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ABSTRACT

Updates on NASA’s efforts to build predictive material mod-
els from the micro-scale to the macro-scale are presented.
To complement the mission design cycle process and reduce
the need for extensive testing, NASA is developing model-
ing and simulation tools that enable characterizing material
properties and response to hot plasma experienced during at-
mospheric entry. The PUMA (microstructure analysis), PATO
(macroscale material response), SPARTA (direct simulation
Monte Carlo) and ARCHeS (arc heater modeling) codes are
described. A range of applications, encompassing calculat-
ing effective material properties, study of high shear bound-
ary layer flow over woven materials, new model of silicone-
based coatings, new model of mechanical erosion, as well as
approach to loose multi-physics coupling, are presented.

Index Terms— PuMA, PATO, SPARTA, ARCHeS

1. INTRODUCTION

The Predictive Material Modeling (PMM) effort is part of the
Entry Systems Modeling (ESM) project under NASA’s Game
Changing Development (GCD) program. A suite of comput-
ing tools has been either created or co-developed under the
PMM framework. These tools include microscale analysis
(PuMA), macroscale material response analysis (PATO), di-
rect simulation Monte Carlo (SPARTA), as well as arc heater
modeling (ARCHeS). Moreover, various coupling pathways
have been implemented in a common framework to automate
linking between the PMM tools, as well as other NASA soft-
ware. This paper will detail the various tools, as well as their
use in some recent NASA applications.

2. SOFTWARE TOOLS

2.1. PuMA

The Porous Microstructure Analysis (PuMA) open-source
software was developed to provide a robust and efficient
framework for computing material properties based on 3D

microstructures. The development was motivated by ad-
vancements in X-ray microtomography, an imaging tech-
nology that can resolve the structure of a material at a sub-
micron scale, in 3D, and even in 4D (over time). Over the
past decade, this technique has revolutionized the field of
materials science for its ability to non-destructively analyze
a material microstructure as well as provide digitized data on
the geometry of the microstructure. It has provided insights
into materials relevant to several NASA missions, including
heatshields, parachute fabrics, meteorites, and other advanced
composites, such as shown in Figure 1.

Fig. 1. Micro-CT woven Thermal Protection System (TPS)
imported in the PuUMA GUI, 3D rendered using thresholding,
and post-processed with two segmentation and orientation de-
tection [1].
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PuMA, in its current version 3 [2], provides the capability
of computing a comprehensive spectrum of properties, from
the most fundamental geometric features of a microstructure
to advanced anisotropic thermo-elastic and chemical behav-
ior. Specifically, the software can compute morphological
properties (e.g. specific surface area, volume fractions, mean
intercept length, orientation), and physical properties (e.g.
conductivity, elasticity, permeability, tortuosity), as well as
simulate the material decomposition (e.g. oxidation, surface
chemistry). The software can generate artificial microstruc-
tures, ranging from simple analytical shapes to complex
fibrous woven and non-woven geometries. Coupling material
generation and characterization enable parametric studies and
sensitivity analysis to optimize the microstructural perfor-
mance and inform design decisions and reliability assessment
based on uncertainty quantification.

2.2. PATO

The Porous-material Analysis Toolbox based on OpenFOAM
(PATO) software, an open-source research toolbox managed
by the PMM team at NASA Ames Research Center, includes
high-fidelity mass and heat transfer models for porous reac-
tive materials containing several solid phases and a single gas
phase [3]. Detailed chemical interactions occurring between
the solid phases and the gas phase (i.e. solid pyrolysis, pyroly-
sis species injection in the gas phase, heterogeneous reactions
between the solid phases and the gas phase, and homogeneous
reactions in the gas phase) are modeled at the pore scale as-
suming Local Thermal Equilibrium (LTE). Chemistry is inte-
grated in a macroscopic model derived by volume-averaging
the governing equations for the conservation of solid mass,
gas mass, momentum, energy, and either species when finite-
rate chemistry is used or elements when equilibrium chem-
istry is used. PATO exists as a module of the open-source
Computational Fluid Dynamics (CFD) software OpenFOAM.
It dynamically links to the open-source library Mutation++,
produced by the von Karman Institute for Fluid Dynamics, to
compute equilibrium chemistry compositions along with ther-
modynamic and transport properties [4]. PATO is capable of
using finite-rate chemistry to model gas surface interactions,
but equilibrium chemistry is more commonly used [5]. It has
been verified against the Fully Implicit Ablation and Thermal
Analysis (FIAT) software, NASA’s state-of-the-art code for
TPS response modeling, which has been extensively validated
based on arc-jet tests and flight data [6]. Three main strate-
gies have addressed the flow/material coupling problem: 1)
decoupled, standalone solvers for material and flow domains,
2) weak or strong coupling between standalone solvers, and
3) unified solvers. The first, and most popular strategy, con-
sists of decoupling the flow field entirely from the material
response and solving each domain utilizing CFD solvers for
the environment and ablator thermal response solvers for the
material. The second strategy consists of loosely coupling the

flow and material response [7, 8, 9, 10], assuming that the
flow field adapts instantaneously to material shape change.
The third and more complex strategy relies on generalizing
the governing equations to solve the flow field and the ma-
terial in a unified approach [11, 12, 13]. Due to the strong
coupling between each phase, this approach mitigates several
Gas-Surface Interaction (GSI) assumptions from the previous
strategies, making it possible to distinguish the competition
between volume and surface ablation, which is impossible
with the former two methods. The unified solver, currently
under development in PATO, has been verified for simple test
cases, including a porous plug geometry and the Beavers and
Joseph problem [14]. Results were compared to Ref. [15], and
show good agreement. More details about the unified solver,
particularly the governing equations using the Volume Aver-
age Navier-Stokes equations, will be published in the near
future.

2.3. SPARTA

SPARTA is an open-source direct simulation Monte Carlo
(DSMC) code managed by Sandia National Laboratories
with contributions from NASA Ames [16]. It is largely an ef-
ficient implementation of Bird’s 1994 formulation [17], with
the initial goal of running DSMC efficiently on the largest
available supercomputers. Recently, this has included the
development of DSMC kernels that can run on GPUs and
multi-core CPUs via Cuda and OpenMP threading. SPARTA
has been used to run the largest DSMC simulations that have
been reported [16], with up to one hundred billion particles
and billions of grid cells. SPARTA also supports models with
billions of surface elements. A secondary goal was to make it
easy to add new capabilities to SPARTA, so that the code can
be used as an open research platform for users and developers
to implement and test new models. These include, amongst
others, different gas/surface collision/chemistry models or
boundary conditions. SPARTA uses a multi-level hierarchical
rectilinear grid with cut/split embedding of surface elements
(triangles in 3D, line segments in 2D, or 2D axisymmetric).
It also implements two kinds of surface elements: explicit,
which is the standard definition of surface elements from a
CAD-like input file, or implicit, defined by level-set values
on grid corner points, which can be input from a voxelated
image of a physical object. A Marching Cubes algorithm is
used to create triangles in each grid cell. SPARTA is also
used for computations of high altitude / low density rarefied
hypersonic flows. It has been used to compute early tra-
jectory times for both Mars Science Laboratory (MSL) and
Mars 2020 missions (see Fig. 2), as well as other space mis-
sions, and mission concept investigations, in particular for
Venus [18].
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Fig. 2. Pressure on the backshell of Mars 2020 at t=39 s post
Entry Interface, computed from SPARTA.

2.4. ARCHeS

The ARC Heater Simulator (ARCHeS) analysis tool pro-
vides a parallel, unstructured, finite volume solver based on
the OpenFOAM library. ARCHeS includes the solution of
line-by-line, or tabulated binned, three-dimensional radiative
transfer, imposed current density, imposed magnetic field,
external magnetic field, and turbulence models. Once again,
Mutation++ is used to compute the equilibrium gas mixture
composition as well as thermodynamic and transport prop-
erties. Three-dimensional and time-dependent simulations
presented in this work show plasma instabilities in the con-
strictor of the arc heater. Analysis of the electric arc dynamics
will provide a better intuitive understanding of the complex
behavior of plasma flow observed in arc jets. Massively
parallel and efficient simulation capability in ARCHeS al-
lows long-time integration, necessary for the development of
the plasma instabilities. The formulation used in ARCHeS
has been demonstrated to be efficient to attain convergence
on very stiff non-linear systems encountered in plasma flow
simulations [19]. The unsteady flow is simulated from the
anode chamber to the nozzle throat. LTE is assumed in the
high-pressure arc heater. The imposed electric potential,
the imposed magnetic field, and the external magnetic field
are computed through Maxwell equations using a general-
ized geometric-algebraic multi-grid solver and are coupled
to the flow through the Navier-Stokes equations. The three-
dimensional radiation is solved using an accurate multi-band
spectral discretization and Gaussian quadrature directional
discretization. The inlet mass flux and the total current were
chosen to be close to the operating conditions of large arc jet
complexes used for TPS performance evaluation. One of the
major conclusions from a recently published manuscript [19]

is that capturing the arc instabilities enables describing the
arc behavior and attachment at the cathodes without the need
of a reattachment model. The magnetic field plays an essen-
tial role in the flow characterization from the anode chamber
to the nozzle throat. The location and frequency of the arc
attachment at the cathodes are mainly driven by upstream arc
instabilities.
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Fig. 3. Cutting plane of the temperature inside an arc jet
heater, from the anode chamber to the nozzle throat [19].

3. APPLICATIONS

This section will offer a glimpse of the various applications
that currently use the PMM software tools at NASA Ames
Research Center.

3.1. Effective material properties with PuMA

The characterization of TPS materials is a fundamental, and
often onerous, step in the design of new heatshields. PuMA
offers a comprehensive suite of functionalities that enable
computing homogenized material properties starting from a
digital 3D geometry of the material microstructure. As pre-
viously mentioned, this voxel representation can either come
directly from micro-CT, or it can be artificially generated
using the synthetic generator functions that are part of PUMA
or can be added to PuMA.

Figure 4 shows three important properties that are rele-
vant to NASA heatshield applications, namely effective ther-
mal conductivity, elasticity, and permeability. These physical
properties are governed by Laplace’s equation for steady-state
heat conduction, Newton’s equation for linear static elastic-
ity, and Stokes’ equation for slow creeping flow. The com-
putation of the first two is based on similar finite volume
numerical methods, respectively called the Multi-Point Flux
Approximation (MPFA) and Multi-Point Stress Approxima-
tion (MPSA), whereas the third one relies on a Q1-Ql1 finite
element method. At a high level, the homogenization pro-
cess is carried out in a similar way for all these properties,
by enforcing a gradient across a Representative Elementary
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Volume (REV) with periodic boundary conditions, converg-
ing the solution to steady state, and then averaging the cor-
responding quantity (i.e. converged flux, stress, or velocity)
throughout the microstructure. Some examples of this pro-
cedure are shown in Figure 4: the effective conductivities
of FiberForm (precursor of PICA [20]) and the ADEPT [21]
weave were computed by running simulations across the three
Cartesian axes; similarly, by imposing a displacement gradi-
ent, the mechanical properties of an artificial weave resem-
bling a 3D Mid-Density Carbon Phenolic (3MDCP) TPS [22]
were computed for the different phases and scales (phenolic
resin, fiber-resin interaction, and woven unit cell); finally, the
permeability of FiberForm was also computed, as shown by
the pressure and velocity fields estimated by the software.

3.2. High Shear Boundary Layer Flow over woven TPS

There are many mechanisms by which the TPS material
erodes — reaction with atmospheric gases, sublimation, and
spallation. Spallation is a mechanism by which small chunks
of material get removed due to the gas flow. This reduces
the ability of the TPS material to protect the spacecraft as
well as causes turbulence in the flow causing higher heating
rates. In this application, we compute heat flux, pressure,
and shear stress on the surface of weave fibers immersed in
boundary layer flow over ablated TPS material, as a part of
an over-arching goal to develop a spallation model for woven
TPS material.

The TPS microstructure geometries were obtained at var-
ious stages of erosion using PuMA oxidation module and are
imported into SPARTA. The flow over the fibers uses a bound-
ary layer profile obtained from a CFD simulation of Earth
entry conditions over the Mars Sample Return (MSR) Earth
Entry Vehicle (EEV) spacecraft. This profile is provided as
an input condition to the DSMC at the inlet and outlet bound-
aries. The gas is assumed to be fully dissociated and the sur-
face temperature is assumed to be 3250 K. A fully diffuse
scattering boundary condition is applied on the surface of the
fibers. At steady state, there are around 13 million particles
in the domain. Once steady state is reached, the final data is
averaged over 100,000 time steps to obtain good averages.

Fig. 5 shows the DSMC simulation results of heat flux
during boundary layer flow over chemically eroded woven
TPS material with and without resin. The heat flux for the
case with the resin is about 50% higher than the case without
the resin. Similar plots showing the shear stress are presented
in Fig. 6. We find that the shear stresses are higher in the
case of TPS with resin by a factor of about four. It is also
interesting to note that the maximum heat flux is located at
the leading edge, while the maximum shear stresses occur at
the trailing edge. The ability of the flow to penetrate into the
microstructure in the case where there is no resin allows for
a much higher dissipation area leading to lower shear stresses
and heat flux loads. Thus, the TPS material with the resin is

more susceptible to mass loss due to spallation.

3.3. PICA-NuSil modeling

The heatshields of the MSL and Mars 2020 missions were
made out of Phenolic Impregnated Carbon Ablator (PICA), a
lightweight ablator developed at the NASA Ames Research
Center to protect entry capsules from the severe environment
encountered during atmospheric entry. Both heatshields and
instrumentation plugs of these missions were lightly sprayed
with NuSil CV-1144-0 (NuSil), a space-grade silicone-based
coating. The primary purpose of the thin coating is to act as
a sealant for dust suppression during clean room operations.
Despite its less than a millimeter thickness, NuSil alters the
thermal response of the TPS, generating the need for the de-
velopment of a new PICA-NuSil model (PICA-N) essential
for the accurate interpretation of experimental data and TPS
sizing of future missions.

To support the development of the PICA-N model, ded-
icated arc jet experimental campaigns have been conducted,
with the first one being at NASA’s Langley Hypersonic Ma-
terials Environmental Test System (HyMETS) arc jet facil-
ity, generating critical data for characterizing the thermal re-
sponse of coated PICA [25]. In the original uncoated PICA
simulations, thermochemical ablation was calculated using B’
quantities assuming purely carbon graphite charred surface.
Based on phenomenological observations and the fact that
silicon oxycarbide layers transform mainly into domains of
SiO4 due to their interaction with the boundary layer species,
charred NuSil was modeled as a SiO interface till its com-
plete removal, requiring the original single component for-
mulation of the Mutation++ surface mass balance solver to
be extended to multi-component surfaces [26, 27]. The thick-
ness of the coating affects only the surface response and not
the bulk PICA, which was modeled based on the extensively
validated work of Milos et al. [28], used in all missions with
PICA as heatshield.

One of the twelve experimental cases of the HyMETS
campaign that was used to develop the PICA-N model for
air is shown in Fig. 7. The experimental conditions were
140 W/cm? cold-wall heat flux and pressure of 5600 Pa
with air as the testing gas. The boundary conditions for
the material response were obtained from CFD simulations,
giving pressure, non-dimensional heat transfer coefficient,
and boundary layer edge enthalpy around the test sample.
It was observed that during the first 20 seconds, the NuSil
coating remained on the sample providing extra protection.
After its first removal at the stagnation line, the surface tem-
perature and recession increased. At the end of the heating
process (30 seconds), the coating was only removed in a disk
around the stagnation line. PATO simulations showed good
agreement with experimental results, predicting two temper-
ature plateaus, the temperature jump location, and the total
recession of 1.93 mm.
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Fig. 4. Some advanced material properties that PUMA can compute: conductivity [23], elasticity [24], and permeability. The top
row shows the methods used for homogenization, while the bottom row shows the Verification and Validation (V&V) exercises

that were performed on some 3D geometries relevant to NASA.
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Fig. 5. DSMC results of heat flux during boundary layer flow
over chemically eroded woven TPS material with and without
resin.
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Fig. 6. DSMC results of shear stress during boundary layer
flow over chemically eroded woven TPS material with and
without resin.
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Fig. 7. Simulation of HyMETS conditions using the PICA-N
model in air, showing temperature field and stagnation line
profile compared to experimental results.

An accurate PICA-N model will be paramount for the cor-
rect interpretation of the Mars Entry, Descent, and Landing
Instrumentation 1 and 2 (MEDLI and MEDLI2) in-flight data
of the MSL and Mars2020 missions. These in-flight data are
important for the validation of state-of-the-art aerothermody-
namics models and sizing of future NASA missions.

3.4. Mechanical erosion modeling

For ablative thermal protection materials, the term mechani-
cal erosion, also known as spallation, refers to the physical
ejection of solid particles from the ablating surface. This
results in an increased total surface recession and must be
taken into account for heatshield modeling under high-shear
conditions. This phenomenon has been extensively studied
in the literature over the last decades by numerous authors
[29, 30, 31, 32, 33]. Three mechanisms have been identified
as the main cause: the shear stress induced by the flow, the

normal stress induced by pyrolysis gas build-up, and the ther-
mal stress induced by the material’s temperature field. The
mechanical erosion model implemented in PATO accounts for
the potential mass removal due to high-shear entry conditions
at the macro-scale. The modeling process can be broken down
into the steps described in the following paragraphs.

The mechanical properties of the material are loaded into
the model as a function of the temperature field already com-
puted by PATO. In the case of orthotropic materials, their ori-
entation is also obtained for each cell to account for different
TPS material laying processes.

The implemented stress analysis solver computes stresses
and displacement fields within the material using CFD-
provided wall shear stress and pressure values as surface
boundary conditions. This solver is suitable for linear
isotropic and orthotropic materials and was verified against
analytical results found in the literature.

The resultant stresses may lead to material failure and me-
chanical erosion, particularly near the surface of TPS materi-
als, where the oxidized fibers have thinned and are mechani-
cally weaker. The relative importance of mechanical erosion
compared to the rest of the ablation processes is still unknown
in the literature. Recent experimental campaigns and numer-
ical simulations [34, 35] are attempting to answer this ques-
tion. The developed model identifies failed regions on the sur-
face with stresses, computed using the stress analysis solver
coupled to the material response, that exceed the material’s
ultimate strength. This failure criteria model was chosen as
a first approach for determining spalling regions. Mechani-
cal erosion is caused by brittle failure of the fibers, for which
maximum stress theories work well, but the uncertainties re-
lated to the maximum stress model still need to be evaluated
for this application.

(a) Undeformed failing material.

(b) Deformed material.

Fig. 8. Schematic for material failure.

The failure criteria model gives each computational cell
information on whether it is failing. Furthermore, this data
is used by the mass removal model to deform the mesh thus
removing the failed material, as can be observed in Fig. 8.
The coupling of all solvers enables the simulation of the to-
tal recession of TPS materials due to surface chemistry and
mechanical erosion.
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3.5. Loosely coupled environment and material response

During atmospheric entry, interactions occur between the
aerothermal environment and material response. However,
due to computational limitations, these are generally decou-
pled and computed separately with a blowing correction term
introduced into the material response model to account for
the blowing of char and pyrolysis gases from the heatshield
into the environment [36]. A loosely coupled approach is
under development which has the potential to add increased
fidelity in predictive material modeling by accounting for
blowing gases at the heatshield surface. Insights into the
blowing gases may also lead to a reduction in uncertainty
when decoupling the environment and material response.

The coupled approach makes use of a blowing boundary
condition in the Data Parallel Line Relaxation (DPLR) code,
which is used in computing the aerothermal environment [37].
At each time point along the trajectory, the workflow is di-
vided into the following steps which are illustrated in Fig. 9.
First, environment properties are computed using DPLR. Sec-
ond, radiative heating is computed via the Nonequilibrium
Radiative Transport and Spectra (NEQAIR) program [38, 39,
40]. Third, the thermal response inside the material is com-
puted using PATO with the computed environment properties,
radiative heating, and a blowing correction. In the fourth step,
the blowing gases computed by PATO at the heatshield sur-
face are used as inputs for the blowing boundary condition
in DPLR to compute new environment properties. Radiative
heating is then recomputed with NEQAIR. Lastly, the updated
environments are used to compute a new thermal response in
PATO without blowing correction which provides new con-
ditions for the blowing boundary in DPLR. The fourth, fifth,
and sixth steps are then repeated until convergence in radia-
tive heating and surface temperature is obtained.

Use radiative
heating from
previous iteration
1y
Radiative
2- NEQAIR heating  [—>{5- NEQAIR
converged N
i T N
1-DPLR 3- PATO 4- DPLR 6- PATO Convergence
No blowing Fixed blowing [=—>]  Blowing Noblowing [—> ofsurfice [—> END

B3

correction from PATO correction temperature

Fig. 9. Steps in coupling between CFD and material response.

The coupled approach has been used in computing the
3D material response for the MSL entry into the Martian at-
mosphere. The numerical simulations were obtained using
NASA’s Pleiades supercomputer. Differences in the surface
temperature and pyrolysis gas blowing rate at 65s after the
entry interface can be seen in Figs. 10 and 11 for the uncou-
pled and coupled approaches.
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Fig. 10. Centerline plot of surface temperature 65s after the
entry interface.
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Fig. 11. Centerline plot of pyrolysis gas blowing 65s after the
entry interface.
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