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Nomenclature

= decomposing rate coefficient, 1/s
normalized ablation rate, 7. /p,U,Cy
specific heat, J/ (kg - K)

activation energy, J/mol

enthalpy, J/kg

= mass weighted averages of the material enthalpy,
J/kg

= pyrolysis gas mass flux, kg/(m? - s)

thermal conductivity, W/(m - K)

universal gas constant, 8.314 J/(mol - K)

surface recession rate, m/s

temperature, K

time, s

in-depth direction coordinate, m

emissivity coefficient

density, kg/m?

heat transfer coefficient, kg/(m? - s)

Stefan—Boltzmann constant, W/(m? - s - K*)

reaction order
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1. Introduction

URING hypersonic reentry, the outer surface of the heat shield

[i.e., the ablating thermal protection system (TPS)] experiences
extreme high temperature due to complex convective and radiative
heating. With increasing temperature, pyrolyzing TPS material
decomposes and then releases the pyrolysis gas. Meanwhile, the
outer surface undergoes chemical reactions, including vaporization,
nitridation, and oxidation, which leads to the progressive material
removal (i.e., the ablation).

For the past several decades, the development of accurate
simulation models to predict the thermal and ablative response of
such pyrolyzing materials has been an interest in the ablation research
community [1-8]. As a consequence, numerous corresponding
computational codes have been successfully developed to date, such
as the CMA code and the FIAT analysis tool. The common feature of
these codes is that they use moving grid systems with the finite
difference (or finite volume) method. However, the availability of
these codes to the research community is often restricted. Moreover,
these codes are limited to one-dimensional (1-D) geometries/
configurations and thus may not fully capture the effects of the
complex geometric features on the resulting thermal and ablative
response. Recently, a few attempts have been made to model
pyrolyzing ablation problems with finite element analysis (FEA)
[5-7]. When compared with the finite difference (or finite volume)
method, the finite element method provides improved computational
capabilities due to the flexibility and enhanced applicability of the
method, especially to complex geometries [5—7]. A few custom-
written ablation codes based on a finite element method have been
recently developed [53,6,9]. On the other hand, the recent
improvements of the commercial general-purpose FEA programs
(e.g., ABAQUS) have also allowed them to be used for modeling
pyrolyzing ablation problems. Moreover, when compared with
custom-written ablation codes, the commercial general-purpose FEA
programs provide enhanced capabilities in the form of usability, pre-
and postprocessing, mesh generation, flexibility, etc. [7]. However,
the default heat transfer analysis in these commercial FEA programs
only allows one to model the general heat transfer problem, in which
the heat loss due to material decomposition and surface material
removal are not considered. In this Note, we present a novel
computational procedure with ABAQUS that enables us to model a
1-D pyrolyzing test case. The computational procedure is performed
using the ABAQUS coupled thermal-displacement step with multiple
user subroutines and the ALE adaptive remesh algorithm, which
allows a tight coupling between the in-depth heat conduction
considering the material decomposition and the progressive material
removal. Moreover, the proposed procedure solves sequentially the
temperature and the density change (i.e., the temperature is solved
first and then used to calculate the density change afterward). In this
note, the proposed FEA computational procedure is verified by
comparing the predictions of the temperature and ablation histories of
the pyrolyzing material with the predictions obtained from the well-
validated ablation code FIAT.

II. Problem Formulations and Numerical Procedure
A. Problem Formulations of Ablation

The fundamental modeling equations for hypersonic reentry
ablation problems have been well studied in the literature [2-6]. Here,
we provide a brief review of these equations. First, the in-depth
energy balance equation that considers the decomposition of
pyrolyzing material for a 1-D ablation problem in a coordinate fixed
in space is written as
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Fig.1 Schematic of the proposed FEA procedure for solving pyrolyzing ablation problems with ABAQUS (where “inc” denotes time increment).
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Note that the material properties (e.g., C,, k, and h,) are all
functions of temperature or both temperature and pressure. The
descriptions for these functions can be found in [5-7]. The pyrolysis
gas mass flux 7z, at any location y, in the case of a 1-D ablation
problem, can be calculated using

. Y dp
=—[ =4 2
1y Adt y (2)

Here, the rate of density variation of the pyrolyzing material due to
the decomposition of the resin components is typically expressed
using the following equation:

dp E P =P\
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Second, the surface energy balance that considers the surface
material removal of the pyrolyzing material during ablation is
written as

dr
_ka = /)eUeCH : (hr - hw) + peUeCH : (Béhc + Béhg - B,hw)
—o0e(Ty, - Tg,) 4
where B’ is the total normalized ablation rate, that is,

B’ = B; + B! (®)]
with B, being the normalized ablation rate due to pyrolysis gas
liberation, and B/ being the normalized ablation rate due to char
consumption.

Here, the normalized ablation rate due to pyrolysis gas liberation
B, can be calculated using

By =—* 6
£ peuecH ( )

Once By is calculated, the enthalpy of the gas phase just above the
surface h,, and the normalized ablation rate due to char consumption
B/ can be obtained using the three-dimensional (i.e., with respect to
pressure, temperature, and Bg) B’ look-up table [10]. After that, the
normalized mass loss rate due to charring 71, is calculated using

rhc = Bé 'peuecH @)

Finally, the surface recession rate s [i.e., the rate of surface material
removal, see Eq. (1)] can be obtained using

§=—< ®)

B. Numerical Implementation with ABAQUS

The default heat transfer analysis provided in ABAQUS considers
the general heat conduction scenarios without taking into account the
heat loss due to the material decomposition for the pyrolyzing
ablation problems and thus is insufficient to model the pyrolyzing
ablation problems. Meanwhile, the default heat transfer analysis is
unable to track the moving boundary condition due to surface
material removal during ablation. Moreover, the default convective
boundary condition that can be defined in the ABAQUS input is
expressed as a function of surface temperature, whereas in the case of
pyrolyzing ablation problems, the convective boundary condition is a
function of enthalpy due to surface chemical reactions [see the first
term on the right side of Eq. (4)]. To enable ABAQUS with the
capability of modeling the pyrolyzing ablation problems, additional
user subroutines must be provided.

The proposed FEA procedure is performed using the coupled
thermal-displacement step in ABAQUS, and it is supplemented by
five ABAQUS user subroutines and the ALE adaptive remesh
algorithm (see schematic diagram in Fig. 1) [11]. Here, the FILM
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Fig. 2 Comparison of recession history between the predictions from
ABAQUS (with two different sets of mesh size) and FIAT.
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Fig. 3 Comparison of predicted temperature histories at surface and
different depths of the material between ABAQUS and FIAT.

subroutine is used to obtain the temperature on the surface nodes at
each time increment, whereas the USDFLD subroutine serves to
update the material properties (e.g., thermal conductivity and specific
heat), density change, mass flux, and By after each time increment.
Note that the integral in Eq. (2) (i.e., the pyrolysis gas mass flux) is
computed using the trapezoidal rule (although a higher-order
integration scheme could be used). The instant material properties
and the temperature of the surface nodes are passed to the DFLUX
subroutine to determine the surface boundary condition (4).
Meanwhile, the heat generation considering material decomposition
[Eq. (1)] is defined in the UMATHT subroutine. The temperature
solution at each time increment is obtained by solving the governing
equation (1) with surface boundary condition (4). Then, the
temperature solution is transferred to the UMESHMOTION
subroutine to calculate the instant recession rate [Eq. (8)] and the
ablation depth. With the calculated instant ablation depth, the
UMESHMOTION subroutine moves the surface nodes to their new

2850
5400 1em
3200
3000
1800
1600
14
1220
1000 5300
3% 1029
300 1400
1200
i
2850
600 2400
ggg 2200
2000
1800
1600
1400
1200
1000
800
600
400
300
a) b) ©)

locations. After that, the entire computational domain is remeshed
with the ALE adaptive remesh algorithm and used to calculate the
temperature solution for the next time increment. This procedure
repeats until the last time increment, therefore enabling a tight
coupling between the heat conduction considering material
decomposition and the progressive shape change of the material.
The data transfer between different user subroutines is achieved using
common blocks provided by FORTRAN. Note that using common
blocks in ABAQUS subroutines limits the proposed FEA procedure
to a single CPU computational process (alternative methods need to
be sought to allow for parallel computing).

III. Simulation Results and Verification

The pyrolyzing material considered in this Note is the theoretical
ablative composite for open testing (TACOT) 3.0 test case material,
where the material properties are listed with respect to temperature
and pressure [10]. The material properties at a certain temperature
and pressure are linearly interpolated during FEA with in-house
developed FORTRAN utility subroutines. Note that the pressure is
assumed to be constant at 1 atm in this study.

The thickness of the 1-D computational domain is 0.1 m. The
upper surface of the material is exposed to a convective boundary
condition with a heat transfer coefficient of 0.1 kg/(m? - s) and a
recovery enthalpy of 40 MJ /kg. The bottom surface is adiabatic and
the duration of the ablation is 600 s.

A. Numerical Accuracy: Effects of Mesh Size

To study the effects of mesh size on the numerical accuracy, two
simulation cases are performed with two sets of mesh sizes. For both
cases, fine meshes are used at the region near the heated surface (with
minimum mesh sizes being 10 X 2 and 10 X 0.06 mm for the first and
second case, respectively), whereas more coarse meshes are used at
the region away from the heated surface (with maximum mesh sizes
being 10x2 and 10X 1 mm for the first and second cases,
respectively). The average computational time is about 3 min on a
laptop PC. The predicted recession histories using the proposed
computational procedure for these two cases are compared with the
results obtained from the well-validated 1-D finite-volume ablation
code FIAT, developed by NASA Ames Research Center [2]. Figure 2
illustrates that the percentage error of ablation depth drops from 3.9 to
1.7% when the minimum mesh size is decreased from 2 to 0.06 mm. It
should be noted that the percentage error may necessarily increase if
the ablation duration extends, nevertheless, it can be mitigated with
an even finer mesh. For a minimum mesh size of 0.06 mm, the
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Fig. 4 Temperature distributions and ablation profiles at a) 100, b) 300, and c¢) 600 s and density distributions at d) 100, e) 300, and f) 600 s.
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temperature results are presented in the following section. Here it is
worth mentioning that, with such a minimum mesh size (and time
increment), the sequential computational procedure provides quite
accurate results in terms of global behavior.

B. Simulation Results and Verification

The temperature responses at the surface and depths of 0.001,
0.002, 0.004, 0.008, and 0.016 m are predicted with the fine mesh set
(i.e., minimum mesh size of 0.06 mm) using the proposed FEA
procedure. The predictions are compared with those predicted from
FIAT, as shown in Fig. 3, and it can be seen that good agreement is
achieved. In addition, Fig. 4 illustrates the temperature distributions
and ablation profiles at 100 (Fig. 4a), 300 (Fig. 4b), and 600 s
(Fig. 4¢c). Moreover, the status of material decomposition can also be
visually observed by examining the density distributions of the
material. Figures. 4d—4f provide the density distributions at 100
(Fig. 4a), 300 (Fig. 4b), and 600 s (Fig. 4c), where the region with
density of 280 kg/m? (i.e., the virgin density) denotes the virgin
material, the region with density of 220 kg/m? (i.e., the char density)
denotes the char layer, and the region with density between 220 and
280 kg/m? denotes the pyrolysis zone.

IV. Conclusions

In this Note, a novel finite element analysis (FEA) computational
procedure with ABAQUS has been proposed to predict the thermal
and ablative response of the TACOT 3.0 test case (1-D) pyrolyzing
material. The FEA procedure consists of multiple user subroutines
and the ALE adaptive remesh algorithm, which enables a tight
coupling between the heat conduction considering material
decomposition and the progressive material removal. The predicted
temperature and ablation histories using the proposed FEA procedure
compare favorably with those predicted using FIAT (i.e., a well-
validated pyrolyzing ablation code). It is also worth mentioning that
the user subroutines of this proposed FEA procedure can be easily
integrated as an add-on toolkit into ABAQUS, which would provide a
more user-friendly modeling environment. The feasibility of
extending the proposed FEA procedure to two- and three-
dimensional pyrolyzing ablation problems will be investigated in
future work.

The essence of this note is to demonstrate that a commercial finite
element code, such as ABAQUS, can be used to perform ablation
calculations. Currently, these calculations have required specialized
custom-written codes and the advantages of using a commercial code
have been demonstrated in other disciplines (e.g., structural and
CFD). Future work will also investigate the effectiveness, limitation,
and applicability of the proposed procedure for a broader range of
ablation conditions.

It is also worth noting that, for relatively low-conductivity
materials, the practice of using a 1-D ablation model is well
documented and provides sufficient accuracy for initial sizing
analysis. In this Note, the proposed 1-D ablation model decoupled the
in-depth thermal response from the flowfield. To achieve more
accurate predictions, the shape change needs to be coupled with the
flowfield (i.e., the gas—solid boundary condition needs to be solved in
a time-dependent manner). Although coupling the shape change to
the external flow solver can be done, often times the change in the
body geometry as a result of ablation is small, hence the decoupling
of the flow and the in-depth thermal response. Even if the shape

change is large, decoupled methods are still attractive because of the
economy of calculation. Many current space vehicles are designed, at
least initially, using a decoupled approach, even the Mars Science
Laboratory vehicle [8]. Note that the procedure presented in this Note
does not preclude the eventual coupling of the flowfield to the vehicle
shape change due to ablation, instead, it is the first step in achieving
this more ambitious goal.
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