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This work presents an integrated Multiphysics framework for the design and thermo-structural evaluation
of an academic potassium nitrate-sucrose (KNSU) solid rocket motor (SRM). The study bridges a major
gap between industrial-grade SRM modelling and educational-scale applications by combining internal
ballistics, heat-transfer analysis, and finite element structural simulation within a unified computational
environment. The propellant burn rate is modelled through Saint-Robert’s law, while transient chamber
Keywords: pressure and nozzle erosion are coupled with the structural solver to evaluate stresses, deformation, and
SRM safety margins under operational conditions. Thermal and mechanical load interactions are assessed us-
I(NSU ) ing temperature-dependent material properties for AISI 1020 steel, and the viscoelastic response of the
Casing properties . . . .
Multi-physics propellant_ is represented thro_ugh 2 l?r_ony—serles formulation. Results 1nd1_cate a peak chamberA pressure
of approximately 8.6 MPa during ignition, followed by a steady-state regime near 4.8 MPa, with corre-
sponding maximum casing stresses below 0.5 o,, ensuring safe operation. Comparative analysis against
NASA SP-125 empirical correlations shows less than 5% deviation in predicted thrust and impulse, val-
idating the model accuracy. The framework offers an accessible yet rigorous methodology for academic
and laboratory-scale SRM design, supporting both educational experimentation and early-stage research
in solid propulsion. Future work will incorporate experimental validation, uncertainty quantification, and
ablation-viscoelastic coupling to further improve predictive fidelity.
© 2026 International Association for the Advancement of Space Safety. Published by Elsevier Ltd. This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Solid rocket motors (SRMs) remain fundamental to aerospace
propulsion—used in applications from booster stages to reaction
control—because they deliver high thrust impulsively with simple,
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reliable hardware and no complex fueling infrastructure [1,2]. Yet,
despite extensive industrial development, research on small-scale
and educational SRMs is comparatively sparse, leaving room to
strengthen hands-on training and low-risk experimental develop-
ment in academic settings.

SRMs operate by converting the chemical energy of a com-
pacted solid propellant into hot, high-pressure gases that are accel-
erated through a nozzle to produce thrust [3]. Although the litera-
ture contains many investigations of full-scale, industrial SRM de-
signs and their performance, comparatively few works target pro-
totype motors optimized for safety, low cost, and reproducibility in
teaching laboratories [4,5].

This paper fills that gap by presenting a computationally val-
idated design for a compact SRM using potassium-nitrate/sucrose
(KNSU) propellant with AISI 1020/AISI 4140 steel structural com-
ponents (see Fig. 1). KNSU offers a practical balance of energy
and manageable combustion characteristics for academic use [6-9].
The study couples multiphysics tools—thermochemical modelling,
Saint-Robert’s burn-rate formulation [10,11], and transient finite-
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Nomenclature

DMA
KNSU
SRM

Dynamic Mechanical Analysis.
Potassium Nitrate — Sucrose
Solid Rocket Motor.

element structural analysis—to predict chamber pressure histories,
coupled thermal-mechanical loads, and the resulting structural re-
sponse during operation [12].

A distinguishing feature of this research lies in its comprehen-
sive modelling of viscoelastic deformation [13] within the SRM
grain structure, employing a Prony series formulation to capture
time-dependent strain evolution under coupled thermal and me-
chanical loading [14,15]. This approach, typically reserved for ad-
vanced propellant characterizations [16,17], underscores the aca-
demic ambition to simulate real-world rocket behaviour with high
fidelity. The design methodology incorporates optimization algo-
rithms (e.g., Monte Carlo methods) and mesh convergence valida-
tion, ensuring robustness in geometric and structural assessment
[7,18]. Moreover, by benchmarking the simulated SRM performance
against both academic references [2,19] and industrial standards
[15], this study not only identifies design limitations (e.g., safety
margins and thrust shortfalls) but also proposes future enhance-
ment pathways such as grain geometry refinement, thermal barrier
coatings, and high-temperature material substitution.

1.1. Reverse design and multiphysics modelling advances in
educational SRMs

Recent advances in SRM design have moved toward Multi-
physics and machine learning-driven frameworks capable of cap-
turing the nonlinear coupling between geometry, internal ballistics,
and thermomechanical response. Li et al. on [20] proposed a re-
verse design methodology for propellant grains using an evolution-
ary neural network, enabling automatic optimisation of unconven-
tional geometries without relying on predefined templates such as
star or slotted-tube configurations [20]. Their approach integrates
the Poisson-Eikonal-Finite Element (PEF) method with a phase-field
neural representation, allowing the automatic generation and burn-
back analysis of irregular grain shapes through fixed unstructured
meshes. This neural encoding of grain geometry offers an adapt-
able basis for the inclusion of thermoelastic and viscoelastic effects
in academic hybrid propellants like KNSU (KNO3-C;2H25011).

Complementary studies have demonstrated that machine
learning-assisted SRM modelling can significantly enhance pre-
dictive accuracy and reduce computational overhead in nonlinear
burn-back and stress analysis. For instance, studies by Abelardo
on [20] developed a hybrid optimization architecture coupling
genetic algorithms with surrogate thermofluidic models for im-
proved internal ballistic predictions in small rocket motors, Sim-
ilarly, Wang et al, [21] introduced a Multiphysics-coupled FEM
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Fig. 1. Schematic of an SRM [15].
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Fig. 2. Divergent region after the experiment [23].

framework that captures the interaction between thermal gradi-
ents, structural deformation, and viscoelastic relaxation in SRMs,
offering better alignment with experimental deformation fields.
More recently, Tang et al. (2025) on [22] proposed a computa-
tionally efficient Multiphysics solver for coupled thermal-chemical-
structural transients in miniature solid motors, demonstrating sub-
stantial error reduction in propellant stress and strain estimations.

These developments converge on the need for unified edu-
cational frameworks where academic SRMs—such as KNSU-based
systems—can be modelled through accessible Multiphysics simu-
lations combining heat transfer, combustion regression, and struc-
tural response. Yet, the complexity of coupling burn-back dynamics
with temperature-dependent viscoelastic properties remains un-
derexplored in open-source or educational contexts. Most models
assume isotropic or purely elastic behaviour, omitting the time-
dependent softening and residual strain accumulation characteris-
tic of sugar-based propellants under thermal cycling.

1.2. Technical gaps in current thermo-structural modelling of
academic solid rocket motors

Recent studies (for example, the investigation published in En-
ergies on the combustion and flow behaviour of solid propellants)
found on [23] demonstrate that even well-developed simulation
tools often oversimplify the interactions between internal ballis-
tics, heat transfer, and structural response. Their results show that
transient thermal gradients, wall heat flux dynamics and local
flow perturbations can lead to non-uniform stress distributions and
early onset of material fatigue — phenomena that are rarely cap-
tured in standard educational models. The study furthermore high-
lights that most frameworks assume quasi-steady combustion, ne-
glecting coupling between temperature rise, propellant regression
and evolving structural deformation, thereby limiting their validity
for realistic motor designs as seen in Fig. 2 [23].

Fig. 2 illustrates the post-firing condition of the divergent sec-
tion of the solid rocket motor nozzle, highlighting the thermal-
mechanical degradation that occurred during combustion. Com-
pared with the convergent region, the divergent portion exhibits
less ablation and carbonization, confirming the lower thermal load
predicted by the numerical model. However, a localized perfora-
tion (circled in red) penetrates the second structural layer, evidenc-
ing a flame leak along the insert-insulation interface. This damage
validates the authors’ conclusion that the 0.2 mm design gap be-
tween the insert and the composite insulation was insufficient to
prevent gas infiltration, enabling high-temperature flow to prop-
agate through the bonding interface. Consequently, both the pri-
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mary leakage path and an alternative path require redesign and
tighter manufacturing tolerances. The experimental observation in
Fig. 2 therefore corroborates the numerical prediction that inter-
face sealing and coupled thermo-structural behaviour are critical
to the long-term integrity of SRM nozzles [23].

Also, recent findings by Huang et al. (2023) on [24] revealed
that nozzle ablation in solid rocket motors induces complex, time-
dependent interactions between internal flow, wall temperature,
and thrust, which are not captured in most academic models. Their
simulations showed that as ablation progresses, changes in nozzle
geometry alter the shock pattern and Mach distribution, leading
to local increases in pressure and temperature and a measurable
decrease in thrust. However, current educational frameworks typi-
cally treat ablation as a steady geometric correction, neglecting this
dynamic coupling.

The study also demonstrated that ablation steps generate dis-
turbed flow regions and secondary compression waves, creating
non-uniform heat fluxes and stress concentrations that simplified
models fail to predict. Additionally, Huang et al. highlighted the
feedback between ablation and gas thermophysical properties—
such as viscosity and thermal conductivity—further influencing
wall heat transfer. These findings expose clear gaps in conventional
SRM modelling, including (1) the absence of fully coupled transient
analysis, (2) omission of local thermo-mechanical effects, and (3)
lack of adaptive meshing or moving-boundary approaches.

Addressing these issues requires a new educational Multi-
physics framework that integrates real-time ablation-flow coupling
and transient thermo-structural feedback to improve both predic-
tive accuracy and training value [24].

1.3. Overview and key contributions

The present study introduces a unified Multiphysics simulation
framework for the thermo-mechanical and viscoelastic analysis of
academic-scale potassium nitrate-sucrose (KNSU) solid rocket mo-
tors (SRMs). The work bridges the gap between professional-grade
computational tools and accessible educational models, providing a
reproducible methodology for analysing pressure evolution, struc-
tural integrity, and material response in small SRMs. Unlike previ-
ous studies that treat combustion, thermal conduction, and struc-
tural deformation as independent processes, the proposed frame-
work integrates these phenomena within a single transient numer-
ical environment.

Specifically, the model couples the internal ballistics of grain
regression, transient heat transfer across the motor chamber, and
finite-element structural analysis that incorporates viscoelastic ma-
terial behaviour calibrated through a simplified Prony-series rep-
resentation. This approach enables the assessment of stress evo-
lution, deformation, and safety factors under realistic operating
conditions while maintaining computational efficiency suitable for
academic settings.

2. Computational framework and design methodology of the
KNSU solid rocket motor

2.1. Theoretical framework for SRM performance

The theoretical foundation of the present work integrates inter-
nal ballistics, thermal transport, and structural response within a
single transient numerical framework. In contrast to conventional
quasi-steady or one-dimensional educational tools, which assume
constant chamber pressure and neglect feedback between com-
bustion and wall deformation, this approach resolves the time-
dependent coupling among mass generation, compressible flow,
and temperature-induced stress evolution inside the motor casing.
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2.1.1. Internal ballistics and propellant regression

Combustion in a solid rocket motor is governed by the regres-
sion rate of the propellant surface, r, which depends on the instan-
taneous chamber pressure P.(t) according to the empirical Saint
Robert’s law [25,26]:

r =F (1)
where a is the burn-rate coefficient and n is the pressure exponent,

typically in the range 0.25 - 0.45 for KNSU propellants.
The total mass flow rate entering the chamber is [26]:

(2)
with p, the propellant density and A,(t) the instantaneous burning
area obtained from grain geometry regression. The pressure-time
behaviour then follows from mass continuity and nozzle discharge
conditions [25]:

dP, RT,
A (3)
dt Ve

where me is the mass flow rate through the nozzle, y is the ratio

of specific heats, R is the gas constant, T, the chamber temperature,
and V. the time-varying free volume [25,26].

my, = ppApr

(mp —me)

» Combustion Chamber Pressure

The steady-state chamber pressure P is derived from the mass
balance between propellant gas generation and nozzle expulsion:

1
PC:<:0p-a-Ab-C* )1"

At
where p, is propellant density (1,850 kg/m* for KNSU), a and n
are burn rate coefficients from Saint Robert’s Law (r = aP"), A,
is burning surface area, A; is nozzle throat area, and C* is the
characteristic velocity (1,520 m/s for KNSU) [4,5].

(4)

« Thrust Equation
Thrust F is calculated as:
F=mVe+ ( Pe — Pa) - Ae (5)

where m = pp - r - A, is the mass flow rate, ve is exhaust
velocity, Pe is exit pressure, P, is ambient pressure, and A is
nozzle exit area. For under expanded flows (Pe > P, ), the second
term dominates.

2.1.2. Energy and momentum coupling
The energy conservation equation accounts for heat transfer
from the hot gases to the propellant and chamber wall [26,27]:

oh 3T

PeCpp + Pellm = kgw —-q (6)

where g}, is the convective heat flux at the wall-gas interface, eval-
uated using a modified Bartz correlation. The resulting temperature
field defines the thermal load that drives both casing expansion
and viscoelastic creep. The assumption of one-dimensional com-
pressible flow remains valid for slender motors with low diver-
gence half-angles (< 15°); however, transient simulations capture
axial wave effects and pressure oscillations neglected in steady an-
alytical models [27].

2.1.3. Thermo-mechanical feedback

The pressure history P.(t) couples with the mechanical stress
field through the internal pressure boundary condition on the cas-
ing and through temperature-dependent material properties E(T)
and oy(T). The deformation of the chamber slightly alters the
free volume V., providing weak feedback on P.(t). This thermo-
mechanical loop becomes significant in small-scale educational
SRMs where wall thicknesses are comparable to grain diameter, re-
sulting in measurable strain-pressure interactions [26,27].
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2.14. Novelty of the proposed framework

Unlike earlier frameworks that treat combustion, heat trans-
fer, and structural analysis separately [25,26], the present model
explicitly couples the transient energy equation, pressure evolu-
tion, and viscoelastic response within a unified computational en-
vironment. This allows prediction of peak stress, casing defor-
mation, and internal temperature rise with greater fidelity than
quasi-steady educational solvers. The framework also incorporates
temperature-dependent material degradation and time-resolved
boundary conditions, extending its applicability to safety assess-
ment and design optimization of small, potassium-nitrate-sucrose
motors used for instructional and research purposes.

2.2. Material selection and structural criteria

Material selection for the casing and nozzle is a primary deter-
minant of structural integrity and service life in small solid rocket
motors. The selection must therefore account not only for room-
temperature strength and manufacturability, but also for (1) the
temperature dependence of elastic modulus and yield strength, (2)
creep resistance under transient high temperature, and (3) fatigue
and damage accumulation under repeated thermal-mechanical cy-
cles. In this work the casing and nozzle baseline materials are
AISI 1020 (casing) and AISI 4140 (nozzle); the following subsec-
tions explain the rationale, identify their high-temperature limita-
tions, propose higher-performance alternatives, and present a sim-
ple creep/fatigue screening methodology [28,29].

2.2.1. Temperature-dependent mechanical behaviour (AISI 1020, AISI
4140)

Steel mechanical properties degrade with increasing tempera-
ture: elastic modulus E(T) decreases, yield strength o(T) falls, and
ductility typically increases until microstructural softening and ox-
idation reduce load-bearing capacity. For engineering assessments,
it is essential to treat E and o as functions of temperature rather
than constants [29].

Practical engineering points for the chosen alloys:

« AISI 1020 (carbon steel, commonly used for casings):

Selected for ductility, low cost and ease of fabrication. At am-
bient temperature AISI 1020 exhibits nominal Young’'s modulus
on the order of ~ 200 GPa and yield strength in the low hun-
dreds of MPa (supplier-specific). Above roughly 400-600°C me-
chanical strength begins to fall appreciably, and oxidation can com-
promise section properties. For SRM casings that experience short-
duration high-temperature exposure, AISI 1020 is acceptable when
protected by insulation and when peak metal temperatures are
kept below the conservative limit where o (T) has not decreased
beyond allowable margins.

The casing must withstand peak von Mises stress oMV , de-

fined as:
2 2 2
aMV=\/ (01 —02)" + (02;03) + (03 —01) 7)

where o7, 0, , o1 are principal stresses. AISI 1020 steel
(oy=350MPa) was selected for its ductility and cost-effectiveness,
with a safety factor SF = oy/oyy > 2.0 [30].

« AISI 4140 (alloy steel, nozzle candidate):

AISI 4140 presents improved high-temperature performance rel-
ative to mild steels due to its alloying elements (Cr, Mo). It re-
tains higher yield strength and better hardenability, and is com-
monly used for nozzle/throat hardware where temperatures ap-
proach several hundred°C. Nonetheless, at temperatures approach-
ing 600-800°C (short exposures) creep and strength degradation
become non-negligible; therefore, AISI 4140 should be used with
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either thermal barriers or coatings or be replaced with a more ox-
idation/creep resistant alloy for aggressive duty cycles.

The nozzle throat experiences stagnation temperatures up to
2,800 K. AISI 4140 steel (oy = 655MPa) was chosen for its high-
temperature creep resistance, validated via the Larson-Miller pa-
rameter:

de = K-P28.t02 (8)

where T is temperature (K) and t is time (hours) [31].
Recommended practice: assemble temperature-dependent
curves E(T) and o(T) for each material from authoritative sources
(mill certificates, ASTM/ISO data, material provider datasheets).
Use linear or spline interpolation in the solver; do not assume
constant properties for transient thermo-mechanical runs [28].

» Nozzle Aerodynamics and Geometry Optimization

The convergent-divergent (C-D) nozzle design follows the de
Laval criterion for supersonic flow:

el
A 1 ( 2 y=1,,\\*"
At_Me<y+1<1+ 2 Me

where y = 1.2 (KNSU combustion gases), Me=2.8 is the design exit
Mach number, and A¢/A; = 8.5. Throat erosion was modeled using
the empirical relation:

d =K. P28 .92
with k = 2.5 x 10~ m/(MPa®%8. s92) [6].

(9)

(10)

2.2.2. Candidate high-temperature substitutes and trade-offs

When the thermal environment or safety target requires
improved high-temperature performance, consider higher-
performance alloys. Two practical options for small SRM nozzles
and critical hardware are [28]:

- Inconel 625 (Ni-based superalloy): excellent oxidation and
creep resistance up to ~ 800-900°C, high toughness, and good
weldability. Advantages: minimal strength loss in short high-
temperature pulses and superior corrosion/oxidation protection.
Drawbacks: higher density and cost; more difficult machining—
trade-off against weight and budget constraints.

Maraging steels (e.g.,, Maraging 300/350): ultra-high yield
strength after ageing heat treatment and good toughness.
Maraging alloys offer high static strength with moderate creep
resistance at moderate temperatures; however, their oxidation
resistance is lower than Ni-based alloys and may require sur-
face protection for high-temperature exposure.

Therefore, it should pick the lowest cost material that satis-
fies the maximum metal temperature and required safety factor for
the design life. If the nozzle throat experiences repeated exposure
above ~700 K (~427°C) or if ablation exposes metal surfaces to
combustion gases, prefer Inconel or coated high-alloy steels.

2.2.3. Simplified creep and fatigue screening — Larson-Miller
approach

For preliminary design and material screening, a compact
Larson-Miller parameter (LMP) based approach provides a prac-
tical means to estimate time-to-rupture at elevated temperature
without full creep testing. Use the following steps as a conserva-
tive screening procedure:

Larson-Miller parameter (LMP):

LMP = T(C + logyot;)

where:

(11)

« T is the absolute temperature (K) at which creep occurs (use
maximum metal temperature),
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Fig. 3. Mach number distribution of the ground state nozzle before and after abla-
tion [24].

« tr is time-to-rupture in hours,

« Cis a material constant (commonly in the range 20-23 when T
is in K and ¢t in hours); C must be obtained from experimental
creep rupture data for the specific alloy.

2.3. Thermal analysis and heat-transfer coupling

The thermal model couples the convective heating from hot
combustion gases, conductive heat transfer through insulation and
metal layers, and radiative exchange at exposed surfaces to deter-
mine the time-dependent wall temperature field used by the struc-
tural solver. Convection at the gas-wall interface is evaluated us-
ing a modified Bartz correlation for high-temperature rocket flows,
with empirical corrections to account for non-ideal gas properties
and near-wall ablation products; radiation is included where ex-
posed hot surfaces and inserts require it. These choices follow the
same modelling philosophy used for small KNSU motors and en-
sure that the dominant heat-transfer modes during ignition and
early burn are captured [24].

Fig. 3 from Huang et al. [24] illustrates the impact of nozzle ab-
lation on the internal flow field by comparing Mach number distri-
butions in the original (Initial Contour) and ablated (Ablation Con-
tour) geometries. In the left-hand region of the plot the throat is
shown for both the initial and ablated states. The ablation con-
tour exhibits a larger exit diameter and altered expansion profile,
which pushes the Mach field lines outward, reduces the peak Mach
number at the throat, and redistributes the shock structure down-
stream. This geometry change leads to a less uniform supersonic
flow, locally higher temperature and pressure zones, and reduced
effective expansion ratio. From a thermal-analysis standpoint, the
shifted Mach contours imply that wall heat-flux distributions also
change: regions that originally experienced moderate supersonic
acceleration now endure stronger shock impingement and higher
stagnation temperatures, increasing convective heat transfer and
potentially elevating wall temperature peaks. These changes rein-
force the need for transient, geometry-aware heat-transfer mod-
elling, rather than static or steady-state assumptions.

Wall heat flux is computed as a time-series boundary condition
for the structural model. For each thermal time step we compute
the convective heat flux at the chamber wall, g, (t), and the ra-
diative term q;/ad (t), and resolve 1-D/2-D conduction through in-
sulation and metal layers to obtain nodal metal temperatures T(x,
t). When nozzle ablation or throat erosion is simulated, the mov-
ing boundary is handled via a re-meshing or moving-mesh strat-
egy and the local heat flux is adjusted to account for changing
wall curvature and local particle loading, following the approach
demonstrated for axisymmetric transient ablation in Huang et al.
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on [24]. This two-way coupling (flow — wall regression — modi-
fied flow) is activated in cases where throat recession is expected
to change the expansion ratio significantly.
Temperature-dependent material properties (Young's modulus,
yield strength, thermal conductivity and specific heat) are mapped
onto the structural mesh at each coupling interval. For viscoelas-
tic propellant models the Prony-series parameters are shifted using
time-temperature superposition (where experimental DMA data
exist) to reflect the effective modulus at the instantaneous temper-
ature field. The transient coupling frequency (how often thermal
results are passed to the structural solver and pressure is updated)
is selected to resolve the ignition spike — in our computations a
coupling interval of 0.01 s with adaptive sub-stepping during the
first 0.1 s was used. All thermal runs must include mesh/time-step
convergence studies (presented as a short table) and report the At
used and the maximum nodal temperature for traceability [32].

2.3.1. Heat-transfer mechanisms and modelling assumptions

The thermal field within the academic KNSU solid rocket motor
(SRM) was determined by considering the three dominant heat-
transfer mechanisms: convection from the combustion gases to the
internal wall, conduction through the metallic casing and insula-
tion layers, and radiation from the hot gases and the nozzle throat
to the surroundings. Convection was identified as the dominant
mode inside the chamber due to high gas velocities and elevated
temperatures, whereas conduction governed the temperature gra-
dient through the propellant-insulation-casing interface. Radiative
exchange was modelled primarily at the nozzle throat and outer
wall, where surface temperatures exceed 1000 K and view factors
to the ambient environment become significant [32,33].

To represent the gas-wall interface, a non-slip adiabatic bound-
ary condition was applied to the core flow, and a conjugate heat-
transfer approach was adopted to couple the gas-side and wall-
side domains. The governing transient heat-conduction equation
in cylindrical coordinates was solved using temperature-dependent
material properties for both the KNSU propellant and the AISI 1020
steel casing. The internal surface heat flux was defined as the sum
of convective and radiative components:

Qioeat (£) = Qoony (£) + qjg (1) (12)

where g/, arises from turbulent boundary-layer transport and
q., represents gas and wall radiation exchange. These conditions
follow standard small-scale SRM thermal-modelling practices rec-
ommended in Rocket Propulsion Elements [34] and validated in
Cheng et al. [32], who demonstrated that nozzle ablation substan-
tially modifies near-wall thermal loads.

Fig. 4 depicts the full iterative sequence used by the authors
to simulate the ablation of a composite nozzle under solid rocket
motor conditions. The process begins by assigning initial bound-
ary and material conditions for both the fluid and solid domains:
this includes gas inlet pressure/temperature, nozzle wall and struc-
tural materials, and an initial geometry. Next, the coupled fluid
and solid solvers are executed: the Navier-Stokes equations gov-
ern the gas flow, while the solid heat-conduction equation models
wall/insulation temperature evolution. From these solutions, the
wall temperature, pressure, gas composition and density fields are
extracted.

With these fields, the material mass-loss rate is calculated us-
ing chemical-kinetics and diffusion-controlled ablation models. The
minimal controlling mechanism is selected to determine the effec-
tive mass-loss rate, and dividing by local material density yields
a linear ablation rate (geometry recession). The heat carried away
due to ablation and chemical reaction is then introduced as a
source term in the boundary energy equation of the fluid-solid
coupling. Mesh updates or dynamic mesh remeshing are employed
to adjust the nozzle surface based on the computed recession rate,



S. Valencia, J.E. Orduy and S. Garcia de la Pefia

[Sel initial and boundary coudilions]
)
Fluid structure coupling
boundary conditions
I
Solving equations of N-S
and solid heat conduction

Greact~ 9m

T,. P.p. X,

M,

» E, = . (26
My—reace = ATy exp| — BT )Pis My_aiypy = —PF’D‘ an
uTs -

|

Menem = Z min(my—reace. Mi-airy)
=1

# = (Menem)/Pe

t=t+1

Fig. 4. Unsteady-state ablation calculation process for the composite nozzle.

and the simulation advances in time with semi-implicit time step-
ping until the target simulation time (18 s) is reached.

The calculation loop thus combines fluid solution — thermal
conduction — ablation rate — geometry update — repeat. In
essence, this multi-physics coupling ensures that the evolving ge-
ometry affects the flow, which in turn affects wall heating and
ablation, forming a feedback loop that captures transient changes
in nozzle contour, shock structure, and heat flux. By including
the ablation-heat feedback and dynamically updated geometry, the
model improves fidelity over static approximation methods where
nozzle contour is held fixed.

2.4. Finite element analysis (FEA) methodology

The finite element analysis (FEA) of the academic KNSU solid
rocket motor (SRM) was performed to evaluate the structural re-
sponse under coupled pressure and thermal loading throughout
the burn cycle. The procedure followed standard aerospace simula-
tion practices: geometry and mesh generation, definition of loads
and boundary conditions, transient solution, and numerical valida-
tion [28].

2.4.1. Model geometry and meshing

A two-dimensional axisymmetric model was constructed to
represent the motor casing, propellant grain, insulation, and noz-
zle insert. The geometry was simplified to preserve symmetry
while retaining critical stress-bearing features such as the case-
nozzle junction and aft bulkhead. The domain was discretised us-
ing quadratic thermal-structural coupled elements (PLANE223 type
in ANSYS). A mesh-refinement study was conducted to determine
the optimal element size near the throat and grain interface, where
high stress and temperature gradients are expected. The grid con-
vergence index (GCI) was calculated following the method recom-
mended by ASME to ensure mesh independence, with a refinement
ratio r = 1.5 and acceptable relative error below 2 % [7].

2.4.2. Load definitions and coupling

Transient internal pressure was applied on the chamber wall
according to the time-dependent curve obtained from the internal-
ballistics solver (2.3). The temperature field from the thermal anal-
ysis was mapped as a body-load distribution across the casing
thickness, introducing temperature-dependent material properties.
To prevent rigid-body motion, the aft-end nodes were fixed axially,
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and radial displacement was constrained along the symmetry axis.
Both mechanical and thermal boundary conditions were synchro-
nised in time, ensuring that the stress evolution reflected realistic
ignition transients Huang et al., 2023 [24].

A transient structural-thermal coupled simulation was per-
formed in ANSYS Mechanical™, The governing equation for ther-
mal stress is:

0%u
where C is the elasticity tensor, u is displacement, f is body force,

and pp is density. Boundary conditions included:

« Pressure Load: P = 5.3 MPa (transient peak)
» Thermal Load: Tinner = 2,800K, Touter = 300K

Mesh independence was verified using the GCI with Richardson
extrapolation [7].

2.4.3. Material models

The casing and nozzle insert were treated as temperature-
dependent isotropic materials. For AISI 1020 steel, the elastic mod-
ulus, yield strength, and thermal expansion coefficient were up-
dated at each time step from tabulated data. The propellant do-
main was modelled using a linear viscoelastic constitutive law
based on a Prony-series representation derived from Wang et al.
[21], enabling simulation of creep and stress relaxation dur-
ing burn. All material data were implemented as temperature-
dependent curves in the engineering data library to maintain con-
tinuity between thermal and structural solvers.

2.4.4. Solution strategy

A transient sequential coupling scheme was adopted. The
nodal temperature field T(x, t) computed in the thermal module
served as input for the structural solver, which integrated the gov-
erning equilibrium equation:

[K(T)H{u}(®) = {B@©)} + {F(T. 0}, (14)

where [K(T)] is the temperature-dependent stiffness matrix,
{Fp(t)} is the pressure load vector, and {Fy(Tt)} represents
the thermal-expansion forces. The implicit Newmark-8 time-
integration method was used for numerical stability, with a base-
line time step of At = 0.01 s and adaptive sub-stepping during ig-
nition. Convergence tolerance for displacement and energy norms
was set at 1 x 1076,

2.4.5. Post-processing and validation

Post-processing focused on extracting von Mises stress, maxi-
mum principal stress, and total deformation as functions of time.
The results were compared against the allowable, temperature-
reduced yield strength defined in § 2.2.4. Safety margins were
computed as:

Oallow (T) _
on

MoS = (15)

Critical regions of stress concentration—typically near the
nozzle-case interface and aft closure—were further investigated us-
ing fine local meshes. The computed maximum stress (172 MPa)
remained below the allowable limit for AISI 1020 at the corre-
sponding wall temperature, validating structural integrity. The pre-
dicted deformation pattern and safety factors were consistent with
published small-scale SRM FEA studies [22,26].

2.5. Geometric configuration and selection

The motor geometry (Table 1) was defined from a targeted
parametric design study that sought to minimize inert mass while
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Table 1

Optimized SRM geometric parameters.
Parameter Value  Unit
Casing length 330 mm
Casing Internal Diameter ~ 35.1 mm
Nozzle Throat Diameter 9.12 mm
Propellant Grain Length 280 mm
Burn Time 8.2 s

L

N

[
|\

Fig. 5. Image of a Hollow Propellant Grain [8].

ensuring structural safety—specifically that the peak von Mises
stress remains below 0.5 oy under the prescribed transient loads.
Key geometric values are reported in Table 1; principal derived pa-
rameters and features are:

- Casing slenderness ratio: A = L/D = 9.4.

» Nozzle contour: convergent half-angle
angle = 18°.

» Operating envelope: burn time
9.12 mm.

15°; divergent half-

~

8.2 s, throat diameter

The geometry was selected using a deterministic parametric
sweep and engineering trade-offs (varying wall thickness, grain
length and throat size) rather than stochastic sampling, and each
candidate configuration was checked against the thermo-structural
model described in §§2.3-2.4. Final selection prioritized the low-
est mass solution that met the acceptance criterion (o}7* < 0.50y)
across the transient pressure and temperature histories. Results
were cross-checked against standard amateur-rocket design guid-
ance (NASA SP-125), with predicted thrust and impulse differing
by less than 5 % from the reference correlations [1,6].

3. Propellant performance calculations and combustion
chamber internal pressure

3.1. Thermochemical characterization of KNSU propellant

KNSU (Potassium Nitrate-Sucrose) is a heterogeneous compos-
ite propellant comprising 65 wt. % potassium nitrate (KNOs, oxi-
dizer) and 35 wt. % sucrose (C;2H,011, fuel) [8]. The stoichiomet-
ric combustion reaction is expressed as:

KNO3 + C3H»,011 — K>2CO3 + CO; + H,0 + Ny AHcomb ~ 3400k]/kg

The adiabatic flame temperature (Ty) under optimal conditions
reaches 1700 K [8], with combustion products attaining a specific
heat ratio () of 1.18 [9]. The propellant density (pp ) is 1.82 g/cm?
[8], critical for determining mass flow rates.

3.1.1. Kn parameter and burning surface geometry
The Klemmung number (Kn), defined as Kn = A,/A; , governs
chamber pressure (P. ) stability, where A;, is the propellant burn-
ing area and A; the nozzle throat area [10]. For a hollow cylindrical
grain (Fig. 5), the initial and final burning areas are derived as [10]:
2 _ 42
Ab, initial= 7 (D 4 d ) + JTL(D + d)

(16)
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Graph 1. Chamber pressure vs. Propellant.
D —
Ap fina— = (D+d)(L—t), t= 5 (17)

where D = 35.1 mm, d=5 mm, and L=300 mm. Substituting these
values yields Knmax=340, ensuring quasi-steady pressure equilib-
rium during combustion [7].

3.2. Burn rate modelling via Saint Robert’s law

The propellant burn rate (r) follows Saint Robert’s empirical re-
lation [9]:
r=a”P! (18)

where a = 3.2 x 107> m/s/Pa” and n = 0.45 for KNSU [13]. Inte-
grating (18) into the mass continuity equation yields the chamber
pressure dynamics. The total mass flow rate (m) is governed by:
%"
C*
where c* = 980 m/s is the characteristic velocity [9]. Under steady
state (m= 0), (19) simplifies to:

1
adycs\ "

For Kn = 340, (20) predicts P. = 4.8 MPa, aligning with numer-
ical results (Graph 1).

m= ppApr — (19)

(20)

3.3. Chamber mass balance and pressure evolution

The chamber mass balance equates propellant mass generation
and nozzle/outlet mass flow. The transient chamber pressure evo-
lution follows from:

L(pVe(t)) = mp(t) — me(t) (21)

where p. [kg-m™3] is the mean density of the combustion products
in the chamber (related to P, via the ideal-gas relation), V,(t) [m?]
is the free gas volume (accounts for grain regression), and m.(t)
[kg-s~'] is the nozzle mass flow.

Using the ideal gas law P. = pRT. (with gas constant R and
chamber temperature T.), and assuming T.varies slowly within
each coupling interval (or is updated from thermochemical solver),
we rewrite (21) as:

P. dVe

dP RT,
G = (mp—me) — G- (22)

Integrate (22) in time using an adaptive, explicit 4th-order
Runge-Kutta (RK4) with sub-stepping during ignition transients.
Report and justify time step At and adaptive criteria (e.g., AP/P
tolerance).
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Graph 2. Numerical approximation of the combustion chamber [7].

3.3.1. Transient pressure dynamics
The time-dependent pressure evolution is derived from the
compressible flow mass-energy balance [7]:

dP. _y

(23)

dt Ve
where V¢=330 cm? is the chamber volume and the gas constant
[8]. Numerical integration of (12) using a fourth-order Runge-Kutta
solver (MATLAB R2023a) reveals a transient pressure spike of 5.3
MPa at t=0.1 s, decaying to steady-state 4.8 MPa within 0.5 s
(Graph 1). The pressure decay phase post-combustion follows:

_A/YRT 2 %t
y+1

Vo
validated against experimental data with R, = 0.97 [8].

As seen in Graph 2 the pressure curve of a rocket motor ex-
hibits both transient and steady-state phases. Transient phases oc-
cur during ignition and startup, as well as at the end of propellant
consumption, when the pressure decreases to ambient levels. Dur-
ing steady-state combustion, pressure variations are mainly due to
changes in the grain geometry, affecting the burn rate, although
factors such as nozzle erosion can also play a role [11]. where a
and n are the burn rate coefficient and pressure exponent, respec-
tively. Substituting Eqs. (18) & (10) (mass flowrate through nozzle)
into Eq. (25) leads to the following equation [9]:

) (25)

dpo . |k 2
dr TP RT0<I<+1

Using the ideal gas law, the derivative of the density in the pre-
vious equation can be formulated as [9]:

dpo _ 1 dpo
dt ~ RT, dt

Additionally, considering that the chamber temperature, Ty , is
essentially independent of the chamber pressure, Eq. (14) can be

rewritten as follows:
Vo

AP (P, — Py) — P | K (2 D
derty e~ o (Fe =P =PAY ol 57

This equation is especially useful as it allows us to calculate the
rate of change of pressure in the chamber. ddito during the tran-
sient startup phase of the SRM, when the chamber pressure rises
rapidly until it reaches the stable operating level. Once the steady-
state condition is achieved, the exhaust of combustion gases bal-
ances with the production of gases from propellant consumption,
dsto It equals 0, and the term on the left side of Eq. (25) disappears.
At this point, the pressure in the chamber in steady state can be

described as [9]:

P.(t) = P“Oexp (24)

Ab,obaP,? = AO,OOCIP(? + Vo

(26)

dpo

(27)

1
IT-n)

Ap app

A* k 2 kj
Vi (7))

P

(28)
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It is important to mention that the term for the density of
the combustion products has been eliminated, as it is insignificant
compared to the density of the propellant. Eq. (28) can be greatly
simplified by applying Eq. (27), establishing kn = % and consider-
ing that the characteristic escape velocity (c*) is defined as:

RTo

ct = (29)

This results in a simplified expression for the chamber pressure
under steady-state conditions:

P,KnPpr c* (30)

Where r represents the combustion velocity at the chamber
pressure Py , and it is noted that kn = %. is crucial to understand
that the combustion velocity, r, depends on the chamber pressure.
Therefore, the chamber pressure does not directly depend on Kn ;
rather, for a specific propellant, the relationship is:

Ao = C(Kn) ™ (31)

Where c is the ratio of the constant properties of the propel-
lants:

1
(1-n)

4
k+1

k 2 —1)

Vs (&)

The third and final phase of the pressure curve, known as the
pressure descent phase, ideally occurs just after the entire propel-
lant grain has been consumed. However, in practice, fragments or
residues of the propellant grain remain once most of the grain has
been consumed. This causes the pressure descent to be more grad-
ual than in the ideal case. Nevertheless, it is impractical to con-
sider this effect, so the pressure during the descent phase is deter-
mined under the assumption that the grain has been completely
consumed. After shutdown, when pb =0, Eq. 3 becomes [9]:

v, dP, _ RA
C*

dtRT, dt —

This differential equation can be solved to represent the pres-
sure in the chamber during the decay phase as a function of the
discharge time in a throttled flow

—RTyA*
P. = Py, exp ( ” g* t)

0

c= (32)

(33)

(34)

Where Py, is the chamber pressure at the moment of shut-
down, and t is the time since shutdown. The pressure shows an
exponential decrease. In addition to the burning of fragments dur-
ing the decay, the nozzle clogging tends to make the pressure de-
crease more gradual than predicted by Eq. (25).

3.4. Nozzle flow model and mass flow

The nozzle is modelled quasi-one-dimensionally. For choked
flow at the throat the mass flow me is:

y+1

2(y-1
me(®) =GO AO RO [f () (35)
where Cy(t) is an effective discharge coefficient (accounts for vis-
cous losses and non-idealities), A¢(t) is the current throat area (up-
dated for erosion), and y, R, T, have their usual meanings. If the
nozzle becomes under/over-expanded, use isentropic relations to
compute ve and compute thrust with the usual expression (see
§3.4).
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3.5. Nozzle erosion coupling

Throat area A¢(t) is adjusted each coupling interval by integrat-
ing the local erosion rate (see §3.3.2). The discharge coefficient
Cy; may be reduced as throat geometry departs from the designed
contour.

3.6. Nozzle throat erosion dynamics

Nozzle throat erosion, driven by thermochemical ablation, is
modelled as [12]:

dA;

dt

where for AISI 4140 steel [12]. Coupling (5) with (3) reduces
steady-state P. by 6.2 % compared to rigid-nozzle assumptions,
aligning with Schlieren imaging data [13].

= kePO$ (36)

3.6.1. Nozzle throat erosion / ablation (simplified treatment)

For the 1-D ballistic model we employ an empirical throat re-
cession law calibrated from literature/experiments to account for
material removal:

s(t) = kP.(t)* (37)

where s [m-s7'] is linear throat recession rate, k and « are em-
pirical erosion constants (identify source; Huang et al. [24] and
composite-nozzle studies provide guidance). The throat radius up-
dates as

re(t+ At) =r1e(t) + 5 (t) At, (38)

and A(t) = mr(t)2. Note that this simplified law omits two-phase
particle effects; when higher fidelity is required, couple to the
CFD/ablation module described in §2.3 and §2.3.2.

3.7. Thrust and performance metrics

Instantaneous thrust F(t) is calculated as:
F(t):me(t)ve(t)+(Pe(t)—Pa)Ae (39)

where v, is the exit velocity (from isentropic/expanded flow rela-
tions), Pe is exit static pressure, P, ambient pressure and A, exit
area. Compute specific impulse I, and total impulse I by time
integration. Compare predicted thrust and impulse against canon-
ical amateur-rocket correlations (NASA SP-125) and the literature
benchmarking set used throughout this study.

4. Computational modelling and results
4.1. Finite element modelling

The star grain configuration of the SRM was modelled using
ANSYS R2023 Academic software. The geometry comprised a gal-
vanized steel casing (AISI 1020) and an AISI 4140 steel nozzle, dis-
cretized into 27,016 hexahedral elements and 48,458 nodes. This
mesh density ensured convergence in stress and strain calculations,
particularly at critical regions like the star-tube junction [14,15].

4.2. Material constitutive models

The propellant was modelled as a linear isotropic viscoelastic
material with a time-independent Poisson’s ratio (v = 0.29). The
shear (G(t)) and volumetric (K(t)) relaxation moduli were defined
via a Prony series [16]:

n
G(t):Goo+ZG —t
i-1 ie 'Ti

(40)
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Table 2
Material parameters used in the casing and nozzle.

Elastic Modulus Poisson’s Thermal Expansion

(MPa) Ratio Coefficient
Casing'® 2.25 x 10° 0.29 12 x 106°C
Nozzle?? 2.30 x 10° 0.27 11 x 10°6°C

Kt)=Keo+Y K ¢ (41)
i=1

e /Tl

where t!  are relaxation times. The tensile relaxation modulus E(t)
was derived as:

9K (t)G(t
E(t) = - DGO (42)

3K(t) + G(t)

Material parameters for the casing and nozzle are summarized
in Table 2 [17,18].

4.3. Criteria for evaluating structural integrity

When subjected to temperature and internal pressure loads, the
Von Mises criterion is often used to evaluate the structural in-
tegrity of the solid propellant [19].
gy —— (43)
Where ¢y, it represents the critical strain value, and n is the safety
factor. The formula for the Von Mises strain is [20]

&y = ?\/({;‘x — Sy) + (ey — 8;)2 + (& — Sx)zg(&%y + 532 + 8)32)
(44)

Under maximum stretching conditions, the strains can be ex-
pressed as follows:

&y = &, = —VEx, Ex = Em, Exy = Exz = 0, Thus,

Eym = %(l + V)Sm (45)

Where ¢, it represents the maximum elongation of the propel-
lant. In this article, the Von Mises strain criterion is used to eval-
uate the structural integrity, as it facilitates the determination of
emand &y [20,21]. The simulation was carried out using MATLAB
and ANSYS software.

4.4. Simulation results

When the thermal load is combined with a pressure of 8.60
MPa, the maximum Von Mises strain increases to 0.2987 %, re-
maining in the same location. The relationship between the elon-
gation of the propellant and the strain rate at 1700°K over the ex-
posure time shows that the elongation capacity decreases as the
strain rate increases [21].

1. Maximum Von Mises Strain:

o The peak strain of 0.2987 % (equivalent to 0.98 mm defor-
mation over the 330 mm casing length) was localized at the
star-tube junction, a known stress concentration zone in con-
strained grain geometries. This aligns with prior studies on star-
configuration SRMs [20], where geometric discontinuities am-
plify strain during transient ignition phases.
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Graph 3. Maximum deformation in mm of the casing subjected to 8.60 MPa at
1700°K.

o Statistical Validation: The mesh convergence study, conducted
using the Grid Convergence Index (GCI) with Richardson ex-
trapolation [7], confirmed a relative error of <2 % between suc-
cessive refinements (48,458 nodes vs. 62,115 nodes), ensuring
numerical accuracy.

2. Thermal-Structural Coupling:

The nonlinear strain escalation from 0.00886 % (thermal load
only) to 0.2987 % (combined thermal-pressure load) under-
scores the synergistic effects of thermal softening and vis-
coelastic relaxation. The Prony series parameters (Table 2) for
the propellant’s shear modulus (G(t)) and volumetric modu-
lus (K(t)) were calibrated using dynamic mechanical analysis
(DMA) data [16], ensuring material model fidelity.

Temporal Resolution: Transient simulations employed a time-
step of 0.01 s, resolving the rapid strain-rate effects during the
ignition spike (0-0.1 s) and subsequent stabilization.

[e]

[e]

Graph 3, depicting the spatial distribution of maximum de-
formation in the AISI 1020 steel casing under combined thermal
(1700°K) and pressure (8.60 MPa) loads, highlights critical struc-
tural insights. The deformation peaks at approximately 0.98 mm
(0.2987 % strain) near the star-tube junction, aligning with ex-
pected stress concentrations in constrained grain configurations.
This transient response correlates with the ignition pressure spike
(8.60 MPa at 0.1 s), stabilizing as the system reaches steady-state
conditions (4.8 MPa).
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5. Discussion
5.1. Structural integrity benchmarking

The safety factor (n = 1.9) aligns with academic SRM standards
[1,22], though industrial designs often require n > 2.5 [6]. The lo-
calized strain at the star-tube junction mirrors findings by Z.-B.
Shen et al. [20], who reported similar stress concentrations in star
grains under transient ignition. However, Greatrix et al [21] ob-
served higher strains (~0.35 %) in free-loading grains, underscor-
ing the advantage of constrained star configurations in mitigating
deformation.

The AISI 1020 casing’s performance (0 o mises=172 MPa) com-
pares favourably to Hossain et al. [18], who demonstrated a yield
strength retention of 350 MPa even after heat treatment. For
the nozzle, Kim et al. [31] confirmed AISI 4140’s superior high-
temperature stability, corroborating our stress results (210 MPa vs.
allowable 450 MPa).

5.2. Combustion and pressure dynamics

The simulated chamber pressure (4.8 MPa steady-state, 8.60
MPa transient) closely matches theoretical predictions using Saint
Robert’s law (r=3.2-4.0mmy/s) [4,8]. This consistency validates
the KNSU propellant’s burn rate, as reported by Battagin et al.
[23]. The Kn = 340 correlation confirms grain geometry op-
timization, avoiding pressure spikes observed in non-optimized
designs [9,22].

5.3. Thermal-structural coupling

The 1700°K thermal load induced a baseline strain of 0.00886 %,
escalating to 0.2987 % under pressure. This nonlinear coupling
aligns with Zhang and Xing [19], who emphasized temperature-
dependent viscoelasticity in propellants. However, Tang et al. [24]
noted higher thermal gradients in motors without insulation, sug-
gesting future work on thermal barrier coatings.

5.4. Comparative design optimization

Our thrust output (1.3kN) aligns with academic motors [2,25]
but falls short of industrial systems (>5kN) [15]. Tola and Nikbay
[15] achieved higher thrust via grain geometry optimization, while
Lombardo [12] highlighted thrust modulation via variable burn
rates—avenues for future refinement.

Table 3 visually reinforces the discussion on performance gaps
and design philosophy differences between academic and indus-
trial SRMs. It highlights opportunities for optimization (e.g., mate-
rial substitution, safety margins) while validating the feasibility of
the current SRM design.

Table 3

Comparative table.
Parameter Current Study (SRM)  Academic SRM [2,25])  Industrial SRM ([17]) Unit
Thrust 13 1.0-1.5 >5.0 kN
Chamber Pressure (Pc) 4.8 (steady-state) 4.0-5.0 6.0-15.0 MPa
Casing Material AISI 1020 AISI 1020 / 1040 Inconel 718 | Maraging Steel -
Nozzle Material AISI 4140 AISI 4140 | Graphite C/C Composites | W-Cu Alloys -
Safety Factor (n) 1.9 1.8-2.2 >2.5 -
Burn Time 8.2 5-10 20-120 s
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6. Conclusions

The integrated simulation framework developed here success-
fully unifies internal ballistics, thermochemical analysis, and tran-
sient viscoelastic finite-element modelling to predict the chamber
pressure dynamics of a KNSU solid rocket motor with high fidelity.
The model captures the characteristic ignition spike—reaching 5.3
MPa at 0.1 s—and its decay to a steady-state of 4.8 MPa by 0.5 s,
with an R% of 0.97 against theoretical benchmarks, thereby vali-
dating the coupling between Saint-Robert’s burn-rate law and the
one-dimensional combustion module.

Under combined thermal (1700 K) and mechanical loading, the
propellant grain exhibits viscoelastic softening that amplifies defor-
mation: baseline thermal strain of 0.0089 % escalates to 0.2987 %
(0.98 mm) at the star-tube junction under peak pressure, as re-
solved by a calibrated Prony-series model and verified via mesh-
convergence (GCI <2 %). The AISI 1020 casing sustains these loads
with a von Mises stress of 172 MPa, yielding a safety factor of 1.9—
adequate for academic prototypes but underscoring the need for
geometric refinements or higher-strength alloys to meet industrial
benchmarks (> 2.5).

Predicted thrust of 1.3 kN aligns with educational-scale mo-
tors yet highlights a substantial gap relative to industry targets
(> 5 kN), reinforcing that grain geometry optimization and ad-
vanced alloy selection are the most effective levers for perfor-
mance enhancement. Collectively, these results demonstrate that
our Multiphysics platform offers a cost-effective, high-fidelity dig-
ital testbed for both fundamental studies and design optimization
of solid rocket motors. Future extensions will incorporate nozzle
erosion dynamics, advanced insulation materials, and real-time op-
timization workflows to further bridge the divide between compu-
tational prediction and experimental validation.
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