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ABSTRACT

A multiphysics simulation capability has been developed that incorporates mutual interactions
between aerodynamics, structural response from aero/thermal loading, ablation/pyrolysis, heating, and
surface-to-surface radiation to perform high-fidelity, fully coupled aerothermoelastic ablation simulations,
which to date had been unattainable. The multiphysics framework couples CHAR (a 3-D implicit charring
ablator solver), Loci/fCHEM (a computational fluid dynamics solver for high-speed chemically reacting
flows), and Abaqus (a nonlinear structural dynamics solver) to create a fully coupled aerothermoelastic
charring ablative solver. The solvers are tightly coupled in a fully integrated fashion to resolve the effects
of the ablation pyrolysis and charring process and chemistry products upon the flow field, the changes in
surface geometry due to recession upon the flow field, and thermal-structural analysis of the body from
the induced aerodynamic heating from the flow field. The multiphysics framework was successfully
demonstrated on a solid rocket motor graphite nozzle erosion application. Comparisons were made with
available experimental data that measured the throat erosion during the motor firing. The erosion data is
well characterized, as the test rig was equipped with a windowed nozzle section for real-time X-ray
radiography diagnostics of the instantaneous throat variations for deducing the instantaneous erosion
rates. The nozzle initially undergoes a nozzle contraction due to thermal expansion before ablation effects
are able to widen the throat. A series of parameters studies were conducted using the coupled simulation
capability to determine the sensitivity of the nozzle erosion to different parameters. The parameter studies
included the shape of the nozzle throat (flat versus rounded), the material properties, the effect of the
choice of turbulence model, and the inclusion or exclusion of the mechanical thermal expansion. Overall,
the predicted results match the experiment very well, and the predictions were able to bound the data

within acceptable limits.

INTRODUCTION

Aerospace systems operating in extreme thermal environments typically contain ablative
components that need to be well understood to ensure mission success. In many situations, such as with
thermal protection systems (TPS), the ablation is intended to both cool and protect equipment and
payloads that would otherwise be damaged by high temperatures. In other cases, such as solid rocket
motor (SRM) nozzles, ablation is generally not desired due to its negative impact on performance, and
efforts are made to minimize the phenomenon. In SRMs, ablative materials are also used to protect the
nozzle housing, and in liquid rocket engines (LREs), ablative cooling is used to provide a simple, reliable
cooling method that avoids expensive and complex regenerative cooling systems requiring high-pressure
pumps and tanks.
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Traditionally, designs of systems and their components utilizing ablative materials have been
analyzed by different engineering disciplines in an uncoupled manner, leading to a simplified
superposition of independent analyses. Depending on the assumptions, this can potentially lead to
overconservatism or omission of multiphysics phenomena. Analysis of such systems requires numerous
simulations with various codes to numerically model the physics in the extreme environment. Effective
information transfer between the domains at the physical interfaces is paramount. When these codes are
loosely coupled with poorly defined interfaces, inaccuracies develop due to a lack of total system

convergence.

Today’s high-fidelity ablative system simulations typically include computational fluid dynamics
(CFD) and an ablation response model (ARM). The CFD analyses provide heating and loading
conditions, and computational structural analyses are used to ensure that the vehicle can withstand the
loads. The TPS itself may require careful examination of loads caused by a coefficient of thermal
expansion (CTE) mismatch at either the bondline or gap fillers.’ Heat transfer analyses may separately
verify internal and bondline temperatures. Inaccuracies enter these simulations through many
simplifications, assumptions, and uncertainties, and the analyses are frequently loosely coupled or even
coupled one-way with no feedback between domain simulations.2? In this manner, each code solves the
governing equations for the respective physical domain accurately, but at the domain boundaries the
codes will not be in agreement and thus will not be consistent with the actual physical problem.

In particular, the ARM is often a significant source of uncertainty because it usually involves a
one- or two-dimensional abstraction of the real three-dimensional problem.2?® Mass blowing (B-prime)
tables, commonly employed to model the chemical reactions at the solid-fluid interface, assume
equilibrium chemistry based on partial pressures and temperatures at the surface. An additional
correction parameter, the surface blowing reduction parameter, is generally required to represent the
chemistry with B-prime tables when the transpiration effects caused by species of ablation entering the
fluid domain are not explicitly accounted for by the ARM. A common approach is to solve for a quasi-
steady flow field, which is based on the assumption that the chemical reactions in the flow field occur far
faster than the ablation. Uncertainty in the upstream conditions in both arc-jet tests and planetary
atmospheric models adds further challenges to accurate numerical simulation. Thus, there are numerous
vectors for cumulative error in state-of-the-art simulation capabilities.

A multiphysics simulation capability has been developed that incorporates mutual interactions
between aerodynamics, structural response from aero/thermal loading, ablation/pyrolysis, heating, and
surface-to-surface radiation to perform high-fidelity, fully coupled aerothermoelastic ablation simulations,
which to date had been unattainable. The multiphysics framework couples CHAR, Loci/CHEM, and
Abaqus/Standard to create a fully coupled aerothermoelastic charring ablative solver. The solvers are
tightly coupled using the SIMULIA Co-Simulation Engine (CSE) to resolve the effects of the ablation
pyrolysis and charring process and chemistry products upon the flow field, the changes in surface
geometry due to recession upon the flow field, and thermal-structural analysis of the body from the
induced aerodynamic heating from the flow field.

The multiphysics framework addresses a unique approach to the modeling of the physics of a
three-dimensional ablating surface, from the standpoint of the tight coupling of the following: the effects of
the ablation pyrolysis and charring process and chemistry products upon the flow field, the changes in
surface geometry due to recession upon the flow field, and thermal-structural analysis of the body from
the induced aerodynamic heating from the flow field. This type of aerothermodynamic and thermal
analysis problem has been an ongoing challenge for years. Typical CFD problems are executed with
fixed geometries and boundary conditions in discrete fashion, and the thermal response has been
analyzed in a decoupled fashion. There have been significant advances in CFD with coupled CFD grid
boundaries and unsteady solutions with potentially time-varying thermal and dynamic conditions.
However, the current methodology presents a unique approach to the coupling of fluid, chemical, and
structural dynamics of a truly time-varying solution, with chemically reacting, thermally responding,
structurally changing volume and surface boundaries. This approach advances the state of the art and
increases the accuracy of the predictions as all the components of the aero-thermal-elastic-ablative

model are synchronized.



PROBLEM DESCRIPTION

Validation simulations were performed using the multiphysics framework, and the validation case
was taken from a series of tests whose objective was to study nozzle erosion rates at a broad range of
pressures from 7 to 34.5 MPa (1,000 to 5,000 psia).# The experimental setup used two different rocket
motors.4 The first motor, and the one of interest here, is an instrumented solid propellant motor (ISPM),
which uses two baseline solid propellants: a nonmetallized propellant called Propellant S, and a
metallized propellant called Propellant M. The erosion data is well characterized, as the test rig was
equipped with a windowed nozzle section for real-time X-ray radiography diagnostics of the instantaneous
throat variations for deducing the instantaneous erosion rates.*5 Furthermore, the experimental
conditions are also well characterized.

The nozzle initially undergoes a contraction due to thermal expansion before ablation effects are
able to widen the throat. During one of the test firings, the nozzle entrance section cracked. The cracking
was attributed to the thermal stress generated during the transient heating of the nozzle assembly.
Therefore, this case exercises all three domains of the multiphysics framework: high-pressure flow of the
solid motor combustion products through the nozzle (fluid domain), recession of the nozzle throat (ablator
domain), and thermal expansion of the nozzle throat (structural domain).

OVERVIEW OF THE MULTIPHYSICS FRAMEWORK

Rather than using a single monolithic solver, an approach that has been shown to result in
numerical issues when attempting to solve the governing equations of multiple physical domains
simultaneously,®” an appropriate domain-specific solver is used for each physical domain. The
multiphysics framework architecture consists of codes linked by a simulation engine that exchanges data
(boundary conditions, results, geometry) between domains. The CHEM CFD code® is used to solve the
Navier-Stokes equations for the fluid domain and includes chemical nonequilibrium. For the ablative
domain, the CHAR code? is used for the implicit charring and ablator solver, and the interface surface
chemistry is coupled via the Marschall and MacLean gas-surface interaction (GSI) code.'® For the
structural domain, the Abaqus nonlinear structural dynamics code is used to predict the structural
response. Figure 1 shows notional aerothermal ablation domains used in the multiphysics framework.

o

Fluld Mesh CHAR Mesh

—

Figure 1. Discretization of fluid and ablator domains.

There are four different coupling options supported by the multiphysics framework. A detailed
description of each of the coupling options is provided in reference 11. The coupling option described
here is for the class of problems where the ablative domain is carrying a structural load, i.e., an ablative
hot structure, and a full aero-thermal-chemical-mechanical response simulation is required. With this
coupling, the ablating material exists in both the CHAR and Abaqus domains, and it is required that the
mesh (node locations and element topologies) be identical for both models. CHAR computes the heat
transfer, recession, and material state (virgin or charred), and Abaqus computes the deformation and
stresses using temperature- and material-state-dependent properties. In addition to the information being
transferred at the fluid-ablator interface between CHEM and CHAR, information is also transferred
between CHEM and Abaqus to account for the mechanical response. CHEM transfers force information,
including contributions due to pressure and shear stress, to Abaqus at the fluid-structure wetted surface



interface, and Abaqus returns the resulting displacements. The data passed between the three codes is
shown in Figure 2. The (S) indicates data passed at the surface interface between Loci/CHEM and CHAR
or Abaqus, and (V) indicates volumetric data passed from CHAR to Abaqus.
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Figure 2. Information exchanged between Loci/CHEM, CHAR, and Abaqus.

Communication amongst the codes occurs through two separate application programming
interfaces (APIs) that allow the solver to run concurrently and share information via memory. The first
interface is a traditional APl used to transfer information between CHEM and CHAR and includes
mapping algorithms to interpolate information at the CHEM-CHAR wetted surface. The second interface
is used to communicate information between Abaqus and the other two solvers. This coupling is done
using SIMULIA’s CSE, which is a software infrastructure that enables co-simulation and consists of a
runtime environment that synchronizes the applications, coordinates communication, and provides spatial
and temporal mapping at the domain interface. The CSE is responsible for marshaling the client
programs, negotiating time, and ensuring that the physics fields are exchanged in a synchronized
manner. The mapper provides both spatial and temporal mapping of the physics fields. Spatial mapping
includes surface-based coupling in which the domains remain distinct and are coupled through a common
surface and volume-based mapping in which the physical domains overlap.

COMPUTATIONAL MODELS

Multiphysics models suitable for each domain were created for the carbon nozzle case. These
include the fluid dynamic meshes, boundary conditions, and constituent gas properties for the CFD
solver, along with other standard inputs to the solver, and the solid mesh for both the ARM and finite
element model (FEM), along with standard chemical, thermal, and structural inputs to the ARM and FEM.
Additional details for each of the models are provided in the following subsections. All meshes were
generated from a consistent interface surface.

NOZZLE GEOMETRY

The nozzle geometry was not available, and neither was an analytical description of the nozzle.
Fortunately, a description of the nozzle was provided by Bianchi and Nasuti.'2 The information shown in
Figure 3 was digitized and used to create the motor and nozzle profile. Note that the nozzle description in
reference 12 has a flat throat section and was confirmed to be representative of the actual hardware by

the authors.*

* Bianchi, D. Personal communication. November 11, 2016.
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Figure 3. Information used to define nozzle geometry.”?

FLUID DOMAIN

Based on the digitized nozzle profile, a 3-D viscous mesh of the nozzle, including the nozzle
entrance section, was generated utilizing a structured mesh topology. A uniform spacing of 6° in the
azimuthal direction was used, resulting in a volume mesh size of approximately 2M hexahedral cells. The
fength of the nozzle entrance section was based on the B'E extended segment shown in the upper
portion of Figure 3 to be consistent with reference 12. It is desirable to resolve both the momentum and
thermal boundary layers up to the wall, so the normal spacing of the first grid point from the wall was 1 x
10% cm, which results in a y* = 0.1 over the entire nozzle and is suitable for aerothermal simulations.
Figure 4 provides an isometric view of the entire CFD mesh. As is the practice with nozzle CFD meshes,
the mesh is not a simple angular extrusion of a 2-D mesh but is instead a fully 3-D mesh with a constant
core section; this prevents a rapid change of area at the centerline core.



Figure 4. Isometric view of the CFD mesh.

The ablating nozzle wall boundary condition is accomplished by the coupling with CHAR. A
transient isentropic condition boundary (total temperature, total pressure, flow direction, and chemical
composition) is specified at the nozzle inlet, and supersonic outflow condition is enforced at the nozzle
exit.

Figure 5 illustrates a centerline cut through the grids used for the fluid, ablative, and structural
domains. The ablation and structural domain meshes are coincident (depicted in dark green) and consist
of 100,980 hexahedral elements with 108,360 nodes. The entrance piece of the CFD mesh extends
beyond the solid model in order to maintain a fixed entrance area and thereby maintain the correct mass

flow.

Figure 5. Meshed domains overilaid: CFD mesh (rved), and structural and ablation mesh (dark green).

Figure 6 provides a closer view of the throat region from Figure 5. As is typical and appropriate
for these domains, the fluid domain has a much finer-scale resolution than the solid domain. Additionally,
while the nodes along the interface share a common curve, they are not point matched, nor are they

required to be.



Figure 6. Nozzle region zoomed in to show both fluid and solid domains.

As previously mentioned, the carbon nozzle case was taken from a series of tests conducted to
study the nozzle erosion rates using two different rocket motors. Metallized (aluminum oxide) and
nonmetallized AP/HTPB composite propellants were used in both motors. In addition, a boundary-layer
control system was also tested to mitigate the nozzle erosion in both motors. Multiple test cases were
examined, and it was decided to avoid the complication of the nozzle boundary-layer control system and
to use the nonmetallized propellant (Propellant S), since the particle size for the metallized propellant was
not specified and the use of the metallized propellant would eliminate any mechanical erosion that might
occur due to the aluminum oxide. It was ultimately decided that case ISPM-07 would be used, since this
case had one of the highest erosion rates using the nonmetallized propellant and would therefore test the
robustness of the multiphysics framework.

The combustion chamber pressure profile, along with the transient change in the throat diameter,
is shown for case ISPM-07 in Figure 7. This pressure profile was digitized and used as input to the
transient isentropic inlet boundary condition. The digitized pressure profile (the green curve) is also
included in Figure 7 and overlaid for comparison to the original profile.

The propellant S species mass fractions for every point on the chamber pressure profile were
computed using the NASA Chemical Equilibrium and Applications (CEA) program assuming ideal
equilibrium chemistry.'® At these conditions, there are a total of nineteen species. However, several of the
species have very small mass fractions, and the number of species included in the simulation is directly
proportional to the computational cost. To reduce the computational expense, only six species were
retained: H20, HCI, CO2, N2, CO, and H2.
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Figure 7. Combustion chamber pressure profile.

For all simulations, the main flow was assumed frozen and graphite nozzle ablation was assumed
to be governed by the following two reactions:

H,0 +C - CO + H, (1
€O, +C - 2C0 2)

Chemically reacting simulations were performed using CHEM without any coupling to CHAR to
examine the relative importance of the main flow reactions. The results of these simulations showed there
to be minimal change when including the main flow reactions and verified the use of the frozen flow
assumption. It should be noted that in the results presented in reference 12, the frozen flow assumption
was employed for the main flow. The authors also performed similar studies using reacting and frozen
flow, and similar conclusions were obtained.

ABLATIVE DOMAIN

The thickness of the nozzle wall was not documented in reference 4 or 5. Therefore, an estimate
for the wall thickness was based on the schematic shown in Figure 8 and was also adjusted to the nozzle
entrance piece modification defined by Bianchi and Nasuti.’2 An unstructured mesh for the ARM was
generated using prismatic pentahedral elements and is shown in Figure 5 and Figure 6. The azimuthal
spacing used for the fluid-domain mesh was also used for the ARM mesh, and the ARM mesh contains
14,280 nodes and 23,700 elements.
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Figure 8. Schematic diagram of instrumented solid propellant motor used to estimate the nozzle wall thickness.”

The nozzle is made of G-90 grade graphite and the mechanical properties, shown in Table 1, are
based on properties for 5-12 inch diameter rods. Temperature-dependent properties (room temperature
and elevated temperature) were available for general G-grade graphite. However, only room-temperature
properties were specified for the G-90 grade. Therefore, the elevated-temperature properties for the G-90
grade were interpolated using the same slope as the G-grade properties.

Table 1. G-90 graphite material properties.

Property Room Temperature Elevated Temperature

70 °F 21.1°C 4199 °F 2315°C
Modulus of . ]
Elasticity 14,500 psi 100 MPa 27,000 psi 186.16 MPa
Compressive . .
Strength 9200 psi 63.43 MPa 17,500 psi 120.66 MPa
Flexural Strength 3,100 psi 21.37 MPa 7100 psi 48.93 MPa
Density 1.1 (0z/in3) 1.90 (g/cm?) 1.09 (0z/in3) 1.886 (glcm?)
Thermal o A LR e
Expansion 15.0 (in/in/°F) 27 (infin/°C) 27 (infin/°F) 48.6 (in/in/°C)
Thermal 101 89
CondUCthlty (BTU.ﬂ/tZ[hr."F) 175 (W/m.K) (BTu.ﬂ/tZ/hr.oF) 154 (W/meK)

STRUCTURAL DOMAIN

The structural FEM used the same discretization as the ablative domain. The FEM boundary
conditions are illustrated in Figure 9. The graphite nozzle was seated inside an aluminum housing that
effectively pinned the exterior boundary of the nozzle.



MULTIPHYSICS SIMULATION PARAMETERS

For the CHEM-CHAR coupling, both codes applied a time-accurate integration scheme. The
initial time step was restricted to At = 0.0005 s due to the large thermal gradients on the comparatively
cool graphite surface encountered immediately after motor ignition. Approximately 0.1 s after motor
ignition, the simulations were restarted using a time step of At = 0.001 s. The codes were coupled in
lockstep and exchanged data six times per time step to reduce the coupling-induced error.

For the CHEM-CHAR-Abaqus coupling, CHEM and CHAR were run as previously described, and
Abaqus performed a static analysis at each time step to compute the mechanical response due to the
pressure and shear loading from the fluid (specified by CHEM) and the temperature distribution specified
by CHAR. Due to the mechanical boundary conditions, there was not expected to be much, if any,
dynamic mechanical response of the nozzle, and a static solution was assumed to be justified. This
assumption was confirmed by performing an eigensolution; the natural frequency of the first mode was
above 15 kHz—well above the frequency range that could be excited by the fluid dynamics.

RESULTS AND DISCUSSION

A series of parameters studies were conducted to determine the sensitivity of the nozzle erosion
to different parameters. The parameter studies included the shape of the nozzle throat (flat versus
rounded), the temporal order of accuracy, the material properties (graphite versus carbon-carbon), the
effect of different turbulence models, and inclusion/exclusion of the mechanical response. The results
from select parameter studies are discussed in the following sections.

TURBULENCE MODELS

The Menter shear stress transport (SST) turbulence model'4 is generally preferred in an adverse
pressure gradient flow. Bianchi and Nasuti'? noted that the flat throat generates a limited region of an
adverse pressure gradient, so the SST model was initially selected for these studies. The region of
adverse pressure gradient occurs due to reflections inside the initially constant-area throat. However, the
majority of the throat has a favorable pressure gradient, and under these conditions the SST model does
not perform as well. With internal flows and a favorable pressure gradient, the SST model is known to
artificially suppress turbulence, thereby predicting boundary layers that are too thin. Therefore, the Menter
baseline (BSL) model'* was chosen to compare with the SST model since the BSL model is known to
perform well when simulating internal flows with favorable pressure gradients. As the flat throat has



neither a fully adverse nor favorable pressure gradient across the entire length, these two models were
selected to bracket the fluid dynamics of the physical problem.

Compressibility corrections in the turbulence model equations are available for the BSL and SST
turbulence models. These corrections may be advantageous for shear flows and internal nozzle flows
with separation. Wilcox’s modification is the default correction in CHEM and was applied to both models.
The compressibility correction factor developed by Sarkar'® was also used with the BSL model.

The Spalart-Almaras (SA) one-equation turbulence model was designed for attached, external
flow conditions. Despite its limiting assumptions, the SA model is frequently applied to other regimes
where its validity may not be guaranteed. The SA model was examined in this problem mainly for
comparison with resuits from reference 12.

A comparison of the throat recession for the different turbulence models using the carbon-carbon
material properties is shown in Figure 10. The SA model produced the highest rates of ablation, but only
slightly more than using BSL turbulence model and the BSL model with Sarkar's compressibility
correction. The SST turbulence model resulted in the lowest rate of ablation and is in the closest
agreement to the experimental data. From these resulits, it can be seen that the selection of an
appropriate turbulence model is critical to achieving accurate ablation estimates.
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Figure 10. The effects of various turbulence models on nozzle throat ablation.

MATERIAL MODELS

The physical nozzle was manufactured from G-90 graphite. The initial material model applied
within the ablation response code was a carbon-carbon model provided by NASA JSC. While this model
was not consistent with graphite, it was found to have similar material behavior at the temperature of
ablation in terms of specific heat and conductivity. The conductivity of the carbon-carbon material was
corrected to match the manufacturer’s specifications for a similar (G-grade) graphite; however, this
resulted in virtually no ablation within the simulations. NASA Marshall Space Flight Center (MSFC)
provided their accepted graphite properties. Further investigation, plotted in Figure 11, revealed that the
manufacturer's specified conductivity for the G-grade is an outlier of other graphites at the considered
ablation temperatures (e.g., 2000-2400 K).
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There was no manufacturer-provided data for specific heat capacity, so originally the carbon-
carbon model was retained. Comparing it to known graphite models in Figure 12, this again appeared to
be a reasonable first-order approximation, especially in the considered region of ablation where it is

bracketed by other graphite models.

It was decided that the graphite model would be investigated further by applying the
manufacturer's conductivity with various specific heat models (thereby changing the coefficient of thermal

diffusion, a = p%) to attempt to find a region of reasonable solutions. Increasing the thermal diffusion
P

coefficient by an order of magnitude from carbon-carbon (i.e., decreasing specific heat by an order of
magnitude) did not have an appreciable effect, as the ablation still did not occur at a rate high enough to
be discernable when plotted against experimental measurements. Instead, the ablation of all considered
cases appears to be essentially zero. As shown in Figure 12, removing the experimental data from the
plot reveals that changing the thermal diffusion coefficient does indeed change the rate of ablation.
However, even with nonphysically large thermal diffusion coefficients, the ablation was insignificant

compared to the experiment.
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Figure 12. The effects of thermal diffusion coefficient on ablation.

Due to the uncertainty in the material properties, a minimum of two models were required to
bound the measured material data. The conductivity of carbon-carbon and the NASA MSFC graphite
model are similar over the 1500-3000 K temperature range, but there are significant discrepancies in the
lower temperature range. The carbon-carbon model closely matches the graphite 2020 conductivity in the
lower temperature range, but it was unclear whether the nuclear-grade graphite is applicable to this class
of problems, so the graphite 2020 model was not considered for use. Because the G-grade graphite
model is an outlier with respect to conductivity and was unable to predict any appreciable recession, the
G-grade graphite model was not employed in the final simulations. Based on the above findings, it was
decided that the material models applied within the simulations would be limited to the original carbon-
carbon model and the model built with NASA MSFC graphite parameters. Therefore, two final models
were considered in this effort: a carbon-carbon model and the MSFC graphite model.

A comparison of the throat recession using different material models is shown in Figure 13. For
material model parameter studies, the BSL turbulence model with Sarkar’s compressibility correction was
used along with the flattened throat profile. Three different sets of material properties were examined:
carbon-carbon, graphite using data provided by the MSFC Propulsion Systems Department, and graphite
properties provided by the manufacturer. As discussed previously, the graphite properties provided by the
manufacturer were suspect, as they had atypically high conductivity that resulted in no appreciable
ablation, thus they are not included here. The carbon-carbon, which had lower conductivity and specific
heat values than the MSFC graphite, resulted in the highest amounts of ablation.
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Figure 13. The effects of material properties on ablation.

THERMAL EXPANSION EFFECTS

The ISPM cases began with a significant contraction of the throat diameter. This occurs due to a
rapid increase in the nozzle graphite temperature, causing a mechanical expansion of the graphite. As
the graphite is contained in an aluminum sleeve, the graphite is constrained to expand radially inward. As
the solid temperatures continue to rise, the effects of diffusion-limited ablation become nonnegligible and
the nozzle diameter begins to increase due to chemical reactions physically removing material. However,
as the nozzle diameter continues to grow through ablation, the effects of mechanical thermal expansion
remain, and they continue to influence the ablation after they are no longer independently visible in the

response.

To better resolve the interactions between the hot combustion gas and the graphite solid, a three-
way coupling simulation was performed using CHEM, CHAR, and Abaqus. The addition of the
mechanical model allows the graphite thermal expansion to be included and accounts for the effects of
the internal pressure loading due to the high-pressure gas. As shown in the CHEM-CHAR parameter
studies, the ablation is sensitive to a number of parameters, including turbulence model and material
properties. It was also anticipated that the mechanical response would be sensitive to the CTE. The
manufacturer specification sheet provides different values for the CTE depending on the diameter of the
graphite rod used to machine the nozzle: the smaller-diameter rod has a lower CTE than the larger-
diameter rod. The diameter of the rod used to machine the nozzle was not specified, however, and based
on the nozzle size, either could have been used. Therefore, in an attempt to bound the response, two
simulations using CHEM-CHAR-Abaqus were performed. The first used the turbulence model resulting in
the lowest ablation (SST), the material model with the highest ablation rate (carbon-carbon), and a lower
CTE value. The second simulation used the BSL turbulence model with the compressibility correction, the
MSFC graphite model, and the higher CTE value. The values of the parameters used for the simulations

are summarized in Table 2.



Table 2. CHEM-CHAR-Abaqus simulation parameter summary.

Parameter Parameter Set 1 Parameter Set 2
Turbulence Model SST BSL
Material Model Carbon-Carbon MSFC Graphite
Coefficient of Thermal Expansion Low Value High Value

A comparison of the throat recession using the first set of parameters (PS1) with and without the
mechanical response is shown in Figure 14. Several observations can be made regarding the inclusion of
mechanical response in the recession predictions. The first observation is that including the mechanical
response is necessary for predicting the initial throat contraction. Figure 14(b) shows a zoomed-in view of
the predicted throat recession at t = 0.0-0.5 second. It is obvious that there is some amount of contraction
occurring when the mechanical response is included in the simulation. The calculated response from the
second set of parameters (PS2) is depicted in Figure 15, and the initial contraction is much more
pronounced due to the higher CTE value.

Neither case completely captures the contraction observed in the experiment; however, the
presence of the throat contraction is predicted, which would not be otherwise possible if the mechanical
effects were omitted. The general trends of the initial contraction are also predicted by simulations. The
PS1 simulation predicts the correct phase of the throat contraction, but the amplitude is reduced by
approximately a factor of seven. The PS2 simulation approximately reproduces the amplitude, but the
phase lags the experiment by half a second. It is possible that the use of a pyrogen ignitor in the
experiment, which was not included in the simulations, provided a significant rise in the graphite
temperature, thereby increasing the rate of contraction in a manner that the simulations were not able to
reproduce.

The second observation is that without the mechanical effects, the ablation response is fairly
linear (i.e., the rate of ablation is nearly constant) over the part of the pressure profile that varies linearly
at t = 0.5-3.5 seconds. During this time, the ablation response without the mechanical effects tracks the
pressure profile. Inclusion of the mechanical effects introduces inflections into the ablation response. As
indicated in Figure 14(a) and Figure 15(a), subtle inflections are present in the nearly linear regime of the
experimental data, most notably between 1.5 and 2.0 seconds.

The third observation is regarding the response toward the end the experiment. Despite
significant combustion pressure and continued high temperatures, the ablation rate rolls off at
approximately 3.0 seconds, essentially stopping at 3.5 seconds—well before the motor cuts off. Without
the inclusion of the FEA response, it is observed that the ablation is predicted to continue unabated
during this time window. When the effects of solid mechanics are included, however, a significant rolloff is

observed.
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Figure 14. Throat erosion comparison with and without mechanical effects (Parameter Set 1) (a) over the entire duration of the
simulation and (b) detailed view of the first 0.5 second of the simulation where the mechanical response due to the thermal
contraction is most evident.
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Figure 15. Throat erosion comparison with and without mechanical effects (Parameter Set 2) (a) over the entire duration of the
simulation and (b) detailed view of the first 0.5 second of the simulation where the mechanical response due to the thermal
contraction is most evident.

Select contours and results were made for the solution corresponding to PS2. Figure 16 shows a
comparison of the Mach number contours in the fluid and temperature contours in the solid at two



different times during the simulation: att=0.5sandt=4.1s. Att = 0.5 s, very little erosion of the throat
has occurred, whereas the throat has eroded significantly at t = 4.1 s. As illustrated in Figure 16, the fluid
in the expansion part of the nozzle has reduced velocity at t = 4.1 s (Figure 16b) comparedtot=0.5s
(Figure 16a) due to the increase in the throat area, and it is this decrease in the flow speed that is
responsible for the performance loss of the motor. Also, a different shock structure has set up in the
eroded nozzle as compared to the nozzle att = 0.5 s. As expected, the temperature in the solid is
appreciably hotter, nearly 1000 K hotter at the nozzle wall, att = 4.1 s than at t = 0.5 s. Away from the
nozzle, the temperature is also hotter throughout the solid att = 4.1 s than att = 0.5 s. A comparison of
the fluid and solid temperatures at the same two times is shown in Figure 17.

i T
: 300 600 900 1200 1500 1800 2100 2400 2700 3000 |

(@)
| s | | ..

300 600 600 1200 1500 1800 2100 2400 2700 3000

(b)

Figure 16. Mach number (fluid) and temperature (solid) contours at (@) t = 0.5 sand (b) t = 4.1 s.
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Figure 17. Fluid and temperature contours at (@) t = 0.5 sand (b) t = 4.1 s.

A comparison of the initial and eroded throat profiles from one of the simulations is shown in
Figure 18, illustrating how much the throat area has increased. Note that the converging section of the
eroded throat profile has changed significantly and there is no longer a flat section at the throat.
Unfortunately, no experimental data is available for comparison of the eroded throat profile.



Pt

Figure 18. Comparison of the initial nozzle profile (blue) and the eroded nozzle profile (light green).

SUMMARY AND CONCLUSIONS

A multiphysics simulation capability has been developed that incorporates mutual interactions
between aerodynamics, structural response from aero/thermal loading, ablation/pyrolysis, heating, and
surface-to-surface radiation to perform high-fidelity, fully coupled aerothermoelastic ablation simulations,
which to date had been unattainable. The multiphysics framework couples CHAR, Loci/CHEM, and
Abaqus/Standard to create a fully coupled aerothermoelastic charring ablative solver. The solvers are
tightly coupled using the SIMULIA CSE to resolve the effects of the ablation pyrolysis and charring
process and chemistry products upon the flow field, the changes in surface geometry due to recession
upon the flow field, and thermal-structural analysis of the body from the induced aerodynamic heating

from the flow field.

The results for the throat erosion of the graphite nozzle demonstrate the feasibility of using the
multiphysics framework for modeling the complex physics involved in a three-dimensional ablating
surface operating in extreme thermal environments. The framework was shown to successfully couple
computational simulations across domains to resolve the effects of the ablation pyrolysis and charring
process and chemistry products upon the flow field, the changes in surface geometry due to recession
upon the flow field, and thermal-structural analysis of the body from the induced aerodynamic heating

from the flow field.

It was demonstrated that when using reasonable estimates for the input, the predicted response
was able to bound the experimental results. Overall, the predicted results match with the experiment very

well.
FUTURE WORK
Additional studies are underway to examine the effect of temporal coupling strategies.
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