not undergone pyrolysis, τ is 

1, and in the case of wholly pyrolyzed char, τ is 0. Using the τ 

value, the properties of the material undergoing pyrolysis are 

obtained as follows. Each virgin material's physical properties and 

charred material change with temperature, which should also be 

considered. TACOT DB is used for properties according to 

temperature. 

 𝐶 = 𝜏𝐶 , + (1 − 𝜏)𝐶 ,   (23) 

 𝑘 = 𝜏𝑘 + (1 − 𝜏)𝑘   (24) 

 𝜅 = 𝜏𝜅 + (1 − 𝜏)𝜅  (25) 

The mass-weighted average enthalpy of virgin and char material is 

calculated as follows. 
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 h =

𝜌 h − 𝜌 h

𝜌 − 𝜌
 

(26) 

 

In addition to the solid materials’ physical properties, the 

pyrolysis gas’ properties such as the density(ρ ), the enthalpy 

(h ), the heat capacity (C ), the viscosity (μ) for the pyrolysis gas 

are also obtained.  

All properties are temperature-dependent, so interpolation must be 

performed to calculate the properties at a specific temperature 

accurately. 

-UMATHT  

UMATHT is a subroutine for defining thermal constitutive behavior 

such as heat transfer and heat generation. The primary energy 

balance equation in ABAQUS is as follows [57].  

 
 𝜌�̇�𝑑𝑉 = 𝑞𝑑𝑆 + 𝑟𝑑𝑉  

(27) 

 

V is the volume with surface area S, ρ is the density, �̇� is the time 

rate of internal thermal energy of the material, 𝑞 is the heat flux per 

unit area, and 𝑟 is the external heat into the material per unit volume.  

𝑞 can be rewritten using the heat flux vector 𝒇, and the unit surface 

normal vector 𝒏.  
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  𝑞 = −𝒇 ∙ 𝒏  (28) 

 

Applying Fourier's law, the equation is rearranged as follows. 

Substituting Eq. (28) into Eq. (27) and applying the divergence 

theorem yields the following relationship. 

 
 𝜌�̇�𝑑𝑉 = ∇ ∙ 𝑓 𝑑𝑉 + 𝑟𝑑𝑉  

(29) 

 

Conversion Eq. (29) to weak form for finite element analysis is as 

follows.  

 
 𝛿𝑇𝜌�̇�𝑑𝑉 − 𝛿𝒈 ∙ 𝒇𝑑𝑉 = 𝛿𝑇𝑟𝑑𝑉 + 𝛿𝑇𝑑𝑆   

(30) 

 

𝒈 is the temperature gradient (∇T), and 𝛿𝑇 is the virtual temperature.  

As �̇� is the time derivative, backward difference algorithm is used.  

 
 �̇� Δ =

𝑈 Δ − 𝑈

Δ𝑡
  

(31) 

 

The weak form of the energy balance equation now turns into  

 1

Δ𝑡
𝛿𝑇𝜌 𝑈 Δ − 𝑈 𝑑𝑉

= 𝛿𝑔 ∙ 𝑓𝑑𝑉 + 𝛿𝑇𝑟𝑑𝑉 + 𝛿𝑇𝑞𝑑𝑆 

(32) 

 

The Newton method is used to solve this non-linear system. 

Jacobian of Eq. (32) is expressed as  
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𝑱 =

1

Δ𝑡
𝛿𝑇𝜌

𝜕𝑈

𝜕𝑇
𝑑𝑇𝑑𝑉 +

1

Δ𝑡
𝛿𝑇𝜌

𝜕𝑈

𝜕𝒈
∙ 𝑑𝒈𝑑𝑉 

− 𝛿𝒈 ∙
𝜕𝒇

𝜕𝑇
𝑑𝑇𝑑𝑉 − 𝛿𝒈 ∙

𝜕𝒇

𝜕𝒈
∙ 𝑑𝒈𝒅𝑽 − 𝛿𝑇

𝜕𝑟

𝜕𝑇𝑽

𝒅𝑻𝒅𝑽

− 𝛿𝑇
𝜕𝑞

𝜕𝑇
𝑑𝑇𝑑𝑆  

(33) 

 

To calculate the Jacobian, six variables must be defined. Three of 

them are the internal thermal energy per unit mass at the end of the 

increment (U), the variation of internal thermal energy per unit mass 

with respect to temperature (∂U/ ∂T), and the variation of internal 

thermal energy per unit mass with respect to the spatial gradients of 

temperature (∂U/ ∂𝐠). The remaining three are the heat flux related 

variables, which are the heat flux vector (𝒇), the variation of heat flux 

vector with respect to temperature (∂𝒇/𝜕𝑇), and the variation of the 

heat flux vector with respect to the spatial gradients of temperature 

(∂𝒇/𝜕𝒈). Variation of thermal constitutive behavior can be specified 

by modifying these six variables. 

This study aims to establish two domains, heat transfer analysis in 

one domain and gas diffusion analysis in the other domain. Therefore, 

the variables of each domain must be defined differently. 

In the case of heat transfer analysis, the governing equation is Eq. 
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(1). It can be divided into two parts (�̇�, 𝒇) to relate with Eq. (29).  

 
�̇� = ρ𝐶𝑝

𝜕𝑇

𝜕𝑡
− ℎ

𝑔
− ℎ

𝜕𝜌

𝜕𝑡
− �̇�𝜌𝐶𝑝∇𝑇 − �̇�𝑔

" 𝐶𝑝𝑔∇𝑇  
(34) 

 

 𝒇 = −𝑘∇𝑇  (35) 

 

Eq. (34) can be changed into incremental form as 

 Δ𝑈 = ρ𝐶𝑝Δ𝑇 − ℎ
𝑔

− ℎ Δ𝜌 − �̇�𝜌𝐶𝑝∇𝑇Δ𝑡

− �̇�𝑔
" 𝐶𝑝𝑔∇𝑇Δ𝑡  

(36) 

 

Using Eq. (36), the internal thermal energy per unit mass at the end 

of the increment (U) is defined as 

 U(t + ΔT) = U(t) + ΔU (37) 

 

And the variation of internal thermal energy per unit mass with 

respect to temperature (∂U/ ∂T) is defined as  

 ∂U

𝜕𝑇
= ρ𝐶  

(38) 

 

The variation of internal thermal energy per unit mass with respect 

to the spatial gradients of temperature (∂U/ ∂𝐠) is defined as  

 ∂U

𝜕𝒈
= −�̇�𝜌𝐶 Δ𝑡 − �̇�" 𝐶 Δ𝑡 

(39) 

 

With Eq. (35), the variation of heat flux vector with respect to 
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temperature (∂𝒇/𝜕𝑇), and the variation of the heat flux vector with 

respect to the spatial gradients of temperature (∂𝒇/𝜕𝒈) are defined 

as follows. 

 ∂𝒇

𝜕𝑻
= 0 

(40) 

 

 ∂𝒇

𝜕𝒈
= −𝑘 

(41) 

 

Thermal conductivity (𝑘) can be a tensor for an anisotropic material.  

The gas diffusion equation (Eq. (9)) can also be implemented in 

ABAQUS, similar to the heat transfer equation. �̇�  and 𝒇  of gas 

diffusion equation are as follows.  

 
�̇� = −

∂ρ

𝜕𝑡
 

(42) 

 

 
𝒇 = −

𝜌 𝜅

𝜇𝜙
∇𝑃  (43) 

 

As pressure is treated as an imaginary temperature in the gas 

diffusion analysis, ∂U/ ∂T is ∂U/ ∂P, ∂𝒇/𝜕𝑇 is ∂𝒇/𝜕𝑃, and 𝐠 = ∇P.  

The incremental form of Eq. (42) is  

 Δ𝑈 = −Δρ  (44) 

 

Moreover, the internal thermal energy per unit mass at the end of the 
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increment (U) is defined using Eq. (37).  

Assuming that the density of solid material does not affect pressure, 

 ∂𝑈

𝜕𝑃
= 0  

(45) 

 

 ∂𝑈

𝜕𝒈
= 0  

(46) 

 

Assuming that pyrolysis gas is an ideal gas,  

 
ρ =

𝑃𝑀𝑔

𝑅𝑇
  

(47) 

 

𝑀  is molar mass of pyrolysis gas, and R is the ideal gas constant.  

Combining Eq. (47) and (43) yields,  

 ∂𝒇

𝜕𝑃
= −

M

𝑅𝑇

𝜅

𝜇𝜙
∇𝑃 

(48) 

 

 ∂𝒇

𝜕𝒈
= −

𝜌 𝜅

𝜇𝜙
 

(49) 

 

-DISP 

DISP subroutine is used to define the size of a prescribed boundary 

condition. This subroutine is used to specify the pressure boundary 

condition of the gas diffusion analysis domain. 

-DFLUX 

DFLUX subroutine defines a non-uniform flux that varies with 
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location, time, temperature, etc. In this study, it is used to specify the 

heat flux vector 𝒇  at the heating surface obtained through the 

surface energy balance equation (Eq. (19)) in the heat transfer 

analysis domain. The parameters constituting Eq. (19) are calculated 

in this subroutine. 𝜌 𝑈 𝐶  and h  are predefined input parameter. 𝜎, 

𝜀, and T∞ are constant. Calculation of 𝐵
′

needs �̇�"  value as Eq. (18) 

and �̇�"  is flux vector 𝒇 at gas diffusion domain. DFLUX is called at 

the heat transfer domain so�̇�"   calculated in gas diffusion domain 

UMATHT is shared through common block. 𝐵
′

and h  are 

determined by 𝑇 , 𝑃, and 𝐵
′

and the relationship can be calculated 

using the NASA CEA database [64]. Pre-calculated relationship is 

available in the TACOT database. B′ is obtained by adding 𝐵
′

and 

𝐵
′

according to Eq. (18). The Stanton number C  strongly depends 

on mass flux so it should be corrected as follows [65].  

 
𝐶

𝐶
=

𝑙𝑛 1 + 2𝜆𝐵′

2𝜆𝐵′
  

(50) 

 

Values of h  and h  depend on temperature is available on the 

TACOT database. Interpolation is performed to obtain the value at 
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the desired temperature.  

With these values, the heat flux vector 𝒇 at the heating surface is 

defined. 

 

 
𝒇 = 𝜌 𝑈 𝐶 ℎ − ℎ + 𝜌 𝑈 𝐶 𝐵

′
ℎ + 𝐵

′
ℎ − 𝐵′ℎ

− 𝜎𝜀(𝑇 − 𝑇
∞

)  

(51) 

 

The recession velocity �̇� is calculated using the relations below and 

shared to subroutine UMESHMOTION using common block.  

 
�̇� =

�̇�

𝜌
  

(52) 

Also, �̇�"  correction due to surface recession is made in this 

subroutine.  

-UMESHMOTION  

UMESHMOTION subroutine is used when adaptive meshing is 

performed and is used to define the motion of nodes belonging to the 

adaptive mesh constraints node-set. Nodes belonging to the receding 

surface are designated as adaptive mesh constraints nodes, and 

through this subroutine, the recession of the desired speed can be 

simulated. The recession speed calculated from the DFLUX 
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subroutine is imported and the node displacement u is defined using 

that value. 

 𝑢(𝑡 + Δ𝑡) = 𝑢(𝑡) + �̇�Δ𝑡  (53) 

When the receding surface node's position is determined, the 

positions of the remaining nodes in the adaptive mesh region are 

determined through the ABAQUS built-in Adaptive Lagrangian-

Eulerian (ALE) method. 

3. Nanoscale oxidation analysis of SiC ceramic 

using molecular dynamics simulation 

3.1. Silicon Carbide (SiC) and Atomic Oxygen (AO)  

Silicon Carbide (SiC) is one of the materials widely used in Ceramic 

Matric Composite (CMC). It has low density, high-temperature 

capability, low thermal expansion, and high toughness, so it is used 

not only for non-ablative TPS but also for rocket nozzles and gas 

turbine components. In a high-temperature environment, oxygen 

molecules are decomposed into atomic oxygen (AO), and these AOs 

cause fatal damage to the material.  

When AO collides with SiC, oxidation occurs, and oxidation of SiC is 
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more complicated than materials like Si because carbon is present 

[66]. Oxidation of SiC occurs in two ways, depending on temperature 

and pressure [67]. At low temperature and high oxygen pressure, 

solid SiO2 layers are formed, and mass increases. The SiO2 layer 

protects the SiC layer from further oxidation. On the other hand, 

gaseous species such as CO (g) are formed at high temperature and 

low pressure, and the protective layer begins to break down, so mass 

decreases. Due to these complex mechanisms, the oxidation of SiC 

requires profound research, but performing high energy AO collision 

experiments is very difficult and expensive. In this work, molecular 

dynamics was attempted as a substitute for experiments. In particular, 

the collision of SiC and AO was simulated using a reactive force field 

(Reaxff) to simulate a chemical reaction. 

3.2. Molecular dynamics  

Molecular dynamics is a simulation that predicts the movement of 

chemical particles such as molecules or atoms. Two atoms feel 

attraction at a long distance, but as they get closer, they will feel 

repulsive, as shown in Figure 7. John Lennard-Jones expressed this 

interatomic potential as the following Eq. (54) called the Lennard-
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Jones (LJ) potential [68]. 𝑟 is the distance between atoms, 𝜖 is the 

depth of the potential well 

 
𝑈 (𝑟) = 4𝜖[

𝜎

𝑟
−

𝜎

𝑟
]  

(54) 

The purpose of molecular dynamics is to predict atoms' motion over 

time in a numerical method, using this interatomic potential. If the 

potential between two atoms is known, the interaction force can be 

calculated through the derivative of the potential, and if the force is 

known, the acceleration of the two atoms can be calculated (Eq. (55)). 

 𝐹 = −∇U = ma  (55) 

For numerical analysis, the motion of atoms is converted into discrete 

form and solved. The velocity and position of the atoms are calculated 

with known acceleration using Eq. (56) and (57), which are called the 

Verlet algorithm [69].  

 
𝑣 𝑡 + Δ𝑡 = 𝑣(𝑡) +

1

2
𝑎(𝑡)Δ𝑡  

(56) 

 𝑟 𝑡 + Δ𝑡 + 𝑟(𝑡) = 2𝑟 𝑡 + Δ𝑡 + 𝑎 𝑡 + Δ𝑡 Δ𝑡  (57) 

The accurate interatomic potential calculation is the most essential 

part of molecular dynamics, and pre-calculated potentials called 

force-fields such as PCFF [35], COMPASS [36], and ReaxFF [37] 
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are widely used.  

 

Figure 7 Typical graph of interatomic Lennard-Jones potential 

 

3.3. Reaxff: The Reactive Force-Field 

Classical force fields such as PCFF and COMPASS do not consider 

bond change between atoms, so they are not suitable for simulating 

ablation in which various reactions such as oxidation and degradation 

occur. On the other hand, Reaxff can simulate bond formation and 

destruction by using the distance between atoms. The bond order 

𝐵𝑂
′

 between atom, i and atom j is obtained from the interatomic 
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distance r  using Eq. (58) and plotted in Figure 8 [37]. r  is the bond 

radii and p , ~  are the constant bond parameters determined by the 

type of atom. The first term is the sigma bond, the second term is 

the first pi bond, and the third is the second pi bond. Eq. (58) can be 

expressed up to bond order 3. The maximum bond order differs 

according to the types of interacting atoms.  

 
𝐵𝑂

′
= exp 𝑝 , ∙

𝑟

𝑟

,

+ exp 𝑝 , ∙
𝑟

𝑟

,

+  exp [𝑝 , ∙  
𝑟

𝑟

,

 

(58) 

The recent ReaxFF force field developed by Vashisth et al. [67] is 

used in this work. This force field is not precisely for SiC oxidation, 

but parameters about Si/C/O are optimized and tested for the case of 

silicon oxycarbide ceramic material and verified the breakage of Si-

O bond or Si-C bond.   
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Figure 8 Interatomic distance dependency of the carbon−carbon 

bond order. Reprinted with permission from [37]. Copyright (2001) 

American Chemical Society. 
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3.4. Simulation Procedure  

3.4.1. SiC structure modeling  

 

 
 

Figure 9 Procedure of SiC oxidation simulation 

 

Figure 9 shows the procedure of SiC oxidation. Before oxidation 

simulation, an accurate atomic structure modeling is required. Here, 

a 3C-SiC crystal structure is made. SiC has 250 kinds of lattice 

structures, of which 3C-SiC is one of the significant SiC types [70]. 

3C-SiC has a zinc blende crystal structure with a lattice constant of 

4.3596 Å [71]. As shown in Figure 10 (a), the overall lattice structure 
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has a diamond lattice structure but contains two atoms of Si and C. 

 
 

Figure 10 3C-SiC crystal structure 

 

 The bulk structure is made using the unit 3C-SiC crystal structure.  

Then, a surface to collide with an oxygen atom is created. At this 

time, three structures are made by adjusting the cleave angle. As 

shown in Figure 11, the atomic arrangement differs depending on 

which surface orientation cleaving is performed, which causes 

differences in material properties. The process up to this point is 

performed using commercial software Material Studio [72].  
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Figure 11 (a) Bulk 3C-SiC structure and top views of three different 

surface orientations: (100) (a), (110) (b), and (111) (c). Adapted 

with permission from [38]. Copyright (2020) American Institute of 

Aeronautics and Astronautics. 

 

 

Structures are extracted and preprocessed to run on the open-

source molecular dynamics simulation program LAMMPS [58]. A 

vacuum layer of a length of 15Å is made above the cleaved surface 
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as shown in Figure 12. Geometry optimization and NVT ensemble are 

conducted using LAMMPS to initialize and stabilize the structures. 

During geometry optimization, LAMMPS iteratively adjust 

coordinates of atoms to find local potential minimum to stabilize the 

structure. NVT ensemble, also known as canonical ensemble, means 

the possible state of the system with a constant number of atoms (N), 

volume (V), and temperature(T). Time integration of the equation of 

motion generates atoms' position and velocities with the desired 

temperature during the NVT ensemble. In this work, the NVT 

ensemble is conducted at 300K for 10ps to set the initial temperature. 

Table 1 shows the simulation box size, the number of atoms, and 

density after each orientation's NVT ensemble. It can be seen that 

the number of atoms differs depending on the orientation. This study 

assumes that the simulation boxes are repeated periodically in the x 

and y directions. To ensure the periodicity of structures with 

different atomic arrangements, it is hard to create a simulation box 

with the same number of atoms. The structures with little difference 

in the number of atoms while maintaining the periodic condition are 

used in this study. Due to the difference in the atomic arrangement 
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and the absence of periodicity in the z-axis caused by the vacuum 

layer's presence, the densities after the NVT ensemble show slight 

differences from the actual value of 3.21 g/cm3 [71]. 

 

Figure 12 Preprocessed initial structures with different surface 

orientations. Adapted with permission from [38]. Copyright (2020) 

American Institute of Aeronautics and Astronautics. 
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Table 1 Simulation box size and number of atoms for each 

orientation 

Orientation Box size  

(Å) 

Number of atoms Density  

(after 300K NVT) 

(100) 26 × 26 × 41 1728 3.023 

(110) 26 × 25 × 43 1728 3.035 

(111) 30 × 27 × 38 1800 3.187 

 

3.4.2. Oxidation simulation  

In the real world, oxygen molecules are decomposed into atomic 

oxygens (AO) due to heat or UV, and then the AO collides with the 

TPS material. Since it is impossible to incorporate complex 

phenomena that include heating, AO generation, AO collision, and 

erosion in one simulation, this work simplified and focused on AO's 

collision.  

Figure 13 shows the overall configuration of the simulation box. Two 

types of simulations are designed(Table 2). The first type is to see 

the effect of surface orientation on the oxidation of SiC, and oxygen 

atoms collide with SiC in the NVE ensemble state. During the NVE 

ensemble, time integration is performed to find new speeds and 

positions while maintaining a constant number of atoms (N), volume 
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(V), and energy (E), which means that energy conservation is 

guaranteed without other restrictions such as temperature or 

pressure. At this time, three SiC structures of (100), (110), and (111) 

orientations are used.  

The second type is aimed at understanding the effect of temperature. 

After applying the NVT condition to SiC, oxygen collides, and the 

(100) structure is used as a representative. Simultaneously, 

simulations are conducted for a total of 5 cases, 600K, 900K, 1200K, 

1800K, and 2000K. Consequently, simulations are performed for 

eight cases by combining both types. 

In common, the simulation time step is 0.25 fs (femtosecond), and a 

periodic boundary condition is applied in the x and y directions and 

fixed without a periodic condition in the z-direction. AOs are shot at 

a speed of 7km ∕ s toward the SiC structure every 0.2 ps from a 

position 15Å above the SiC surface. The x,y coordinates are 

arbitrarily determined. At this time, AO is under the NVE condition. 

When the collision interval of 0.2ps is applied, the oxygen atom flux 

is excessively high compared to the actual one. However, due to the 

limitation of computation power, the time scale of molecular dynamics 
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is nano-second, so it is practically difficult to implement the actual 

time scale. Therefore, it is necessary to find an appropriate condition 

considering accuracy and efficiency. The bottom layer of 2Å is fixed 

to prevent the movement of SiC itself. All atoms passing through the 

top layer are eliminated to simulate the loss of mass due to erosion. 

For analysis of the results, temperature, mass, molecular composition, 

and atoms' coordinates are extracted over time. Data are obtained by 

performing three simulations for each case and averaging these 

results. 

 

Figure 13 Overall configuration of the simulation box. Adapted with 

permission from [38]. Copyright (2020) American Institute of 

Aeronautics and Astronautics. 
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Table 2 Summary of simulation cases  

Effect Simulation condition 

 

Surface orientation 
  

NVE 

(100), (110), (111) 

Temperature  
  

NVT 

600K, 900K, 1200K, 1800K,2000K   

 

4. Results and discussion 

4.1. Verification of macro-scale ablation analysis of 

carbon/phenolic composite 

To verify the implemented code, the test cases provided by the 

ablation workshop are used [73,74]. These test cases were produced 

to compare and verify different ablation analysis codes. The PATO 

program [75] developed by NASA, and the Amaryllis model 

embedded in commercial software SAMCEF, were verified using this 

test case. Test cases provide four different situations for a one-

dimensional situation. A brief description is given in Table 3. The 

summary of the geometry and boundary conditions of the analysis 

model is shown in Figure 14. Two types of data are used to verify the 

code [74]. Fist type is about temperature response. Temperature 
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values of 10 points are obtained over time. Location of the points are 

top surface, 1mm, 2mm, 4mm, 8mm, 12mm, 16mm, 24mm, 50mm 

from the surface. The second type is pyrolysis and ablation response. 

Blowing rates of pyrolysis gas and char (�̇�
”

, �̇�
”

) at the surface, 

pyrolysis zone thickness, depth of receding surface from the initial 

position are obtained. To find out pyrolysis zone thickness, location 

of pyrolysis and char fronts are estimated by finding the location 

where decomposition rate 𝜏 from Eq. (22) is 0.98 (ρ (98%) = 𝜌 +

0.98(ρ − 𝜌 )) and 0.02 (ρ (2%) = 𝜌 + 0.02(ρ − 𝜌 )). In this paper, 

obtained data are compared with output from PATO [75]. Figure 15 

shows the temperature, pressure, and density contour of Case 1 at 

60 seconds. Additionally, naive implementation of current code to 2D 

case is conducted.   
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Table 3 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 
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Figure 14 Geometry and boundary conditions of the analysis model 

 
Figure 15 (a) Temperature, (b) pressure, and (c) density of Case 1 

at 60 sec 
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4.1.1. Case 1: Constant temperature, no recession 

Case 1 is a simple test case to compare the in-depth heat conduction 

and pyrolysis. The top side of the 5cm height TACOT material is 

being heated to 1664K for 1 minute under atmospheric pressure 

(101325 Pa). The bottom side is in the adiabatic and impermeable 

boundary condition. There is no recession. Figure 16 shows the 

temperature profile obtained from 10 different positions over time. 

Results from this work and PATO code are compared, and as shown, 

there are no differences between them. These results validate the 

in-depth heat conduction calculation scheme implemented in 

ABAQUS by using user subroutine. Blowing rates, pyrolysis zone, 

and recession profile are shown in Figure 17. In this case, a recession 

is neglected so  �̇�
”

 and recession depth are zero. �̇�
”

 at the surface 

matches well with the result of PATO and this means that the gas 

diffusion analysis using a dual-domain system accurately predicts 

the movement of pyrolysis gas. Depth of ρ  (98%) and ρ (2%) also 

shows no difference with PATO, which means that density calculation 

implemented in ABAQUS user subroutine using Arrhenius equation 

and explicit scheme can predict accurate density profile.   
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Table 4 Boundary condition of Case 1 

Time (s) 𝐓𝐰 (𝐊)  𝐏𝐰 (𝑷𝒂) 

0 298  101325  

~60 1644  101325  

 

 

Figure 16 Case 1: Temperature profile (vs. PATO) 
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Figure 17 Case 1: Blowing rates, pyrolysis zone, and recession (vs. 

PATO)  

4.1.2. Case 2: Low heating, no recession 

Unlike the temperature boundary condition of Case 1, Case 2-4 have 

heat flux boundary conditions at the top surface. As shown in Figure 

18, the heat transfer coefficient (ρ 𝑈 𝐶ℎ) and recovery enthalpy (h ) 

change over time, and through this, the size of the heat flux boundary 

condition implemented in subroutine DFLUX using Eq. (51) varies. 

Heating proceeds for the first 60 seconds, and cooling proceeds for 

the remaining 60 seconds. The geometry and material model is the 

same as in Case 1. For cases 2 and 3, the exact boundary condition 
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values are in Table 5. The target surface temperature is about 1644K. 

There is no recession in Case 2. Figure 19 shows the temperature 

profiles of Case 2.  Since the boundary condition is the heat flux, 

unlike Case 1, the surface temperature changes with time, and the 

present code shows the results highly consistent with the PATO. 

Figure 20 shows the blowing rates, pyrolysis zone, and recession 

profile of Case 2, and they also show high consistency with the PATO. 

Case 2 validate that the present code can predict the temperature, 

density, and gas movement accurately.  

 
Figure 18 Heat flux boundary condition profile for Case 2-4 
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Table 5 Boundary condition of Case 2 and Case3 

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

0 0 0 101325 

0.1 0.3 1.5 ∙ 10  101325 

60 0.3 1.5 ∙ 10  101325 

60.1 0 0 101325 

120 0 0 101325 

 

 

 
Figure 19 Case 2: Temperature profile (vs. PATO) 
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Figure 20 Case 2: Blowing rates, pyrolysis zone, and recession 

 

4.1.3. Case 3: Low heating, recession 

Case 3 includes a recession with the boundary condition of Case 2. 

During the analysis, the in-depth temperature probe points are fixed, 

but the surface temperature probe point moves along the receding 

surface. Figure 21 shows the temperature profile of Case 3. A sudden 

temperature drop means that the receding surface has moved below 

the corresponding probe point. Figure 22 shows the blowing rates, 

pyrolysis zone, and recession of Case 3. Not only the blowing rate of 

gas (�̇�
”

)and depth of pyrolysis zone, but also the blowing rate of 

char (�̇�
”

) and recession depth agree well with the PATO. This case 
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validates that the scheme using UMESHMOTION and ALE 

implements recession accurately in ABAQUS.  

 
Figure 21 Case 3: Temperature profile (vs. PATO) 
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Figure 22 Case 3: Blowing rates, pyrolysis zone, and recession 

4.1.4. Case 4: High heating, recession  

In this case, recovery enthalpy (h ) is higher than Case 2 and 3 (Table 

6), and the target surface temperature is about 3000K. Temperature 

profiles of Case 4 are shown in Figure 23. The present code predicts 

temperature similarly to the PATO even in high heating case. It can 

be seen from Figure 24 that the blowing rates, pyrolysis zone, and 

recession are also similar to those of the PATO. The phenomenon 

that the thickness of the perfectly charred layer 

(ρ (2%)~wall(recession))increased due to the higher temperature 

compared to Case 3 is observed. 
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Table 6 Boundary condition of Case 4 

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

0 0 0 101325 

0.1 0.3 2.5 ∙ 10  101325 

60 0.3 2.5 ∙ 10  101325 

60.1 0 0 101325 

120 0 0 101325 

 

 

 
Figure 23 Case 4: Temperature profile (vs. PATO) 
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Figure 24 Case 4: Blowing rates, pyrolysis zone, and recession 

 

4.1.5. Case 5: High heating, recession in 2D  

The naive implementation of current code to the 2D case is conducted, 

and results are compared with ablation test case results [60]. The 

geometry of the 2D model is shown in Figure 25. Heat flux and 

pressure boundary conditions are applied at the top and right side 

surfaces. In this case, heat flux varies depending on the location. The 

q /𝑞  value (heat flux/stagnation point heat flux) at each location 

can be found in the Table 7, and this scale factor is multiplied to the 

coefficient (ρ 𝑈 𝐶 ) at Table 8 to change the heat flux. Figure 26 

shows the temperature, density, and pressure of case 5 at 40 seconds 
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and Figure 27 shows the temperature profile of points located 

vertically below the stagnation point. At points close to the surface, 

the temperature is the same as the reference. However, the deeper 

the depth is, the greater the difference is. The error's leading cause 

is that ABAQUS is a commercial finite element analysis program with 

limited changes that users can make. The user can change the 

governing equations, properties, and boundary conditions through the 

subroutine, but cannot change the solver's part. In particular, the ALE 

method used to simulate recession applies the moving boundary 

condition to the solution variable (temperature), but it does not seem 

to be applied to the other variables such as density.   
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Figure 25 Geometry of 2D model 

 

 

 

Table 7 Heat flux distribution depending on coordinate [60] 

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 
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Table 8 Boundary condition of Case 5 

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

0 0 0 101325 

0.1 0.3 2.5 ∙ 10  101325 

40 0.3 2.5 ∙ 10  101325 

40.1 0 0 101325 

120 0 0 101325 

 

 
Figure 26 (a) Temperature, (b) density, and (c) pressure of Case 5 

at 40 sec 
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Figure 27 Temperature profile (vs. Ablation workshop[60]) 

4.2. Nanoscale oxidation analysis of SiC ceramic 

4.2.1. Effect of surface orientation 

Collision with AO causes a change in the structure of SiC, as shown 

in Figure 28. As shown in Figure 28, at the beginning of the simulation, 

AOs are mainly attached to the SiC surface in the form of silicon 

suboxide SiOx (Figure 29 (a)), but as time passes, gaseous species 

such gas CO(g) (Figure 29(b)) are formed, and after a specific time, 

SiC is wholly destroyed. Figure 31 shows the normalized mass of each 

surface orientation structure. As shown in Table 1, the number of 

atoms is different for each structure, so the results are compared 
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using normalized mass. Figure 31(a) shows the change in mass over 

the entire simulation time. At about the same time, rapid mass 

changes occur. Figure 31(b) shows the mass change during 0-25ps. 

In Figure 31(b), the results that are not well seen in Figure 31(a) can 

be found. The time for erosion to occur varies depending on the 

surface orientation. The (110) structure is eroded first; the (111) 

structure is then; and the (100) structure is eroded last. This can be 

explained by the difference in the number of Si-C bonds holding 

surface carbon. Figure 30 shows the bonding structures of surface 

carbon according to the surface orientation. The (110) structure has 

three bonds, and the (100) and (111) structures have four bonds. 

The higher the number of bonds, the better the carbon adheres to the 

surface, and the erosion decreases. Thus, the (110) structure is 

eroded first. The (100) structure and the (111) structure have the 

same number of bonds. However, as seen in the structure of 0 ps of 

Figure 28, in the (100) structure, the surface carbon is entirely 

covered by Si, but the carbon of the (111) structure is slightly 

exposed on the surface. This difference is expected to cause the 

(111) structure to erode faster. Many studies have experimentally 



 

 67

verified that C-face SiC is oxidized faster than Si-face SiC and is 

consistent with this study [76–78]. 

 

Figure 28 Structural changes of (a) (100), (b) (110), and (c) (111) 

SiC after AO collision. Adapted with permission from [38]. Copyright 

(2020) American Institute of Aeronautics and Astronautics. 
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Figure 29 Products formed due to AO collision: a) amorphous SiOx, 

and (b) CO(g). Adapted with permission from [38]. Copyright 

(2020) American Institute of Aeronautics and Astronautics. 

 
 

Figure 30 Surface carbon bonding structures. Adapted with 

permission from [38]. Copyright (2020) American Institute of 

Aeronautics and Astronautics. 
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Figure 31 Mass profiles (a) from 0 to 40ps and (b) 0 to 25 ps. 

Adapted with permission from [38]. Copyright (2020) American 

Institute of Aeronautics and Astronautics. 



 

 70

4.2.2. Effect of temperature  

The effect of temperature on the oxidation of SiC is analyzed using 

the (100) structure. Figure 32(a) shows the temperature and 

normalized mass in the simulation box over the entire simulation time. 

The blue line in Figure 32 shows the temperature of (100) SiC when 

the AO collision continues under NVE conditions. The high kinetic 

energy of AO with a speed of 7 km/s is transmitted to SiC through 

collision and causes the atoms to vibrate to raise the temperature. 

The red line is the normalized mass of (100) SiC. First, oxidation and 

sublimation are observed. The temperature increases linearly up to 

3300K, then decreases rapidly. The linear temperature region is the 

oxidation zone, and the sublimation region after that.  

As shown in 30 and 40 ps in Figure 28, the entire SiC lattice structure 

collapses, and atoms escape the simulation box. As it is clearly 

distinguished from previous partial damage, this phenomenon is 

concluded as sublimation by high temperature, not oxidation. As the 

atoms exit the simulation box, the atoms' energy disappears, reducing 

the energy of the entire system, resulting in an abrupt decrease in 

temperature. The sublimation temperature observed in this result 
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(3300K) is higher than the experimental value of 3000K (2730℃) 

[67]. In LAMMPS, the temperature is obtained through the kinetic 

energy of the atoms. Since the erode atoms in the current simulation 

configuration do not immediately exit the simulation box, it is 

assumed that their high kinetic energy is included in the calculation, 

and the sublimation temperature is measured higher than the 

experimental value.  

Figure 32 (b) shows the normalized mass and temperature in the 

oxidation region. The oxidation region is again divided into two 

regions: passive oxidation and active oxidation. The passive to active 

transition, in which the mass increases at low temperature and 

decreases at a specific temperature, can be confirmed through Figure 

32 (b). As mentioned earlier, in the passive oxidation, the mass 

increases at low temperature and high pressure. In the active 

oxidation, mass decreases at high temperature and low pressure. In 

this study, the pressure condition is assumed to be constant because 

the interval at which AO collides with SiC is constant. Therefore, it 

is concluded that the cause of the transition is temperature. The main 

reason for the mass change is the formation of CO(g) molecules. 
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When AO collides with SiC, it mainly reacts with Si to form an oxide, 

but some AOs combine with the carbon and prepare to become CO(g). 

At low temperatures, the energy is insufficient, and it cannot escape 

in the form of a gas, but when the temperature increases, it gains 

energy, becomes a gas, and flies away. As shown in Figure 33, the 

point at which the mass decreases and the peak point of the number 

of CO(g) molecules coincide. The number of CO(g) molecules shows 

a peak because the CO(g) molecules have been generated and then 

exited the simulation box. The number of initially generated CO(g) 

molecules is small, so the effect on mass is insignificant. As the 

temperature increases, the number increases, and the overall mass 

decreases.  

To clarify the effect of oxidation on temperature, AO collision 

simulation is additionally performed under NVT conditions. Only the 

results of the first 10ps are analyzed to determine the tendency of 

the initial oxidation. Figure 34 shows the mass change of (100) SiC 

during AO collision under various temperature conditions (600, 900, 

1200, 1800, and 2000K). The results under the NVE condition of 

Figure 32 (b) and the results under the NVT condition of Figure 34 
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show consistency. At temperatures of 600K and 900K, the mass 

continues to increase. There is a slight reduction in mass at 1200K, 

but no significant effect. However, mass reduction increases from 

1800K, and rapid mass decrease is seen at 2000K. From these 

results, we confirm that temperature influences the oxidation of SiC. 
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Figure 32 Normalized mass and temperature profile of (100) SiC 

structure (a) over the entire simulation time, and (b) in the 

oxidation region. Adapted with permission from [38]. Copyright 

(2020) American Institute of Aeronautics and Astronautics. 



 

 75

 

 
Figure 33 Normalized mass and number of CO molecules in the 

oxidation. Adapted with permission from [38]. Copyright (2020) 

American Institute of Aeronautics and Astronautics. 

 

 
Figure 34 Normalized mass of SiC during initial AO collision (0-

10ps) at various temperatures. Adapted with permission from [38]. 

Copyright (2020) American Institute of Aeronautics and 

Astronautics. 
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5. Conclusions and future works 

5.1. Conclusions 

In this thesis, macro-scale carbon/phenolic composite ablation 

analysis using finite element analysis and nanoscale SiC oxidation 

analysis using molecular dynamics are conducted as a fundamental 

study for multi-scale analysis.  

In the case of macro-scale analysis, in-depth heat transfer and gas 

diffusion, material decomposition, and surface heat flux boundary 

condition are implemented to commercial finite element software 

ABAQUS using USERSUBROUTINE. A dual domain system is used 

to analyze heat transfer and gas diffusion simultaneously. The 

physical properties of the material were obtained using the open-

source database TACOT. Temperature, density, and gas movements 

are obtained under various surface boundary conditions (constant 

temperature, low heat flux, high heat flux) and verified with open-

source ablation code PATO.  

In nanoscale analysis, the influence of surface orientation and 

temperature on the oxidation of SiC is analyzed through reactive MD 

simulation. A simulation is performed in which oxygen atoms collide 
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with SiC structures having different surface orientations [(100), 

(110), (111)] under NVE conditions, and the (110) structure showed 

the highest reactivity. The cause of this phenomenon is explained 

through the number of Si-C bonds in the surface carbon. Besides, 

the oxidation transition according to temperature is observed by 

analyzing the results of the AO collision simulation under the NVE 

condition of the (100) structure, and the difference in oxidation rate 

according to the temperature is verified through NVT simulations at 

different temperatures (600, 900, 1200, 1800, and 2000 K). 

5.2. Future works 

In the case of macro-scale analysis, as the commercial finite element 

program ABAQUS is used, there are many possibilities that it can be 

expanded to multi-physics analysis such as combined thermal-

structure analysis or thermal-flow analysis. Based on the problems 

identified in naive 2D implementation, the code should be improved 

so that the interpretation of complex multidimensional shapes is 

possible. 

In nanoscale analysis, the simulation results show similar tendencies 

compared with experiments. However, due to the limitations of the 
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MD's time and length scale, it is not entirely consistent with the 

experimental values. It is necessary to develop a simulation 

technique that can improve accuracy and efficiency by overcoming 

these scale discrepancies' limitation. 

 This study aims to construct an analysis framework at each scale as 

a preliminary study for multiscale analysis. Therefore, the analysis 

methodology at various scales between macro and nano must also be 

studied. Besides, the development of a scale bridging method to link 

the results from the various scale is essential. 
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국문초록 

열차폐구조물의 삭마 해석을 위한  

멀티스케일 시뮬레이션 환경 구축 
 

 

박 태 훈 

협동과정 우주 시스템 전공 

서울대학교 대학원 

 
본 논문은 열차폐 구조물 (TPS)의 멀티스케일 삭마 해석을 위한 기초 

연구로서 나노와 매크로 각 스케일에서 독립적인 분석을 수행하는 것을 

목표로 한다. 유한 요소 해석을 이용한 매크로 스케일의 탄소/페놀 복합

재의 삭마 분석과 나노 스케일의 분자 동역학 시뮬레이션을 이용한 SiC

의 산화 분석을 수행한다. 내부 열전도, 열분해, 가스 확산, 표면 열유속 

및 침식과 같이 탄소/페놀 복합재의 삭마에서 발생하는 다양한 현상들을 

Fortran으로 작성된 user subroutine을 이용하여 상용 유한 요소 프로

그램 ABAQUS에 적용한다. 개발된 코드는 다양한 경계 조건을 가지는 

4가지 1차원 케이스에 대해 외부 프로그램 PATO의 결과와 비교하였으

며 결과가 일치한다. 기본적인 2차원 상황에서의 적용 또한 수행된다. 

SiC의 산화는 분자 동역학을 사용하여 나노 단위에서 분석한다. SiC는 

독특한 격자 구조로 인해 복잡한 산화 특성을 나타낸다. 본 논문에서는 
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표면 방향성과 온도의 영향을 분석한다. 7km/s의 산소원자가 다양한 조

건에서 SiC 구조에 충돌하는 시뮬레이션을 수행한다. 표면 방향성에 따

른 반응성의 차이는 NVE 조건에서 3개의 표면 방향 (100), (110), 

(111) 구조를 사용한 시뮬레이션을 통해 분석하고, 온도가 산화에 미치

는 영향은 5 가지 온도 (600, 900, 1200, 1800 및 2000K)의 NVT 조

건에서 시뮬레이션을 통해 분석한다.  
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