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ABSTRACT

Voids can form within solid composite propellants (SCPs) during various stages of production
and use, altering burn characteristics and subsurface mechanical response. This can be hazardous
because the actual burn rate may be different from predicted values (altering the thrust profile and
reducing controllability) and because the stresses may exceed nominal values (leading to damage or
fracture). This work presents a stabilized phase-field formulation for simulating SCP deflagration
in void-containing mesostructures. The formulation extends a previously developed full-feedback
regression model by introducing a temperature-cutoff mobility that suppresses subcritical interface
motion, preventing nonreacting void surfaces from evolving due to curvature-driven artifacts while
preserving high-temperature regression behavior. The stabilized model is applied to ammonium
perchlorate (AP) / hydroxyl-terminated polybutadiene (HTPB) mesostructures with AP sizes between
2.5um and 15.0 um at 1 MPa and 7 MPa gauge pressures, with and without voids inside AP particles.
The simulations predict regions of maximum temperature, fluctuations in instantaneous burn rate,
and stress fields induced by nonuniform thermal expansion and pressure loading during regression.
Predicted regression rates agree with experimental data within 28% error for all geometries at 1 MPa,
while high-pressure results capture relevant trends but indicate the need for additional gas-phase or
radiative heat-transfer physics. These results provide a physics-based framework for investigating how
void morphology alters SCP regression and subsurface mechanical response.

1. Introduction

Solid rocket motors (SRMs) have been used for many
decades and are a common means of delivering commercial
and scientific payloads to orbit [1]. A notable example is
the Artemis II rocket system, which used two SRMs as
boosters to help send a crewed mission around the moon.
Solid rocket motor operation involves the uncontrolled defla-
gration of solid composite propellants (SCPs) [2], with com-
bustion products typically accelerated through a converging-
diverging nozzle to generate thrust. SCPs are heterogeneous
mixtures of fuel, such as hydroxyl-terminated polybutadiene
(HTPB), and oxidizer, such as ammonium perchlorate (AP).
Other additives are often included, such as carbon [3] to
increase burn rate, or aluminum [4, 5] to increase the energy
density.

The mesoscale structure and morphology of the SCP
plays a key role in achieving reliable, predictable burn be-
havior. Defects, such as voids, may significantly alter SCP
performance and reliability. Void defects can be introduced
at many stages within a propellant’s life cycle. First, voids
can be introduced in the manufacturing process, as mixing
and casting [6] with volatile contaminants can cause voids
to form from gaseous products after the mixture has been
poured [7]. Additive manufacturing of rocket motors can
also lead to void formation between layers [8, 9]. Second,
voids can form during storage, due to de-wetting, especially
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if strained, aged, or exposed to moisture [10]. When operat-
ing in extraterrestrial environments, impacts from microm-
eter sized debris can erode surfaces and send shock waves
through the vessel, causing void formation [11]. Finally,
voids can form during the deflagration process due to the
evolving mechanical and thermal loading. In all cases, the
presence of voids can impact the performance of SCPs by al-
tering burn rates, in some cases increasing rates by over 50%
[12], affecting rocket trajectory and possibly compromising
mission objectives [13], or causing catastrophic motor fail-
ure in extreme cases [ 14]. Predicting and understanding their
effects is essential for improving safety and ensuring success
of missions using SRMs for propulsion.

To understand and predict SCP burn behavior, both
experimental measurements and computational modeling
techniques are required. Experimental studies provide im-
portant validation data on regression rates [15] and material
failure [16]. However, such experiments can be expensive,
hazardous, and time consuming to perform [17]. Further,
it is not currently possible to ascertain experimentally the
subsurface mechanical state induced by deflagration, mak-
ing it difficult to determine the risk of mechanical failure
induced by voids in the SCP. The extensive amount of testing
required to identify and verify the safety and performance of
each new propellant formulation makes implementing new
technologies (additional additives, additive manufacturing,
mesoscale grain design, etc.) in new SRMs difficult and
costly. To enable the use of novel propellant formulations
and manufacturing methods, the ability to rapidly iterate
and provide detailed physics-based understanding of SCP
behaviors is needed.
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Modeling enables rapid design iteration, providing de-
tailed understanding of SCP performance without the costs
or hazards of experiments. Computational modeling pro-
vides in situ information about mesostructure burn surface
evolution, heat flux, and deformation at small length and
time scales, helping to inform and predict experimental
results. A number of models have been proposed that predict
both the solid and gas phase of an SCP, but are limited to a
singular valued surface function of the geometry [18-20].
Other methods have included chemistry models [21-23]
in the gaseous phase to resolve the thermochemistry near
the burn surface in AP/HTPB propellants without voids.
These explicit mappings even allow for the calculation of
mechanical stress and strain inside the binder [24-26]. How-
ever experimental imaging of SCPs has shown that the
burn surface is complex, and at times not singular valued
[27-31], so alternate methods to coordinate mapping are
needed to track the burn surface. Level-set methods have
been employed for surface tracking [32, 33], but these meth-
ods are generally non-conservative and require expensive
reinitialization to maintain the level-set’s signed-distance-
function property for numerical accuracy [34-36]. Diffuse
boundary methods have also been employed to implicitly
track complex boundaries [37, 38], allowing non-singular
valued surfaces to be studied. At the larger scale, models for
motors made of SCPs with voids have been developed and
are used for motor-sized geometries [39—41], but mesoscale-
level regression rate changes are not captured. Machine
learning approaches have also been employed for a variety
of applications in the design of energetic materials, such
as predicting detonation velocity and pressure [42, 43], and
have been shown to capture burn rate data [44], but models
can be limited by the availability of training data and do not
provide thermal analysis. Other models study the ignition of
propellants, and have been bench marked to experimental
data, but do not model the continued deflagration of the
propellant [45]. Despite the numerous existing modeling
approaches, numerical efforts for capturing the full thermal
and mechanical response induced by voids remain limited.

This work addresses that gap by extending a previously
developed full-feedback phase-field model for SCP burn sur-
face evolution to void-containing mesostructures. The cen-
tral modeling advance is a temperature-cutoff mobility law
that suppresses interface motion below the onset of sustained
AP/HTPB deflagration. This prevents void and solid-gas
interfaces from evolving under subcritical, curvature-driven
artifacts while preserving the high-temperature regression
behavior calibrated in prior work. With this stabilization,
the model can simulate arbitrary void morphologies, image-
derived mesostructures, and surrogate porous or hollow AP
particles. A validated elastic solver and Neo-Hookean model
are then coupled to the stabilized burn model to compute
stress and strain in the solid phase under thermal expansion
and constant pressure loading [46].

The remainder of the work is structured in the following
way: Section 2 develops the updated full-feedback phase-
field model and strong form finite kinematics solver for this

Figure 1: Representative example of phase-field modeling for
SCP regression. The red areas ¢ = 1 are AP, and the blue
¢ = 0 is HTPB. The white regions are empty regions n = 0
and are used to model voids inside the domain.

work. Section 3 demonstrates the regression of a generated
mesostructure with highly irregular geometries to demon-
strate the model’s capacity for arbitrary morphologies and
prediction of the mechanical response in an experimental
mesostructure, before presenting comparison to experimen-
tal results for AP/HTPB propellants with and without voids.
Results and conclusions are summarized in Section 4.

2. Methods

This section presents an updated and stabilized phase-
field model based on the previously developed full-feedback
phase-field model and strong form elastic solver. This model
was originally developed by Kanagarajan et al. [37]; which
was extended to the full-feedback formulation by Meier
et al. [38] and integrated with hyperelasticity in Meier and
Runnels [46]. Physically motivated extensions to this model
are shown to help capture the effects of SCP regression with
voids.

2.1. Full-feedback phase-field model

Phase-field methods offer an implicit, diffuse-interface
tracking through the use of a a field variable (ex, #) that acts
as a smooth, pointwise-valued reaction coordinate (Fig. 1).
The phase-field method regularizes the sharp interface prob-
lem by diffusing the interface region over a defined interface
width (characterized by controllable parameter €) to ensure
differentiability everywhere in the domain, including the
interfacial region, so that the interface can be implicitly
tracked. Phase-field models are predicated on the construc-
tion of an appropriate free energy functional that captures the
physics of interest and is applied to a field that can have two
distinct values (i.e. O or 1), indicative of the corresponding
species or phases. In the limit as ¢ — 0, provided the phase
field is correctly formulated, the free energy converges (for-
mally, '—converges) to the sharp interface solution, ensuring
that the error incurred through the implicit representation of
the interface remains bounded and controllable.

The field variable  : Q X R — [0, 1], where Q C
R" is the domain of interest and # is required to be twice
differentiable in space, implicitly tracks the state of the
material in the continuum region. The material inside the
continuum region is either solid (# = 1), or burned (n = 0),
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and 0 < 7 < 1is the diffuse interface. While the gas phase is
not explicitly resolved in the present method, a gas model is
implemented, effectively providing the boundary conditions
needed to evolve the interfacial region. Here, the free energy
functional

Fin = [ [fwon + exival]ax.
Qle 2

captures the thermodynamics driving the deflagration of the
propellant and, consequently, the movement of condensed
phase interface. A controls the magnitude of the chemical
potential, w is the chemical potential, x is the interface
energy, and e is the diffuse thickness of the interface. The
evolution of the unburned region is determined by the partial
differential equation,

011_
o
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where L is the mobility of the interface controlling the
interface velocity. The geometry is accurately captured as
long as € << 7, the smallest length scale of interest. When
this is not the case (as is sometimes inevitable in the case of
corners or material interfaces), negative curvature can cause
the Laplacian in Eq. (2) to become large, causing d#/dt to
be positive and resulting in an unphysical "healing" behavior
of the solid. To prevent this non-physical curvature driven
effect, a simple but effective remediation is to clamp dn/ot
to zero when dn /ot > 0.

The mobility, L, relates the regression rate to the thermo-
dynamic driving force and therefore controls whether a local
interface is allowed to move. In previous work, this mobility
was prescribed with an Arrhenius rate law,

-E
L:Aexp(R ;), 3)

where A is the pre-exponential factor, R, is the universal gas
constant, T is temperature, and E, is activation energy, all of
which are dependent on the species indicator field, ¢», which
differentiates between AP and HTPB (Fig. 1).

The Arrhenius form gives a nonzero mobility for any
T > 0. This is acceptable for an actively burning interface,
but it becomes problematic for void-containing mesostruc-
tures because cold, nonreacting internal surfaces can still
evolve under the curvature terms in Eq. (2). In that case,
interface motion is driven by numerical diffuse-interface
energetics rather than sustained condensed-phase deflagra-
tion. To suppress this subcritical motion, the present work
replaces the Arrhenius mobility with a temperature-cutoff
mobility. Experimental evidence indicates that below 640 K,
AP/HTPB combustion is endothermic [47, 48]. Although
AP and HTPB can still thermally decompose below this
temperature, the decomposition timescale is much longer
than the deflagration timescale considered here [49]; for
the present mesoscale regression model, the corresponding
interface mobility is therefore taken to be zero. Thus, Eq. (3)

is modified to

I 0, T< Tcutoff (4)
= —E, s
A exp ( RuT> o T 2 Tyt

where T, = 640K in the present work. Above the
cutoff, the original Arrhenius kinetics are recovered; below
the cutoff, void surfaces and other nonreacting interfaces re-
main stable until sufficient heating occurs. Related piecewise
temperature couplings have also been shown to be effective
in resolving complex boundary-driven phenomena in other
application domains (e.g. [50-52]).

Since the mobility depends on local temperature, it is
necessary to model the subsurface temperature field driven
by the heat flux from the gas phase. This temperature evolu-
tion in the condensed phase is driven by the heat flux from
the gas phase, § = §(x,t,n,7,¢,...), determined by the
reacting flow field. Because the determination of §, which
requires simulation of the fully-resolved flow field, can be
computationally expensive, it is desirable to approximate
4 = 4(m, p, @), a surrogate model that relates the local heat
flux to the local mass flux, pressure, and species composi-
tion. This heat flux / mass flux relationship is estimated from
Gross and Beckstead [53] which is amenable to piecewise
polynomial fitting

R %o

dap=C¥ p+CyF - I )
. &
dureg = C] TP p+ CYTTE — C_i)l (6)
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where C are determined by fit to experimental or numerical
data. The parameter {, is a reference length scale for the
diffuse interface between AP and HTPB, which allows for
the polynomial to be scaled to different diffuse thicknesses
without changing the overall heat flux; however, ¢ will vary
depending on the length scale of the propellant. Larger ¢
values smooth out the transition between the AP and HTPB,
reducing the maximum temperature and reducing the burn
rate. In the present work, different ¢ values are used to reflect
the differing length scales of the AP particles and the voids
in the domain.

Because the regression rate is locally determined by tem-
perature, the heat equation must be solved concurrently in
a diffuse boundary setting. Temperature evolution is driven
by the flux across the burn surface as described above, but
since the boundary is represented implicitly, a diffuse source
is used to effect this boundary condition

oT 1

Y = —V-(nkVT) + |V —~ (8)

q
ot pc, pe,

where p is density and c, is specific heat of the material.
(It was shown in [38] that this is equivalent to the sharp-
interface in the ¢ — 0 limit.) Though mathematically exact,
Eq. (8) is degenerate when n = 0, causing lack of uniqueness

and, consequently, numerical instability. To remediate this,
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Table 1
Physical parameters for AP/HTPB thermo-mechanical modeling
been tuned to fit the model.

. Cited parameters come from previous literature, others have

Parameter Symbol Combined AP HTPB
Activation Energy (K) E, 11-10% [19] 7.5-10% [19]
Base Mass Flux (kg/m?) i 1-103 5-10°
Bulk Modulus (MPa) K 15162.134 [54] 1368.519 [54]
Density (kg/m?) p 1.95-10° [12] 920 [12]
Heat Flux Scaling Factor (W/um?) Q 10 - 10° 0.147
Pre-exponential Factor (m/s) A 145 - 10° [20] 14[20]
Reference Pressure (MPa) P ot 1.1

g Constant (-) G P=-03715 + £ CMP=420-107 P =323-107
§ Pressure Factor (MPa™') C CP =201 460 - 1073 1114 - 1073
§ Pressure Square Factor (MPa™?) c, CP = —0.09906

Reference Interface Width (um) & 10.0 10.0 10.0
Shear Modulus (MPa) u 14191.376 [54] 2.465 [54]
Specific Heat (J/(kgK)) ¢, 1.2979 - 10° [55] 920 [55]
Temperature Cutoff (K) T, yoff 640 [47, 48]

Thermal Conductivity (J/(msK)) k 418.6-1073 [55]  146.3- 1073 [55]
Thermal Expansion Coef. (1/K) « 2.217 - 1075 [56] 5.1-107 [57]

a stand-in temperature in the burned region is prescribed
in order to ensure that the temperature field is well-defined
everywhere in the domain (even if it is not actually needed
everywhere):

Ttotal =n Tsolid + (l - 77) Tburned! (9)

where T,.q is the arbitrarily-chosen stand-in for the tem-
perature in the burned region.

2.2. Strong form elasticity

To compute the elastic response during regression, a
strong form elastic solver is utilized. Since the timescales of
acoustic wave propagation in the solid (order of ~103m/s
[58, 59]) are much faster than the movement of the burn
surface (order of ~1072m/s [38, 60]), a quasi-static approx-
imation is used to solve for the elastic response. The diffuse
potential energy of the system is,

H[;{]=/Q<[W(F)—)(-B]n+x-TIVnI>dV, (10)

where W is the elastic free energy functional, F = grad(y)
is the deformation gradient, B is the body force, and T is the
surface traction over the natural boundary. By minimizing
the potential energy from Eq. (10), the Euler-Lagrange equa-
tions follow the application of minimum potential energy,

Div(nﬂ> —-nB=T|Vn|, (1

oF
which is the stress-divergence equation for large deforma-
tions. In the SCP there are multiple species, to compute the
stress response in this solid-solid interface region a linear
scaling based on their relative concentrations is,

N
W(E) = Y ,(X) W, (F),

n=1

N
Ye,=1. (12
n=1

where the elastic solver can solve for the response in an
arbitrary number of species in the domain. A neo-Hookean
hyperelastic model is used for the AP/HTPB with energy
functional [61, 62],

trFTF
J2/3

W(F) = g < _ dim) + g(J —1% (13)
where y is the shear modulus, x is the bulk modulus, F is the
deformation gradient tensor, and J = det F. After solving
for the deformation, the strain and stress are found with the
Green-Lagrange strain tensor and the Cauchy stess tensor,
E= l(FTF - I) = LPFT (14)
2 k J b
where P = dW /JF is the Piola-Kirchhoff stress tensor. This
method is used to report the stress and strain of the propellant

in the Eulerian frame. As a stand in for the fluid phase, a
diffuse constant pressure traction term is applied at the burn

surface,
0
T= ’
{ —p V1,

where p is the constant pressure stand in for the fluid phase.

T< Tcutoff

, (15)
T> Tcutoff

2.3. Implementation

Diffuse boundary methods are notoriously costly due
to the increased resolution required at diffuse boundaries,
necessitating the use of adaptive mesh refinement (AMR).
This work employs a block-structured adaptive mesh re-
finement (BSAMR), enabling dynamic resolution of regions
with steep gradients while minimizing overall computa-
tional cost. The full-feedback model used in this work is
implemented in Alamo [63], which is built on AMReX,
an open source AMR framework that provides BSAMR
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[64]. Alamo employs a multiple-inheritance polymorphic
integrator framework to abstract numerical time integrations
of coupled multiphysics models, enabling the integration of
the full-feedback model with elasticity, fluid flow, etc.

Best practice in phase field and diffuse boundary meth-
ods is to ensure that at least 5 grid points span the length
of the diffuse boundary in order to avoid mesh-dependent
anisotropy [65]; however, convergence testing is still essen-
tial. The model was tested for convergence with respect to
mesh size and timestep (Appendix A), and the 5-element
criterion was found to be sufficient to ensure reasonable
accuracy without excessive computational cost. As such,
all meshes in the present work are constructed to have a
minimum of 5 elements through the smallest length scale
of interest, though the starting mesh size and AMR level
naturally vary depending on the domain and mesosctructure
under consideration. The convergence study also determined
that the time step has no appreciable impact on the results as
long as it is small enough not to violate the CFL! condition
[66].

Burn rates are estimated during postprocessing by con-
sidering the evolution of the isocontour # = 0.5 over time.
The furthest point along the isocontour is selected as the
burn front, and a central difference derivative approximation
is used to calculate the regression rate, mimicking the exper-
imental tripwire method for determining burn rates [67, 68].

3. Results

This section evaluates the stabilized formulation in in-
creasingly realistic void-containing mesostructures. The first
case isolates geometric complexity by forcing regression
around a highly curved, non-singular void surface; the sec-
ond initializes the model from an experimental image; and
the final cases compare predicted burn rates with experi-
mental measurements for porous, hollow, and void-free AP
particles. After simulating SCP deflagration, Vislt [69] is
used to post process temperature, stress, strain, and solid-
burned interface contours. Most physical constants used in
this study are unchanged from previous work (Table 1).
Simulation metadata and animations for Figs. 3 to 5 and 8
are included in supplementary information.

3.1. Nontrivial geometry

The first test is designed to exercise the cutoff mobility
in a geometry where curvature-driven artifacts would be
most likely to appear. An artificial AP/HTPB mesostruc-
ture with a complex void is created and tested. The initial
configuration of the AP/HTPB is generated using threshold
dynamics, a method of constructing synthetic mesostruc-
tures by thresholding random fields [70]. This is done by
placing a 4000 by 4000 grid of random values between O
and 1 and then iteratively smoothing and thresholding to get
a grain with diffuse boundaries. The generated grain is 47%

IThe stability condition for reaction-diffusion equations is not, strictly
speaking, a CFL condition; however, it is so called here in order to maintain
consistency with phase field literature.

r

Figure 2: Generation of representative grain for the full-
feedback model. From left to right, initial random value place-
ment in a 4000 by 4000 grid, smoothed random placement,
thresholded values to make synthetic grain, and smoothed
grain for the phase-field model.

AP and 53% HTPB by volume (Fig. 2) and is placed on a
1 mm by 1 mm domain. A spiral-shaped void is added for
two reasons. First, the void exposes the condensed phase
to inward- and outward-facing surfaces so that regression
proceeds in multiple directions throughout the simulation.
Second, the burn surface is not single valued, so a coordinate
mapping method would require repeated remapping as the
interface evolves. To initiate SCP regression, a laser at the
center of the domain is simulated by applying a heat flux of
100 MW /m? for 1 ms, which matches experimental setups
where a high powered laser is shone on an SCP to initiate
the exothermic reaction of AP and HTPB [71].

The resulting burn follows the spiral pattern of the void,
indicating that the internal void surface remains geomet-
rically stable until it is reached by the heated regression
front (Fig. 3). Because gas-phase transport and radiation are
not explicitly simulated, the condensed-phase interface does
not propagate through empty regions; instead, regression
proceeds along the solid surfaces exposed by the void.
During regression, peak temperature areas reside within
HTPB, while the surface moves fastest and releases the most
heat in mixed AP/HTPB regions. The higher temperatures
observed within the HTPB binder can be attributed to its
slower regression rate, which results from a lower pre-
exponential factor compared to AP. Although AP exhibits
a higher heat flux than HTPB, its faster burn rate promotes
heat transfer into the surrounding binder, leading to greater
heating of the HTPB relative to the AP itself Fig. 3. As
the front moves through the domain, local regression ac-
celerates along exposed spiral edges because these regions
have increased solid-gas interfacial area. This behavior is
represented through the Laplacian term in Eq. (2): near a
void surface, n approaches a local minimum, increasing Az
and accelerating local interface recession once the cutoff
temperature is exceeded. The case therefore demonstrates
the intended role of the temperature-cutoff mobility: cold
void surfaces remain stable, while heated surfaces regress

Munger, Stocker, Sandall, Runnels

Page 5 of 15



Modeling the effects of voids in SCPs

0.35

0.2625
0.175
0.0875

0.7

Temperature (K)
Time (s)

0.525

Temperature (K)
Time (s)

0.175

0

Figure 3: Output temperatures and burn contours of the spiral void and random placement of AP in HTPB binder with the spiral
void. (top) Configuration with spiral void and constant ¢ = 0.5. (bottom) Configuration with spiral and artificial ¢ grain. (left)
The initial ¢ field (blue/red) and # field (black). The blue areas are HTPB, and the red areas are AP. The black regions are the
initial void. (middle) Compiled temperature plot of the highest temperature value at each point over the entire simulation length.
The temperature is highest in the HTPB binder, similar to the previous result without the spiral void. (right) Contours of the 5
field during regression. The surface movement rate is slower and has more distant geometry because there are distant AP and
HTPB regions compared to setting ¢ = 0.5 everywhere, which assumes a homogeneous mixture with AP and HTPB, increasing

burn rate.

according to the same full-feedback kinetics used for the
external burn front. If the mesh is sufficiently refined to
capture the smallest radius of curvature of interest, this
stabilized formulation can be applied to more general voided
mesostructures. Consequently, processed experimental im-
ages can be used as model inputs to investigate deflagration
behavior in performance-grade propellants or propellants
that have undergone damage or decomposition.

3.2. Experimental mesostructure

Having established that the stabilized formulation can
preserve a highly curved void surface until it is thermally
activated, the model is next applied to an experimentally
observed mesostructure. This case tests whether an image-
derived AP/HTPB morphology with irregular particle bound-
aries and surface porosity can be used directly to analyze
local thermal and mechanical response. A scanning electron
microscope image of an AP/HTPB propellant containing
porous AP particles [12] is processed into initial ¢ and 5
fields and used as the model input. These porous particles
were produced by introducing bubbles during drying, which
resulted in small voids on particle surfaces. Although the
presence of such voids is known to increase burn rate, the
local thermal and mechanical mechanisms underlying that
increase remain difficult to observe experimentally. The
selected image is approximately 110um by 80 um; after

processing, the domain contains approximately 4% void by
area (Fig. 4).

During deflagration, the highest temperature occurs near
the laser initiation boundary, while moderate to high temper-
atures develop throughout regions where AP and HTPB are
well mixed. Lower maximum temperatures occur near AP-
rich regions and near larger voids. The AP-rich region burns
more rapidly, leaving less time for heat accumulation in
the condensed phase, while voids remove energetic material
and interrupt local heat storage. These spatial temperature
variations are important because they generate nonuniform
thermal expansion in the solid, producing internal stresses
in addition to those caused by the pressure surface traction
(Fig. 5).

The mechanical response shows stress concentrations
near voids, consistent with prior analyses of voided propel-
lant microstructures [72]. For this image-derived case, the
maximum von Mises stress is 434.7 kPa and the maximum
strain is 14.3%. Reported ultimate strengths for HTPB pro-
pellants span approximately 0.4 MPa to 2.0 MPa, with fail-
ure strains between 20% and 50% depending on loading and
environmental conditions [73]. The predicted stresses and
strains therefore do not establish failure, but they indicate
that void-induced thermal and pressure loading can drive the
local mechanical state toward experimentally relevant limits.
Because direct validation data for subsurface stress fields at
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Figure 4: Experimental image processing and simulated burn of processed porous propellant (Sample A). (top) Experimental
image processing steps). (left) Initial unprocessed image with voids [15]. (middle) Processed initial ¢ field where red is AP and
blue is HTPB. (right) Processed n field where black regions are voids. (bottom) Simulated burn results. (left) Initial AP/HTPB
(red/blue) and voids (black). (middle) Compiled highest temperature at each timestep over the simulation. (right) # field surface
contours. As the propellant burns the temperature is lowest on the right where there is the most AP because AP burns faster
than HTPB, so there is less time for heat to build up in the domain.

von Mises Stress (kPa)

Maximum Strain (%)

125 168.75 2125 256.25 300 0.75 1.5625 2375 3.1875 4

Figure 5: Superimposed maximum von Mises stress and
maximum strain in propellant after a simulated burn at 1 MPa.
The voids induce stress concentrations in the propellant, and
the maximum strain occurs in the HTPB binder. A square
(58.5um by 58.5um) domain is used to improve the stability
of the elastic solver.

this length scale are limited, these mechanical results are
treated as predictive diagnostics rather than validated failure
predictions.

3.3. Validation: porous / hollow AP particles

The preceding cases show that the stabilized formulation
can treat complex and image-derived void morphologies.
The model is now compared with experimental burn-rate
measurements for AP/HTPB propellants containing porous,
hollow, and void-free AP particles [15]. Prior work vali-
dated the same full-feedback framework without voids using
AP/HTPB sandwich flames, spherical packing configura-
tions [46], and realistic mesostructures [38]; the present
comparison tests whether the cutoff-stabilized formulation

Table 2
Sauter mean diameter (SMD) and mean diameter (MD) of
AP particles and voids used to match experimental propellant
samples.

AP Particles Voids

SMD (um) std  MD (um) std (%)
A 7.73 0.752 0.572 0.264 11.00
B 456 0.405 0.343 0.152 6.00
C 5.34 0.474 0.403 0.180 6.00
D 436 0.394 0.327 0.147 7.00
E 8.19 0.740 0.617 0.275 7.00
F 8.66 0.787 0.649 0.290 6.00
G 3.42 0.341 0.673 0.148 14.00
H 3.78 0.375 0.725 0.158 13.00
| 3.03 0.274 0.000 0.000 0.00
J 3.79 0.341 0.000 0.000 0.00
K 3.69 0.334 0.000 0.000 0.00
R 14.87 1.277 0.000 0.000 0.00
S 7.80 0.711 0.000 0.000 0.00
T 2.83 0.256 0.000 0.000 0.00

preserves that predictive capability when internal void sur-
faces are introduced.

Because the experimental samples are three-dimensional
and the present simulations are two-dimensional mesoscale
surrogates, the comparison is constructed to match the dom-
inant geometric descriptors rather than each particle exactly.
AP particles are represented as spheres in the experimen-
tal statistics and disks in the two-dimensional computa-
tional domains. Hollow particles contain a single scaled
concentric void, while porous particles contain multiple
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Figure 6: (left) comparison of the surface area to volume
ratio of mesostructures as the diameter changes. Decreasing
the diameter or increasing the void fraction increases the
surface area. (right) Legend with example plots of the different
mesostructures.

randomly placed voids with a median radius of approxi-
mately 15% of that of the parent particle. All samples are
generated to match the experimental AP mass fraction of
72%, which corresponds to approximately 55 — 60% AP
by volume depending on void fraction. The Sauter mean
diameter (SMD = Z,IL d3/ 21]11 d?) of AP particles is
used to match the approximate weight mean diameter of the
experimental datasets (Fig. 6 and Table 2).

For a fixed AP loading, both particle diameter and void
fraction influence regression rate by changing the amount
of exposed solid-gas interfacial area. For comparison across
samples, these effects are collapsed into a particle surface-
area-to-volume ratio. The ratio is found,

SA _ 2(APgyp + Voidyp - Mean Num. Voids)

Vol. (APEMD - Voidl%/lD - Mean Num. Voids)

(16)

where APgqyp is the Sauter mean diameter of the AP par-
ticles and Voidyp, is the mean diameter of the voids. The
surface-area-to-volume ratio increases with increased void
fraction or decreased particle diameter (Fig. 6 and Table 2).
The experimental void fraction is defined as the total volume
of a 3D sample occupied by voids. For the 2D surrogate
packings used in this work, the same particle diameter distri-
butions are used and void volume fraction is approximated
by void area fraction.

Regression modeling with packed surrogate mesostruc-
tures is performed at 1 MPa and 7MPa gauge pressure
(1.1 MPa and 7.1 MPa absolute pressure). All experimental
data presented are from previous research by Kohga [15],
and all burn rates used during analysis are provided (Ap-
pendix C). The mean burn rate and 95% upper and lower

Table 3

Numerical parameters used during experimental comparison.
Parameter Name Value
n Diffuse Thickness (um) 1.0
¢ Diffuse Thickness (um) 1.5
X Direction Base Number of Cells (-) 128
X Direction Domain Length (um) 200
Y Direction Base Number of Cells (-) 16
Y Direction Domain Length (um) 25
Number of AMR levels (no voids) (um) 3
Number of AMR levels (voids) (um) 4
Number of cell divisions per level (-) 2
Timestep (ns) 200
Plot Interval (ps) 800
Burn Area Diffuse Thickness (um) 1.0
Interface Width (¢), Spherical /Hollow (um) 23.0
Interface Width (¢), Porous Particles (um) 63.0

instantaneous burn rates are computed after removing the
first and last 5 data points due to transient effects from the
laser and inlet/outlet boundary conditions. For all results, nu-
merical parameters are held constant except for ¢ (Table 3),
which is changed between porous and hollow AP particles
to account for the different characteristic length scales of
their void surfaces. ¢ is set to 23 um for hollow and spherical
particles and 63 um for porous particles.

At 1MPa, the model captures the experimental burn
rates for all considered geometries within 28% error (Ta-
ble C.1). For mesostructures without voids, the predicted
trend follows the experimental data, although the model
over-predicts the influence of particle size. When voids
are added, the porous-particle cases show a weak decrease
in regression rate as surface-area-to-volume ratio increases
(Fig. 7). This behavior reflects competing effects: voids
increase exposed interfacial area, but they also remove en-
ergetic material and locally reduce heat accumulation. In the
diffuse representation, a small amount of AP is also removed
when the # field is applied around void surfaces. Because AP
contributes strongly to the local heat flux, this reduction low-
ers the maximum attainable condensed-phase temperature.
The porous mesostructures reach maximum temperatures
between 750 K and 800 K, while spherical mesostructures
exceed 1000 K; thus, the acceleration associated with added
void surface area can be offset by reduced local temperature
and lower available energetic material.

The instantaneous burn-rate bounds also narrow as
surface-area-to-volume ratio increases. Mesostructures with
smaller AP particles are closer to a homogeneous mixture,
producing more consistent local burn rates. In contrast,
mesostructures with larger AP particles, particularly sam-
ples R and S, remain more heterogeneous and therefore
exhibit a wider range of instantaneous burn rates (Fig. 8).

At 7MPa, the same numerical parameters are retained
and only the pressure is increased. The comparison is less
quantitative than at 1 MPa, with larger errors in several cases
(Table C.2), but the model still captures qualitative trends.

Munger, Stocker, Sandall, Runnels

Page 8 of 15



Modeling the effects of voids in SCPs

No Voids (1 MPa)

No Voids (7 MPa)

12.5 1
10.0 A
7.5
5.0

0.0 1

@ fo

25

With Voids (1 MPa)

With Voids (7 MPa)

12.5 A
10.0 1

7.5 1

- Wor ﬁA or & o

0.0 1

0] § 4

] : N
1 o EA s P Al 56
O

*
o e O

Regression Rate (mm/s) Regression Rate (mm/s)

0.25 0.I50 O.I75 l.IOO 1.I25 1.I50 1.I75
Surface/Volume Ratio (um~1)

© Spherical (Full Feedback)
$8 Spherical (Experimental)

[ Porous (Full Feedback)
© Porous (Experimental)

2.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Surface/Volume Ratio (um™1)

A Hollow (Full Feedback)
0 Hollow (Experimental)
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rate for all the spherical and porous particles at low pressures.

For void-free samples, the regression rate increases with
surface-area-to-volume ratio, while porous samples retain a
weak decrease in regression rate as surface-area-to-volume
ratio increases. The narrower instantaneous burn-rate spread
at 7 MPa suggests that faster overall regression reduces the
relative influence of local heterogeneity, especially for small-
particle mesostructures.

The high-pressure discrepancy points to missing heat-
transfer physics rather than failure of the cutoff stabiliza-
tion. As pressure increases from 1 MPa toward 10 MPa,
the flame front shifts closer to the propellant surface and
maximum gas-phase temperatures increase [53]. Radiative
heat transfer scales strongly with temperature and increases
as the flame approaches the surface, so neglecting radiation
can underpredict the effective surface heating at elevated
pressure. Future high-pressure extensions should therefore
include radiative or more explicit gas-phase heat-transfer
models rather than relying solely on the present pressure-
scaled heat-flux surrogate.

4. Conclusion

In this work, previously developed diffuse interface
methods are applied to arbitrary mesostructure geometries
and extended to demonstrate the effect of voids on SCP
regression rates by comparing solid, porous, and hollow
AP particles. Unlike surface mapping or level-set methods,

which can struggle to capture complex evolving geometries,
the phase-field approach naturally handles arbitrary geome-
tries for both propellant grains and voids. This capability is
demonstrated through the use of a randomized grain struc-
ture with a central spiral void, as well as an experimental
SEM photograph.

The model is validated against experimental data and
shown to capture relevant trends reliant on particle size and
specific surface area with reasonable accuracy. The model
agrees with experimental data within 28% error at 1 MPa,
and reflects general trends at 7 MPa. The model over-predicts
the effect of increased surface area with the introduction of
voids at the higher pressure, but captures the general behav-
ior demonstrated experimentally. Future research areas in-
clude modeling the fluid phase during regression to capture
the effects of hot gases on voids, and radiation heat transfer
which becomes more prevalent at higher temperatures.

These results suggest that the diffuse interface method
can be applied to reliably assist in screening candidate SCP
geometries and compositions prior to experimental studies,
helping to reduce iteration costs and accelerate the develop-
ment of future SCPs.
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Figure 8: (top) Composite temperature of spherical sample R
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(bottom) Regression contours of Samples R and H, white lines
differentiate regression contours. The maximum temperature
in sample R is much higher than sample H, but sample R
regresses slower because of a lower surface area to volume
ratio.

Novelty and significance statement

It is significant to investigate the effects of voids in-
side SCPs for the development, use, and safety of propel-
lants. Previous work had shown the substantial impact voids
have on the regression rate of SCPs, but had not explored
the reasons for this regression rate increase. A model is
benchmarked against experimental data and used to pro-
vide thermal mechanical analysis of AP/HTPB deflagration
with voids of any arbitrary shape or location inside the
microstructure.
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A. Mesh and Time Step Convergence

While this model has shown good agreement with exper-
imental data in the past, it has never been used to simulate
regression in SCPs with voids, so care was taken to inves-
tigate the mesh and time step sensitivity in a domain with
voids. Before comparing to experimental data, mesh and
time step convergence studies are used to ensure the regres-
sion rate is being precisely measured. A domain of packed
AP spheres inside an HTPB binder with spherical voids is
used for numerical verification (Fig. A.1). This domain is
representative of experimental domains similar to those from
Section 3, allowing for a good comparison, while have fewer
cells compared to the experimental mesostructures, easing
computational cost.

Figure A.1: Initial fields for the mesh convergence study with
particles of AP inside an HTPB binder (¢ field), along with
placed voids (7 field). The domain is 0.3 x 0.3 mm.

Due to the nature of adaptive mesh refinement, addi-
tional refinement levels are utilized to efficiently use com-
putational resources. For these studies, a domain of 300 um
by 300 um is used, with a base mesh of 8§ cells in the x
and y direction. Refinement levels 2, 3, 4, and 5 are used
to determine the required mesh size. Each refinement level
doubles the number of cells inside the refined area in each
coordinate direction (i.e. 4x the number of cells in 2D and
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Modeling the effects of voids in SCPs

8x in 3D). Simulations with refinement levels below 3 were
unsuccessful so only data from levels 3, 4, and 5 are analyzed
(Table A.1).

Table A.1
Regression rate of the solid propellant at different mesh
resolutions.

Max Avg. Regression Relative Change
AMR Rate (mm/s) (%)
Level

3 21.208

4 9.857 -53.510
5 10.549 6.560
6 10.540 -0.085

The regression rate has negligible dependence on the
time step. Time steps of 2000 ns, 1000 ns, 500 ns, and 250 ns
seconds are tested. Time steps larger than 2000 ns for the
given domain did not progress to completion. Below a
timestep of 2000 ns, halving the timestep causes a relative
change in the regression rate of the order 1-107°. As such, it
can be concluded that relative to the mesh size, the timestep
does not influence the convergence of the regression rate
as long as the Courant-Friedrichs-Lewy (CFL) condition
is met. For experimental validation, the largest timestep
that satisfies the CFL condition is chosen for computational
efficiency.

B. Mesostructures

Provided below are example images of all mesostruc-
tures with voids from Table 2. Each example image is
200 um by 25 um (Figs. B.1 and B.2).

C. Validation data

Tables are provided with all regression rate data used in
analysis and plotting (Tables C.1 and C.2). The mean, 95%
upper, and 95% lower burn rates were found after omitting
the first and last five saved timesteps due to transient effects
from the laser initial condition and thermal boundary effects
at the inlet and outlet. The error is calculated with,

_ (Comp. Burn Rate)-(Exp. Burn Rate)
B Exp. Burn Rate ’

Error

ey

and then multiplied by 100 to convert to a percentage. The
mean computational burn rate is used for all error calcula-
tions.

Sample A, 11% Voids, highest porous void fraction

tsed ]

»

0 25 ) 50 75 10 125 150 175 200

Sample D, 7% Voids

2@ @ ..:g.,.q‘

00 125
Sample E, 7% Voids

3

100 125
Sample F, 6% Voids

o 25 50 75 100 125 150 175 200
Sample G, 14% Voids, highest hollow void fraction
tested

0 25 50 75 100 125 150 175 200
Sample H, 13% Voids

Figure B.1: Example images of mesostructures with voids. All
mesostructures are 200 um by 25 um
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Table C.1
Burn rate (mm/s) comparison of model with experimental data
at 1 MPa gauge pressure. The highest error is —27.89% in
sample A

Sample  Burn Rate [mm/s]  Error % 95% Bound

Exp. [15] Comp. (=) Upper Lower
A 3.8 274 -27.89 381 146
B 3.2 2.92 -6.88 392  1.99
(a) Sample 1, no voids C 3.6 3.21 -10.83 4.15 2.23
) 3.2 265 2156 321 1.82
E 3.5 3.37 371 454 176
W — F 3.0 3.59 19.67 578 176
G 46 5.67 2326 656  4.85
(b) Sample J, no voids H 5.1 6.23 22.16 6.81 5.58
I 3.4 3.75 1029 479  3.12
J 3.2 3.37 531 457 219
75 100 125 150 175 200 K 32 337 531 478 245
R 2.2 1.71  -2227 344 016
(c) Sample K, no voids S 26 221 -1500 479  0.62
T 3.5 3.67 1343 484  3.32
Table C.2

Burn rate (mm/s) comparison of model with experimental data
at 7 MPa gauge pressure. The highest error is 58.44% in sample
F

Sample  Burn Rate (mm/s)  Error % 95% Bound

Exp. [15] Comp (=) Upper Lower

10.1 9.51 -5.84 10.74 7.99
7.1 10.15 4296 10.57 9.52
7.6 10.28 35.26  10.80 9.77
7.2 9.35 29.86 9.77 8.97
7.8 9.95 27.56 10.88 9.08
6.4 10.14 58.44 11.35 8.71

131 9.44 -27.94 9.77 9.16

12.0 10.07 -16.08  10.54 9.68
7.2 5.56 -22.78 6.43 4.09
6.8 5.23 -23.09 7.27 3.46
6.9 5.28 -23.48 7.17 3.53
53 4.37 -17.55 8.65 2.09
6.0 4.73 -21.17 7.11 2.02
7.2 5.14 -28.61 5.94 4.56

75 100 125

(f) Sample T, no voids, smallest AP particles tested

Figure B.2: Example images of mesostructures without voids.
All mesostructures are 200 um by 25 pm
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