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In this study, mathematical formulations to model charring ablation problems were numerically 
implemented using finite element analysis (FEA) with ABAQUS, which account for the material 
decomposition and progressive surface removal in the heat conduction and the surface energy balance 
equations. FEA was performed for a one-dimensional model to predict the temperature and ablation 
histories of a phenolic-impregnated carbon ablator sample (i.e., a common heat shield material for 
hypersonic vehicles and spacecraft) subjected to oxy-acetylene torch flame (i.e., 0.8 SLPM acetylene 
gas to 2.7 SLPM oxygen gas). The recovery enthalpy and convective heat transfer coefficient for the 
ablation model were calculated based on gas compositions and two assumed surface conditions (i.e., 
equilibrium and frozen). Simulations using the calculated recovery enthalpy and convective heat transfer 
coefficient resulted in a recession rate of 6.38 times (equilibrium) and 14.08 times (frozen) higher than 
the experimental data, despite fair agreement of the surface temperature. In addition, the effect of the 
heat transfer coefficient was investigated through a steady-state ablation analysis. The results of the 
analysis indicate that there is not one single value for the heat transfer coefficient that would allow the 
prediction to match both measured recession rate and surface temperature. Possible reasons for such an 
inconsistency are provided and discussed.

© 2019 Elsevier Masson SAS. All rights reserved.
Acronyms
ACE Aerotherm Chemical Equilibrium
ALE Arbitrary Lagrangian-Eulerian
CEA Chemical Equilibrium with Applications
CHAR CHarring Ablator Response
CMA Charring Material Ablation
FEA Finite Element Analysis
FIAT Fully Implicit Ablation and Thermal
HERO Heat Transfer and Erosion Analysis
PICA Phenolic Impregnated Carbon Ablator
TACOT Theoretical Ablative Composite for Open Testing

1. Introduction

One of the significant challenges for hypersonic vehicles and 
spacecraft is the design of effective thermal protection systems 
(TPS) that aims to prevent the extremely high aerodynamic heat-
ing from damaging the internal structural components during the 
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hypersonic flight. For typical low earth orbit re-entry vehicles, 
the maximum speed can reach nearly Mach 25 and the max-
imum surface temperature can reach nearly 3000 K [1]. Under 
such an extreme condition, conventional load-bearing light-weight 
structural materials such as aluminum alloys are unable to sur-
vive due to their low maximum service temperature. To withstand 
the extremely high temperature, a layer of ablative materials (i.e., 
the heat shield), such as the phenolic-impregnated carbon abla-
tor (PICA), is bonded to the blunt body of the spacecraft or the 
airframes of the hypersonic vehicle [2,3]. During the hypersonic 
re-entry, the heat shield absorbs thermal energy from the external 
flow and dissipates the thermal energy by progressively remov-
ing the ablative material through vaporization, oxidation, etc., and, 
thus, serves to protect the internal structural components.

In particular, charring ablation is a result of surface chemical 
reactions that progressively consumes the char layer of the abla-
tive material, where the char layer is formed after the material 
is completely decomposed under elevated temperatures [4]. The 
energy balance at the material surface ascribes to complex convec-
tive and radiative heat exchanges between the external flow and 
the material, as well as the heat loss due to the release of py-
rolysis gas and progressive surface material removal. Meanwhile, 
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Nomenclature

Roman & Greek symbols

B ′ normalized recession rate . . . . . . . . . . . . . . . . . ṁc/ρeUeC H

C p specific heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J/(kg-K)
C H “blown” Stanton number
C H O “unblown” Stanton number
E activation energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J/mol
h enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J/kg
h mass weighted averages of the material enthalpy J/kg
ṁg pyrolysis gas mass flux . . . . . . . . . . . . . . . . . . . . . . kg/(m2-s)
k thermal conductivity . . . . . . . . . . . . . . . . . . . . . . . . . W/(m-K)
p pressure of pyrolysis gas . . . . . . . . . . . . . . . . . . . . . . . . . . atm
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W/m2

R universal gas constant . . . . . . . . . . . . . . . . . 8.314 J/(mol-K)
ṡ surface recession rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s

y in-depth direction coordinate . . . . . . . . . . . . . . . . . . . . . . . m
α decomposing rate coefficient . . . . . . . . . . . . . . . . . . . . . . . 1/s
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

σ Stefan-Boltzmann constant . . . . . . . . . . . . . . W/(m2-s-K4)
ε emissivity coefficient
ψ reaction order
ρeUeC H heat transfer coefficient . . . . . . . . . . . . . . . . . . . . . kg/(m2-s)

Subscripts

c char
e freestream
g pyrolysis gas
r recovery
s surface
v virgin
w wall
∞ background condition
the in-depth heat conduction governing equation also needs to 
account for those various effects. Here, the surface energy bal-
ance and the in-depth heat conduction equations form the basic 
mathematical formulation for modeling the charring ablation prob-
lems. To implement such a formulation, various numerical tools 
have been developed to date. One of the first successful tools is 
the Charring Material Ablation (CMA) program developed by the 
Aerotherm Corporation in the late 1960’s [5] and still in use today. 
Later, a Fully Implicit Ablation and Thermal (FIAT) analysis tool for 
modeling charring ablation was developed by NASA Ames based 
on identical fundamental physical assumptions to those used in 
CMA [6]. Predictions from CMA and FIAT are often used as base-
lines for code-to-code verifications. The common feature of CMA 
and FIAT is that they are limited to one-dimensional (1-D) ge-
ometries (or configurations), and, thus, are unable to fully capture 
the effects of the complex geometric features on the thermal and 
ablative response. Subsequently, FIAT was extended to two and 
three-dimensional (2-D and 3-D) geometries through the develop-
ment of TITAN [7] and 3dFIAT [8], respectively. In addition, another 
common feature of the aforementioned analysis tools is that they 
are based on finite difference or finite volume methods. For exam-
ple, the CMA was developed based on a finite difference method 
and the FIAT was developed based on a finite volume method. 
Other reported ablation analysis tools were also developed based 
on these two numerical methods [9–20]. For example, a 1-D py-
rolysis layer model was developed based on a central difference 
numerical scheme and employed to investigate the nonlinear ther-
mal behavior of the AVCOAT composites [15] and other novel de-
signs of homogeneous and non-homogeneous charring composites 
[16]. Moreover, the mathematical equations of a coupled ther-
mal/fluid/chemical/ablation model were discretized using central-
difference and upwind numerical schemes. Such a coupled model 
was implemented through FORTRAN and MATLAB codes and val-
idated through comparisons with experimental data [17]. Other 
numerical models developed by the finite difference method have 
also been used to predict, for example, the surface ablation be-
havior of SiFRP composites under a steady state ablation condition 
[18] and the thermal and chemical non-equilibrium of ablation and 
pyrolysis of a carbon-phenolic ablator [19]. Furthermore, a chem-
ical equilibrium heat and mass transport model for porous abla-
tors was developed based on the volume-averaged finite-volume 
method, which was implemented in the Porous material Analysis 
Toolbox based on OpenFOAM (PATO) [20]. This model was applied 
to the detailed analysis of the boundary layer and pyrolysis gas 
flows within a porous carbon-phenolic ablator featuring the arc-jet 
testing environment.

Recently, finite element method has received more and more 
attention due to the improved computational capabilities, flexibil-
ity, and enhanced applicability especially to complex geometries, 
as opposed to the finite difference (or volume) method [4,21–23]. 
A few numerical tools for modeling charring ablation based on fi-
nite element method have been recently developed, such as the 
CHarring Ablator Response (CHAR) code [24] and the Heat Trans-
fer and Erosion Analysis (HERO) program [25]. However, these tools 
are custom written and not as flexible and versatile as general 
purpose FEA programs. The commercial, general-purpose finite ele-
ment analysis (FEA) programs such as ABAQUS, provide an alterna-
tive solution for modeling charring ablation problems. When com-
pared to the custom-written programs, the commercial, general-
purpose FEA programs provide enhanced capabilities in terms of 
usability, pre and post-processing, mesh generation, flexibility, as 
well as interfaces that allow users to couple the structural analy-
sis with computational fluid dynamics (CFD). However, the built-in 
heat transfer analysis steps provided by these programs are often 
restricted to modeling conventional heat transfer problems with-
out considering the effects of material decomposition or surface 
material removal and, thus, are unable to model charring ablation 
problems. To enable the capability of modeling charring ablation 
problems using these programs, additional user subroutines must 
be developed to accommodate those effects through accurate mod-
ifications of the built-in heat conduction governing equation and 
surface energy balance yielded boundary conditions.

In this paper, FEA was performed for a 1-D charring ablation 
model using ABAQUS through the development of multiple user 
subroutines along with the arbitrary Lagrangian-Eulerian (ALE) 
adaptive meshing algorithm. The subroutines enable users to im-
plement the mathematical formulation of the charring ablation 
problem and track the moving boundary condition due to the pro-
gressive surface material removal, while the ALE adaptive meshing 
algorithm allows the computational domain to be automatically re-
meshed after the material surface is progressively removed from 
the domain. The numerical procedure solves sequentially the tem-
perature and the density change (i.e., the temperature is solved 
first and then used to calculate the density change afterwards). The 
proposed model has been successfully verified by comparing the 
predictions of the temperature and ablation histories with those 
obtained using the well-validated charring code, FIAT, in the au-
thors’ early work [26]. In this paper, we attempt to validate the 
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Fig. 1. Illustration of the physical process during ablation.

proposed model by comparing the simulation results with the ex-
perimental data reported by Refs. [27,28].

The remainder of the paper is organized as follows. In Sec-
tion 2, the physical process of the ablative material during abla-
tion is briefly described. Additionally, the mathematical formula-
tions for modeling the charring ablation problems are provided. In 
Section 3, the numerical implementation for a 1-D charring ab-
lation model using FEA with ABAQUS is introduced, where the 
implementation includes multiple user subroutines along with the 
ALE adaptive meshing algorithm. In Section 4, the convective heat 
transfer coefficient and the recovery enthalpy are calculated and 
used to perform the numerical simulations. The simulation results, 
including the averaged surface temperature and the recession rate, 
are compared to the experimental data for model validation. In 
addition, a steady-state ablation analysis is provided to investi-
gate the effect of the convective heat transfer coefficient on the 
averaged surface temperature and the recession rate. Concluding 
remarks are given in Section 5.

2. Physical description of the ablation problem and fundamental 
equations

2.1. Physical description of the ablation problem

Ablative materials, such as PICA, are commonly used as the 
outer layer of the heat shield for atmospheric re-entry vehicles. 
Such an ablative layer is typically followed by a non-ablative struc-
tural backup material (see Fig. 1). During entry, the surface temper-
ature of the ablative material increases under complex convective 
or radiative heating. As the temperature increases, the material 
undergoes various surface chemical reactions (e.g., oxidation, ni-
tridation, and vaporization) which leads to the surface material 
removal. In addition, the in-depth conduction of thermal energy 
leads to the decomposition of the material and the liberation of 
pyrolysis gas. The induced pyrolysis gas travels upward through 
the pores of the material and contributes to the surface energy 
balance. Fig. 1 shows the three regimes that the ablative material 
experiences during the atmospheric re-entry, where the virgin ma-
terial refers to the ablative material before it starts to decompose, 
the pyrolysis zone refers to the region where the ablative mate-
rial starts to decompose but is not fully decomposed, and the char 
layer refers to the layer where the ablative material has fully de-
composed.

2.2. Fundamental equations

The fundamental equations for the charring ablation problem, 
including the in-depth heat condition equation and the surface en-
ergy balance equation can be found in many open literature [4,8,
14,29–34]. In the below two sections, we provide a brief review of 
these equations.

2.2.1. Governing equation
The in-depth heat conduction equation that considers the de-

composition of material and surface material removal for a 1-D 
ablation problem in a coordinate x fixed in space is written as

ρC p
∂T

∂t
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∂ y
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+ṁg

∂hg

∂ y
,

(1)

where ρ , C p , and k are the density, specific heat, and thermal 
conductivity of the material, respectively, hg is the pyrolysis gas 
enthalpy, h̄ is the mass weighted averages of the material enthalpy, 
ṡ is the speed of the local coordinate movement due to the con-
tinuous surface recession (see detailed discussion in Section 2.2.2), 
ṁg is the pyrolysis gas mass flux, y is the in-depth direction coor-
dinate, and T is the temperature.

In Eq. (1), the local specific heat and thermal conductivity of the 
material are temperature-dependent, and can be calculated using 
the rule of mixture providing the temperature-dependent proper-
ties for the virgin material and char

k = δkv + (1 − δ)kc, (2)

C p = δC p,v + (1 − δ) C p,c, (3)

where subscripts v and c denote the virgin material and char, 
respectively, and δ is the volume fraction of the undecomposed 
material, expressed by

δ = ρv

ρv − ρc

(
1 − ρc

ρ

)
. (4)

Note that the ablative material is a composite material that con-
sists of two types of resin filler components and one reinforcement 
component, the density of the overall composite material is given 
by

ρ = 	(ρA + ρB) + (1 − 	)ρC , (5)

where subscripts A and B denote the two resin filler components, 
subscript C denotes the reinforcement component, and 	 is the 
volume fraction of resin. For each component, the rate of density 
variation due to the decomposition follows an Arrhenius equation

∂ρi

∂t
= −αi exp

(
− Ei

RT

)
ρv,i

(
ρi − ρc,i

ρv,i

)ψi

, (6)

where subscript i = A, B , and C , α is the decomposing rate coeffi-
cient, R is the universal gas constant, ψ is the reaction order.

In addition, the mass weighted averages of the material en-
thalpy (i.e., h̄ in Eq. (1)), is written as

h̄ = ρvhv − ρchc

ρv − ρc
, (7)

where h is the enthalpy of the ablative material.
The pyrolysis gas enthalpy is both temperature and pressure-

dependent (i.e., hg in Eq. (1), and hg = hg(p, T ), p being the pres-
sure of the pyrolysis gas) which is often determined through equi-
librium thermochemistry analysis. Finally, the pyrolysis gas mass 
flux (i.e., ṁg in Eq. (1)), at any location, y, in the case of a 1-D 
ablation problem, can be calculated using
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ṁg = −
y∫

0

∂ρ

∂t
dy. (8)

Note that for charring ablation problems with multiple dimen-
sions, the divergence of the gas flow is calculated from the local 
reaction rate in all directions [4]:

∇ · ṁg = ∂ρ

∂t
. (9)

Using Eq. (9), the pressure can be determined from Darcy’s law 
or some other relationship between pressure and mass flow rate 
or velocity.

2.2.2. Surface energy balance equation yielded boundary conditions
The surface energy balance equation that accounts for the sur-

face material removal for the material during ablation is written 
as

−k
dT

dy
= ρeUeC H · (hr − hw) + ρeUeC H · (B ′

chc + B ′
ghg − B ′hw

)

− σε
(

T 4
w − T 4∞

)
, (10)

where ρeUeC H is the convective heat transfer coefficient (ρ and 
U being the density and velocity of the flow, subscript e denot-
ing the local conditions at the edge of the boundary layer, and C H

being the Stanton number). In addition, subscript r refers to the 
recovery conditions at the wall for zero heat transfer (i.e., hr is 
the recovery enthalpy), subscript w refers to the conditions at the 
wall (i.e., the material surface), subscript ∞ refers to the ambi-
ent environment, σ is the Stefan-Boltzmann constant, and ε is the 
emissivity. Here, the recovery enthalpy, hr , is calculated by using 
a rule of mixture with the mass fraction composition of the gas 
mixture (see Table 1 in Section 4.2), the char enthalpy of the PICA 
material, hc , is taken from the TACOT material system (see Sec-
tion 4.3), and the wall enthalpy, hw , is calculated using the NASA 
Aerotherm Chemical Equilibrium (ACE) program with the thermo-
dynamic data supplied from the NASA Chemical Equilibrium with 
Applications (CEA) database [35].

Moreover, B ′ in Eq. (10) is the total mass loss rate, defined by

B ′ = B ′
c + B ′

g, (11)

with B ′
g being the non-dimensional mass loss rate due to the re-

lease of the pyrolysis gas, and B ′
c being the non-dimensional mass 

loss rate due to the char consumption. Here, B ′
g can be calculated 

using

B ′
g = ṁg

ρeUeC H
, (12)

where ṁg is the mass flux of the pyrolysis gas. The non-
dimensional mass loss rate due to the char consumption, B ′

c and 
the enthalpy of the gas phase just above the surface, hw are both 
dependent on the wall temperature, T w , the pressure, p, and the 
non-dimensional mass loss rate due to the release of the pyroly-
sis gas, B ′

g . The dependencies of the B ′
c and hw on the T w , p, and 

B ′
g are also known as the surface thermochemistry relations which 

can be calculated using a third party program, i.e., the NASA ACE 
program with the thermodynamic data supplied from the NASA 
CEA database [35]. With the obtained surface thermochemistry re-
lations, the B ′

c and hw are calculated by providing the T w , p, and 
B ′

g at each time increment during the computation. Note that in 
this study, the pressure, p, is assumed to hold at 1 atm throughout 
this study to simulate the ablation test in the ambient environment 
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6]. After B ′
c is obtained, the mass loss rate due to charring, ṁc , 

 calculated using

c = B ′
c · ρeUeC H . (13)

Here, the Stanton number is reduced by blowing from the sur-
ce and corrected using an expression derived from the film the-
y [37]

H

H O
= ln

(
1 + 2λB ′)
2λB ′ , (14)

here C H is the corrected or “blown” Stanton number and C H O is 
e unblown values.

Finally, the speed of the local coordinate movement, ṡ (i.e., the 
eed of the surface recession) can be obtained using

ṁc

ρs
, (15)

here ρs is the local density at the material surface. Notice that 
. (15) contributes to the coupling between the in-depth heat 
nduction and the material surface removal (see ṡ in Eq. (1)).

 Numerical implementation with finite element analysis in 
AQUS

The built-in heat transfer analysis step provided in ABAQUS is 
ten used for modeling general heat conduction problems with-
t considering the material decomposition or surface material 
moval and, thus, is not suitable for modeling the charring ab-
tion problems with a formulation described in Section 2.2. In 
dition, ABAQUS assumes that the driving force of the convective 
at exchange for a heat transfer analysis is the temperature dif-

rence (between the boundary layer and the material surface) and 
ly allows the user to define the convective boundary condition 
 a function of the temperature difference in the ABAQUS input 
terface. However, for charring ablation problems, it is more use-
l to deal in enthalpy than temperature in defining a heat transfer 
efficient (see Eq. (10)). A convective boundary condition with en-
alpy cannot be directly defined in the ABAQUS input interface. To 
ercome these limitations, additional user subroutines must be 
veloped to enable ABAQUS with the capability of implementing 
e charring ablation formulation.

To model charring ablation problems, the ABAQUS coupled 
mperature-displacement step is used. In addition, multiple sub-
utines are developed to modify the built-in heat conduction and 
rface energy balance equations (see Section 2.2.2). In particu-
r, a FILM subroutine [38], which is normally used to define the 
nk temperatures as functions of position, time, temperature, etc., 
 developed to obtain the material surface temperature (T w ) at 
ch time increment. Meanwhile, a USDFLD subroutine [38] is de-
loped to update the material properties (e.g., thermal conductiv-
, specific heat, and enthalpy), rate of density change, mass flux, 
d B ′

g corresponding to the instant temperature field after each 
e increment. Note that the integral in Eq. (8) (i.e., the pyrol-

is gas mass flux) is computed using the Simpson’s rule. Then, 
(from the FILM subroutine) and B ′

g (from the USDFLD subrou-
e) are passed to a DFLUX subroutine [38] to obtain the instant 

all enthalpy (i.e., hw = hw(T w , p, B ′
g)) and the mass loss rates 

e., B ′
c = B ′

c(T w , p, B ′
g) and B ′ = B ′

c + B ′
g ) based on surface ther-

ochemistry relations. The obtained hw , B ′
c , and B ′ are plugged 

to Eq. (10) and, thus, the surface energy balance yielded bound-
y condition is determined in the DFLUX subroutine. Furthermore, 
UMATHT subroutine [38] is developed to define the heat con-
ction (Eq. (1)) that accounts for the material decomposition 

qs. (6) and (8)) and the surface material removal (Eq. (15)). The 
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Fig. 2. Flowchart of the FEA implementation in ABAQUS with multiple subroutines for modeling charring ablation problems.
instant material properties obtained from the USDFLD subroutine 
are passed to the UMATHT subroutine to obtain the internal energy 
variation and the heat flux vector. Then, the temperature solution 
at each time increment is obtained by solving the governing equa-
tion (Eq. (1)) with the surface boundary condition (Eq. (10)). Next, 
the temperature solution along with the instant density change 
and B ′

g obtained from the USDFLD subroutine are transferred to 
the UMESHMOTION subroutine [38] to calculate the instant reces-
sion rate (Eq. (15)) and the ablation depth. With the calculated 
instant ablation depth, the UMESHMOTION subroutine moves the 
surface nodes to their new locations. After that, the entire com-
putational domain is re-meshed with the ALE adaptive remesh 
algorithm and the re-meshed domain is used to calculate the tem-
perature solution for the next time increment. In other words, the 
temperature is not calculated before the domain is re-meshed, only 
the temperature values associated with the current re-meshed do-
main is calculated at each time increment. Therefore, the material 
properties including the enthalpy updated using the temperature 
values associated with the current re-meshed domain are real val-
ues. This procedure repeats until the last time increment, therefore 
enabling the coupling between the heat conduction considering 
material decomposition and the progressive surface material re-
moval. It is worth stressing that the model solves sequentially the 
temperature and the density change. In addition, the data trans-
fer between the different user subroutines is achieved using the 
common blocks provided by FORTRAN. The flowchart of the FEA 
implementation in ABAQUS is provided in Fig. 2. Note that a prior 
code-to-code verification has been performed for the proposed 
model against FIAT in the authors’ early work [26]. It is also inter-
esting to note that the proposed model and ABAQUS subroutines 
can also be modified and extended to study the lightning strike 
and laser ablations of carbon fiber reinforced polymer matrix com-
posite materials [39–41].

4. Model assessment

4.1. Description of experimental test

The experimental data for model assessment is the ablation 
test data for PICA samples reported by Dr. Joseph Koo’s Research 
Group at the University of Texas at Austin [27,28]. In the ablation 
test, four type-K thermocouples (TCs) were embedded at graduated 
depths within the PICA samples that allow for in-situ tempera-
ture history measurements. The locations of the TCs are shown in 
Fig. 3. The PICA samples were clamped and exposed to a heat flux 
Fig. 3. Locations of four thermocouples that are embedded in the PICA samples for 
the oxy-acetylene torch ablation test, left: bottom view, right: cross-section view.

of 1 × 107 W/m2 which was produced via an oxy-acetylene torch. 
The heat flux was measured with a Gardon gauge. The fuel ra-
tio of the torch flame mixture is 1:3.375 by mole (i.e., 0.8 SLPM 
acetylene gas to 2.7 SLPM oxygen gas). The temperature history 
at the receding surface of the PICA samples was recorded using 
a 2-color infrared (IR) pyrometer, while the in-depth temperature 
histories were recorded using the four TCs. Meanwhile, as the ma-
terial surface recedes during ablation, the TCs expose and break 
in succession, providing a series of break times and depths that 
allow to calculate the recession rate. The experimental data for 
temperature and ablation histories are compared with the numer-
ical predictions in Section 4.4.

4.2. Estimation of the convective heat transfer coefficient and recovery 
enthalpy

To perform the model assessment, the convective heat trans-
fer coefficient and the recovery enthalpy need to be determined 
to replicate the surface conditions on the PICA sample due to the 
oxy-acetylene torch flame. However, obtaining these parameters is 
a challenging task which often requires separate surface chemical 
reaction dynamics experimental tests. Such tests were not reported 
and no available parameters can readily be used in the ablation 
model. Langston et al. [27] attempted to calculate the two pa-
rameters using the Chemical Equilibrium with Transport Properties 
program (CET) [42] based on (i) the Fay-Riddell equation for stag-
nation point heat transfer [43] and (ii) the Victor’s model [44]. 
However, their calculation led to a high recovery enthalpy and 
an incredibly low convective heat transfer coefficient (exact val-
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Table 1
The mass fraction and the heat of formation of the oxy-acetylene mixture [45].

Molecular 
Weight

Mole 
Composition

Mole 
Fraction

Mass 
Fraction

Compound Mixture

Heat of Formation Heat of Formation

Unit g/mol – – – kJ/g kJ/g
Acetylene 26.03728 0.8 0.228571 0.19426 8.71366 1.693
Oxygen 31.9988 2.7 0.771429 0.80574 0 0
Total 3.5 1 1 1.693

Table 2
Calculated heat transfer coefficients for equilibrium and frozen conditions at the wall.

Heat flux 
at wall

Recovery 
enthalpy

Frozen Equilibrium

Wall enthalpy Heat transfer coefficient Wall enthalpy Heat transfer coefficient

W/m2 J/kg J/kg kg/(m2-s) J/kg kg/(m2-s)
1 × 107 1692715 −2627506 2.314697 −7673014 1.067723
ues were not reported). Using those unrealistic parameters, the 
predicted surface temperature is 2000 K lower than the experi-
mental data and the predicted total ablation depth is only 1.3% of 
the experimental data. Here, we remark that the analysis using the 
Fay-Riddell equation will not necessarily be accurate because the 
expression is derived for air, not for oxy-acetylene. In this study, 
we present an alternative approach to estimate those parameters.

For the convective heat transfer, the heat flux q is equal to the 
heat transfer coefficient ρe UeC H multiplied by the difference in 
enthalpy between the freestream hr (i.e., the recovery enthalpy) 
and the wall hw :

q = ρeUeC H (hr − hw) . (16)

Then, the heat transfer coefficient therefore can be calculated 
by:

ρeUeC H = q

(hr − hw)
. (17)

To obtain the heat transfer coefficient using Eq. (17), first we 
need to compute the recovery enthalpy hr . In order to do this, 
the mass fraction composition of the oxy-acetylene mixture needs 
to be determined. The volumetric (or mole) ratio of the acetylene 
(C2H2) to oxygen (O2) is given as 0.8 to 2.7 (see Section 4.1), which 
gives a mass fraction of 19.4% acetylene to 80.6% oxygen, as shown 
in Table 1.

The heat of formation of acetylene and oxygen is 8.7137 kJ/g 
and 0, respectively. By taking into account the mass fraction, the 
heat of formation of the mixture (i.e., recovery enthalpy) is there-
fore 1.693 kJ/g.

The adiabatic flame temperature is calculated using the NASA 
ACE [46] with thermodynamic data supplied from the NASA CEA 
database [47]. The calculated temperature is 3287 K.

The next step to calculate the heat transfer coefficient is to de-
termine the wall enthalpy hw in Eq. (17). To do that, we considered 
two cases where the surface is composed of only acetylene and 
oxygen. The first case assumes equilibrium combustion of acety-
lene oxygen at the wall temperature (assumed to be 300 K) with 
only H2O, CO2, and CO species at the wall. The calculated enthalpy 
in this case using the ACE program is −2627.51 J/g. The second 
case assumes that the freestream composition is frozen at the 
wall in which case the calculated enthalpy is −7673.01 J/g. Here, 
it is worth mentioning that the calculated wall enthalpies under 
these two cases are for oxy-acetylene only and used to match 
the calibration. In addition, since the surface conditions are only 
composed of acetylene oxygen, there is no ablation under the two 
cases we considered. In other words, no pyrolyzing B ′

g or charring 
B ′

c is considered under those two cases. In reality, the actual wall 
enthalpy is in between these two values. However, given that the 
pressure is 1 atm, the actual wall enthalpy is likely very close to 
the equilibrium value.

Based on the calculated recovery and wall enthalpies, the cal-
culated heat transfer coefficient using Eq. (17) for a cold wall heat 
flux of 1 × 107 W/m2 is between 1 and 2 kg/(m2-s), as shown 
in Table 2. However, these calculated values are higher than typ-
ical heat transfer coefficients (∼10−1 kg/(m2-s)). Therefore, it is 
conceivable that using these coefficients will lead to unrealistic 
simulation results (see Section 4.4).

4.3. Material system and numerical implementation

In addition to the convective heat transfer coefficient and the 
recovery enthalpy, the material system, including the thermophys-
ical and transport properties of the PICA samples, the pyrolysis gas 
properties, as well as the thermochemistry data (B ′

g and hw , note 
that here the wall enthalpy considers a ablating surface condition, 
which is different from the one used in the calibration of heat 
transfer coefficient (see Table 2)), also needs to be provided for 
the ablation model for PICA. Although the microstructure and ab-
lation behavior of PICA have been studied [48,49], unfortunately, 
the material model for PICA is not available in the public domain. 
In this study, the Theoretical Ablative Composite for Open Testing 
(TACOT) material system is used for the model assessment [36]. 
Such a material system has also been used in Refs. [27,28] for 
model validations with PICA samples.

The numerical prediction is then performed using the pro-
posed FEA procedure with ABAQUS (see Fig. 2). The computational 
domain, mesh configurations, laptop configurations are the same 
with those used in our prior model verification work [26]. The 
computational predictions of temperature and ablation histories 
are discussed and compared with the experimental data in the sec-
tion below.

4.4. Results for model assessment

4.4.1. Comparison between simulation results and experimental data
Fig. 4 provides a comparison of predictions with the experimen-

tal data for the ablation history. Here, the “equilibrium” in the leg-
end denotes the simulation case using the heat transfer coefficient 
calculated by assuming an equilibrium combustion of acetylene 
oxygen (ρeUeC H = 1.067723, see Section 4.2), while the “frozen” 
denotes the case using the heat transfer coefficient calculated by 
assuming a frozen condition on the surface (ρe UeC H = 2.314697, 
see Section 4.2). As one can see from Fig. 4, using those heat 
transfer coefficients, the resulting recession rates are much higher 
than the experimental data (see also in Table 3). In particular, the 
reported total ablation depth after the PICA sample had been ex-
posed to the oxy-acetylene torch for 30 s is 7.1 mm, the predictions 
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Fig. 4. Comparison of ablation depth predicted using ABAQUS with reported experi-
mental data.

Fig. 5. Comparison of temperature histories on the surface and at four thermocouple 
locations predicted using ABAQUS (equilibrium case) with experimental data. (For 
interpretation of the colors in the figure(s), the reader is referred to the web version 
of this article.)

show, however, the recession reaches the same depth with only 
4.64 s (equilibrium) and 2.10 s (frozen). The recession rate is 6.38 
times (equilibrium) and 14.08 times (frozen) higher than the ex-
perimental data.

A comparison of prediction (equilibrium) and experimental data 
for the temperature history is illustrated in Fig. 5. It can be seen 
that although the predicted surface temperature agrees fairly well 
with the experimental data (after 10 s), the in-depth temperature 
predictions at four thermocouple locations (i.e., TC1, TC2, TC3, and 
TC4) are significantly different from the experimental data.
Fig. 6. Energy balance and control volume for steady-state ablation.

Here, the experimental data and the simulation results of 
the average surface temperature, times when recession reaches 
7.1 mm, and the average recession rate are tabulated in Table 3. 
To investigate possible reasons for the inconsistency between the 
simulation results and experimental data, a steady-state ablation 
analysis is performed in the section below to check the effects of 
the convective heat transfer coefficients on the temperature and 
ablation responses.

4.4.2. Steady-state ablation analysis of TACOT subjected to an 
oxy-acetylene torch

When steady-state conditions occur, it is possible to write the 
energy balance around a control volume extending just above the 
ablating surface and far down into the material where the temper-
ature has reached ambient material conditions, as shown in Fig. 6.

An energy balance around the control volume shown in Fig. 6
results in the following equation:

ρeUeC H · (hr − hw) − ρeUeC H B ′ · (hw − hv)

− σε
(

T 4
w − T 4∞

)
= 0, (18)

where the terms in Eq. (18) represent in order from left to right: 
convective flux, energy due to mass removal (hv is the enthalpy of 
the virgin solid at room temperature), and re-radiation. Note that 
the energy balance is independent of the specific heat transfer and 
decomposition processes occurring within the material. The total 
mass loss rate is composed of the in-depth pyrolysis mass flux ṁg
and the surface char flux ṁc , but only the total mass flux needs to 
be determined and the knowledge of the values of the individual 
fluxes is not needed in the energy balance.

Solution for the steady-state temperature and mass loss is ob-
tained by solving the overall energy balance in Eq. (18) in conjunc-
tion with the surface thermochemical relationship Eqs. (13)-(15). 
Finally, since steady-state conditions occur, the ratio of the char to 
pyrolysis mass flux can be expressed as:

B ′
c

B ′
g

= Bss, (19)

where Bss is a constant based on the decomposition characteristics 
of the constituent components of the composite and is computed 
from the virgin and char densities.
Table 3
Comparison between numerical predictions and experimental data.

Parameter Experimental ABAQUS Prediction (using ρe Ue C H

calculated for the equilibrium case)
ABAQUS Prediction (using ρe Ue C H

calculated for the frozen case)

Avg. surface temperature (K) 2400 2450 2680
Time to reach 7.1 mm recession (s) 30.00 4.64 2.10
Avg. recession rate (mm/s) 0.24 1.53 3.38
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Fig. 7. Recession rate versus heat transfer coefficient for steady-state ablation of 
TACOT subjected to the oxy-acetylene torch flame.

Fig. 8. Surface temperature versus heat transfer coefficient for steady-state ablation 
of TACOT subjected to the oxy-acetylene torch flame.

At the steady state, the ratio of char to pyrolysis mass loss is 
a fixed value given by the composition of the base material. For 
the TACOT material, the virgin density is 280 kg/m3 and the char 
density is 220 kg/m3. Therefore, the pyrolysis loss is 60 kg/m3, 
and the ratio of char to pyrolysis mass loss is 3.666 (i.e., 220/60), 
so that the final constraint becomes:

B ′
c

B ′
g

= 3.666, (20)

For TACOT, hv = −857 J/g and for the acetylene torch condi-
tions hr = 1693 J/g. The emissivity ε is assumed to be 0.9. Reces-
sion rates and surface temperatures for various values of the heat 
transfer coefficient are shown in Figs. 7 and 8. Note also the range 
of the experimental data is also shown.

The results show that there is not one single value for the heat 
transfer coefficient that matches both the measured recession rate 
and surface temperature. In other words, the recession and surface 
temperature torch data together are not consistent with the TACOT 
model. To the authors’ knowledge, there could be four possibili-
ties for causing such an inconsistency: (i) the TACOT model used 
in the simulation doesn’t represent the true material property of 
PICA well, (ii) The thermocouple wires used in the experimental 
test were too thick, which removed the heat from the junction and 
resulted in low measured temperatures, (iii) The torch and sam-
ple were too small, and do not represent a 1-D configuration, and 
(iv) The surface kinetics may be finite and the assumption of equi-
librium at the surface (see Section 4.2) was not valid.
5. Conclusion

In this paper, an FEA has been performed with ABAQUS for a 
1-D charring ablation model to predict the temperature and ab-
lation histories of a PICA sample subjected to oxy-acetylene torch 
flame. Multiple ABAQUS subroutines have been developed to ac-
count for the effects of material decomposition, charring, and pro-
gressive material removal in the heat transfer governing equation 
and the surface energy balance yielded boundary conditions. The 
recovery enthalpy and the convective heat transfer coefficient for 
the ablation model have been calculated based on the gas compo-
sitions and two assumed surface conditions (i.e., equilibrium and 
frozen). Using the calculated recovery enthalpy and the convec-
tive heat transfer coefficient, the predicted surface temperature 
showed fair agreement with the experimental data. However, the 
predicted recession rate was 6.38 times (equilibrium) and 14.08 
times (frozen) higher than the experimental data. To investigate 
such an inconsistency, a steady-state ablation analysis has been 
proposed to check the effect of the heat transfer coefficient on 
the surface temperature and recession rate. Results of the steady-
state ablation analysis indicate that there was no single value for 
the heat transfer coefficient to match both the surface tempera-
ture and recession rate. Possible reasons for such an inconsistency 
include: (i) TACOT model doesn’t represent PICA well, (ii) Thermo-
couple wires were too thick removing heat from the junction and 
resulting in low measured temperatures, (iii) The torch and sample 
were too small not representing a 1-D configuration, and (iv) Sur-
face kinetics may be finite and the assumption of equilibrium at 
the surface was not valid. Despite the inconsistency between the 
current predictions and the experimental data, this paper provides 
a semi-empirical procedure for approximating the surface bound-
ary conditions for the oxy-acetylene torch test platform based on 
the traditional hypersonic flow approaches as well as a prelimi-
nary method for the evaluation of the inconsistency based on a 
steady-state ablation analysis. The current validation attempt is 
also of great significance for the future model validation effort on 
the charring ablation because it provides useful recommendations 
on (i) the potential directions to improve the accuracy of tempera-
ture measurement for future ablation test designs and (ii) potential 
directions to improve the representativeness and accuracy of the 
future charring ablation models for PICA. In the future, a more rig-
orous model needs to be developed based on the aero thermal 
computational fluid dynamics (CFD) to investigate the torch envi-
ronment and validate the traditional hypersonic flow approaches 
through comparisons with experimental diagnostics.
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