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Abstract

This work presents a coupled theoretical and numerical investigation of the internal ballistics of solid rocket mo-

tors (SRMs) with volumetric grain regression. The study focuses on AP/HTPB composite propellants and employs

Saint-Robert’s law to model the pressure-dependent surface regression. A Python-controlled framework integrates

combustion modeling with a high-resolution finite-volume flow solver, enabling dynamic mesh deformation that tracks

the evolution of the burning surface over time. Combustion characteristics, including flame temperature and character-

istic velocity, are extracted from equilibrium simulations performed using NASA CEA. Empirical burn rate parameters

are selected from literature and validated against the formulation’s thermochemical assumptions. Additionally, a sec-

ondary solver is implemented to validate the precision and accuracy of the simulation’s results. Ultimately, results

demonstrate the importance of fully coupled burnback modeling in accurately predicting internal flow fields, chamber

pressurization trends, and propellant utilization in SRMs.

Nomenclature

ṙ Linear burn rate [mm/s]

P Chamber pressure [MPa]

a Burn rate pre-exponential coefficient [mm/MPan/s]

n Burn rate pressure exponent (dimensionless)

∆t Time step duration [s]

dr Surface regression depth during ∆t [mm]

r(t) Cumulative propellant recession as a function of time [mm]

t Time [s]

Ab Instantaneous burning surface area [m2]

ρ Fluid density [kg/m3]

ρs Partial densities of species s

T Temperature [K]

Tc Combustion chamber temperature [K]

Vc Combustion chamber volume [m3]

ṁ Mass source term (mass generation rate per unit volume) [kg/(m3s)]

c∗ Characteristic velocity [m/s]

Isp Specific impulse [s]

O/F Oxidizer-to-fuel mass ratio (by mass)

p Pressure [Pa]

E Total specific energy [J/kg]

Yk Species mass fraction of component k

C, H, O, N, Cl Atomic species: Carbon, Hydrogen, Oxygen, Nitrogen, Chlorine

H2O, CO2, HCl, N2, Cl2, CO Major combustion products
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1 Introduction

Solid rocket motors (SRMs) represent a cornerstone of modern propulsion systems due to their mechanical simplicity,

reliability, and long-term storability[1]. These motors are extensively employed in space launchers, missiles, and booster

stages, offering high thrust-to-weight ratios and fast response. However, accurate prediction of internal ballistics remains

a non-trivial challenge, especially for motors operating under non-steady or high-pressure regimes[2].

A fundamental aspect of SRM behavior is the regression of the solid propellant surface due to combustion. This dynamic

boundary recession affects the burning surface area, the chamber pressure, and the thrust profile. Precise modeling of

this regression, known as burnback, is essential for predicting the motor’s performance and ensuring structural integrity

during operation[3, 4].

Traditionally, burn rate behavior is modeled using empirical pressure-dependent laws, particularly Saint-Robert’s law[4, 5],

which relates local pressure to the linear regression velocity of the solid grain. However, when integrated into time-

dependent simulations, this relationship becomes highly nonlinear due to mutual feedback between pressure buildup and

propellant surface regression. As such, there is a need for coupled numerical frameworks that can resolve the pressure

field while dynamically updating the inner boundary of the solid domain[2].

This study presents a numerical simulation framework aimed at capturing the evolution of the burning surface within

an axisymmetric solid rocket grain. The approach combines external flow solvers with Python-based scripting to track

burnback progression via time-dependent regression models. Simulation parameters are extracted from literature on

AP/HTPB propellants[6, 7, 8], and a thermochemical analysis using NASA’s CEA code[9] provides combustion character-

istics for further integration. The methodology is evaluated via the comparison between burnback depth and chamber

pressure evolution over time.

2 Theoretical Background

The internal ballistics of solid rocket motors (SRMs) involve the coupled processes of propellant surface regression

and chamber pressure evolution. This section outlines the fundamental relations governing surface regression, flowfield

dynamics, and pressure development during the transient combustion process.

2.1 Governing Equations & Pressure Evolution

The internal ballistics are governed by the compressible Navier–Stokes equations for multi-component gas flows under

chemical equilibrium assumptions, formulated in the following conservation law form:

∂Q

∂t
+∇ · (Fc − Fd) = S (1)

where:

• Q is the vector of conserved variables:

Q =



ρ

ρu

ρv

ρw

E

ρ1
...

ρN


• Fc and Fd are the convective and diffusive flux vectors, respectively, accounting for transport of mass, momentum,

energy, and chemical species.

• S is the source term vector, incorporating mass generation from surface regression and chemical reactions if present.

Thermodynamic closure is obtained not through the ideal gas law, but from precomputed chemical equilibrium tables,

linking pressure to density, temperature, and species mass fractions:

p = p(ρ, T, Yk) (2)

Thus, pressure evolution during the combustion process naturally emerges from the conservation equations and the

equilibrium thermodynamic relationships, accurately capturing the behavior of multi-species reactive flows.
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2.2 Pressure-Dependent Burn Rate

The linear burn rate ṙ [mm s−1], defined as the local velocity at which the propellant surface recedes, is modeled using

the empirical Saint-Robert’s law:

ṙ = a · Pn (3)

The parameters a and n are derived from empirical results for the specific propellant mixture that is used. Their values

signify the sensitivity of the burn rate to pressure[6, 4] .

2.3 Surface Regression Depth

Given a time step increment ∆t [s], the depth of surface regression dr [mm] during this time interval is given by:

dr = ṙ ·∆t (4)

The cumulative burnback depth r(t) evolves over time according to this relation.

3 Propellant Composition

The solid propellant investigated in this study is a composite mixture comprised of Ammonium Perchlorate (AP) serv-

ing as the oxidizer and Hydroxyl-Terminated Polybutadiene (HTPB) acting as the fuel and binder. This AP/HTPB

formulation is commonly used in modern tactical and space propulsion systems due to its high energy density, mechan-

ical resilience, and ease of processing[3, 10]. For the purposes of this work, a representative weight-based composition of

86% AP and 14% HTPB was adopted. These ratios align with typical industrial-grade composite propellants, particu-

larly those employed in cast-grain configurations where grain geometry dictates the internal burning surface evolution[7, 8].

To prepare the input for equilibrium chemistry simulations, each component must be represented by a simplified chemical

structure that reflects its elemental composition. AP is approximated by its nominal oxidizer molecule, Ammonium

Perchlorate, with the molecular formula:

AP ≈ NH4ClO4 (5)

HTPB, although a polymeric material with complex chain structures, is approximated by:

HTPB ≈ C10H15O (6)

This approximation is widely used in equilibrium calculations and provides sufficient accuracy for global species analysis

in combustion modeling.

Assuming a nominal 100 [g] batch of the propellant, the number of moles of each component can be computed using the

respective molar masses: 117.49 [g mol−1] for AP and approximately 151.23 [g mol−1] for HTPB. The corresponding

molar quantities are:

molAP =
86

117.49
≈ 0.732 molHTPB =

14

151.23
≈ 0.093 (7)

The total elemental content is obtained by multiplying the stoichiometric ratio of each molecule by its molar amount:

Element Moles

C 10× 0.093 = 0.930

H 15× 0.093 + 4× 0.732 = 4.323

O 1× 0.093 + 4× 0.732 = 3.021

N 1× 0.732 = 0.732

Cl 1× 0.732 = 0.732

Table 2: Total elemental content (pre-normalization)

These values are then normalized by the total number of moles to yield mole fractions suitable for input into equilibrium

solvers such as NASA’s CEA code:

3



Element Normalized Mole Fraction

C 0.096

H 0.444

O 0.310

N 0.075

Cl 0.075

Table 3: Normalized elemental mole fractions

In addition, the oxidizer-to-fuel (O/F) mass ratio, a key design parameter in solid propulsion, is calculated based on the

weight composition:

O/F =
mAP

mHTPB
=

86

14
≈ 6.14 (8)

This value lies within the typical range for optimized AP/HTPB composite propellants[5, 11].

4 CEA-Based Thermochemical Analysis

To evaluate the thermochemical behavior of the AP/HTPB composite propellant, a combustion simulation was conducted

using NASA’s Chemical Equilibrium with Applications (CEA) code [9]. The goal was to determine key performance

parameters—such as flame temperature, characteristic velocity, and product species composition—based on the elemental

structure of the formulation.

The simulation was conducted in rocket equilibrium mode under chamber-only conditions, with frozen equilibrium

assumptions and no nozzle expansion. The operating pressure was fixed at P = 7 MPa, reflecting typical tactical-class

SRM operating regimes.

The input elemental composition was derived from the normalized mole fractions computed in Section 3.

The CEA output provided the following key parameters:

• Adiabatic flame temperature: Tc = 3273 [K]

• Characteristic velocity: c∗ = 1550 [m s−1]

• Vacuum specific impulse (estimated): Isp ≈ 275 [s]

These values are consistent with experimental data and previous modeling efforts for AP/HTPB systems [7, 11]. The

dominant gaseous combustion products predicted at 7 MPa are listed in Table 4.

Species Mole Fraction

H2O 0.40

HCl 0.15

CO2 0.18

CO 0.10

N2 0.12

Cl2 0.05

Table 4: Equilibrium combustion products at 7 MPa (CEA output)

The results serve as inputs for the numerical framework discussed in the following sections.
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5 Empirical Burn Rate Parameters

The burn rate model employed in this work is based on the empirical power-law relation previously introduced in

Section 2.2, where the regression velocity ṙ is expressed as a function of local chamber pressure. This formulation

requires two constants: the pre-exponential coefficient a and the pressure exponent n. Both constants strongly depend

on the physical properties of the propellant, including the size distribution of oxidizer particles, binder formulation, and

particle packing density.

A wide range of (a, n) values for AP/HTPB composite propellants has been reported in the literature. Table 5 summarizes

representative values derived from experimental and numerical studies covering various particle size distributions and

combustion models.

Source AP Type a [mm MPans−1] n

Zhang et al. (2021)[6] Mixed AP 5.2× 10−4 0.45

Dillier et al. (2019)[12] Fine + Coarse 7.1× 10−4 0.58

Morrow (2017)[8] Coarse AP 3.8× 10−4 0.38

Cao et al. (2015)[7] Fine AP 6.0× 10−4 0.50

Gross et al. (2013)[10] Micro/meso model 4.5× 10−4 0.42

Thakre & Yang (2008)[5] Simulated 4.1× 10−4 0.46

Table 5: Empirical burn rate parameters for AP/HTPB propellants

Figure 1 illustrates the sensitivity of the burn rate to chamber pressure for various (a, n) pairs across the range of 1–10

MPa. The slope of each curve reflects the pressure sensitivity: a higher exponent n yields a steeper increase ṙ with

pressure. For example, the model by Dillier et al. (2019) shows a strong dependence on pressure, while the model by

Morrow (2017) indicates weaker sensitivity, consistent with coarse AP particles that burn more steadily. The formulation

proposed by Zhang et al. (2021) presents a balanced behavior suitable for mixed-particle systems.

Figure 1: Burn rate vs. chamber pressure for various AP/HTPB models.

Physically, the coefficient a scales the baseline burn rate and is influenced by factors such as binder type and thermal

conductivity, while the exponent n governs the rate’s sensitivity to pressure changes. Though often interrelated, each

parameter reflects distinct material-level phenomena and must be carefully selected to match the targeted propellant

formulation [4, 3].

For the present work, the model proposed by Zhang et al. (2021) was selected, namely:

a = 5.2× 10−4 ; n = 0.45 (9)

This choice aligns with the assumed composition (86% AP, 14% HTPB), and offers a compromise between pressure

sensitivity and combustion stability. The corresponding burn rate curve fits well within the pressure range of 3–10 MPa,

which characterizes the operating envelope of many tactical-class solid motors.
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6 Numerical Framework

The numerical simulations in this study were conducted using Arion, an unstructured finite-volume solver developed for

compressible, reacting, multi-species flows with dynamically evolving geometries. This framework enables high-fidelity

resolution of internal flowfields in SRMs, particularly where surface regression leads to substantial chamber volume

evolution.

The modeled configuration represents a two-dimensional axisymmetric segment of a cylindrical propellant grain. The

grain burns radially outward from the inner port surface, and the mesh evolves accordingly at each time step to reflect

the regressing boundary. The flow, chemistry, and geometry are tightly coupled, resulting in a dynamic internal ballistic

system that reflects a realistic burnback phenomenon.

6.1 Governing Models

The flow is governed by the compressible Reynolds-Averaged Navier–Stokes (RANS) equations, where turbulence effects

are modeled statistically via ensemble-averaging. Turbulence closure is provided by the k-ω Shear Stress Transport (SST)

model[13], which offers accurate predictions in both boundary layers and separated regions, making it particularly suitable

for internal reacting flows.

Convective fluxes are discretized using the AUSM-DV (Advection Upstream Splitting Method – Dissipation Vector)

scheme, ensuring robust performance in compressible regimes with shocks and expansions. Inviscid Jacobians are eval-

uated using the Steger-Warming scheme, and second-order spatial accuracy is maintained through linear reconstruction

based on Green–Gauss or diamond-cell gradient approximations. To preserve monotonicity near steep gradients, the

MLP-3D limiter is employed.

Time integration is handled by an implicit, matrix-free GMRES solver using the PETSc library. Preconditioning is

applied using an additive Schwarz method with ILU(2) decomposition, with solver configurations optimized separately

for each subsystem, including flow, turbulence, and grid motion.

6.2 Thermochemical Modeling

Thermodynamic closure is achieved through Arion’s built-in tabulation framework, which enables rapid evaluation of

thermodynamic states without solving chemical kinetics explicitly. Instead, precomputed property tables defined over a

pressure–temperature grid are used. These tables provide essential quantities such as enthalpy, specific heat, and internal

energy, thereby maintaining both numerical efficiency and thermodynamic consistency.

The property tables are initialized based on representative combustion conditions, calibrated against independent results

from NASA’s CEA code[9]. This approach ensures that the simplified thermodynamic model accurately reflects the global

behavior of the AP/HTPB propellant system, while avoiding the complexity associated with finite-rate chemical kinetics.

During the simulation, thermodynamic quantities are interpolated from the tables based on local pressure and temperature

fields. Species transport equations are solved for the major combustion products, enabling accurate representation of

spatial variations in composition and enthalpy throughout the domain.
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6.3 Computational Grid & Boundary Conditions

The computational mesh consists of 20 cells in the radial direction and 101 cells axially, resulting in a uniform grid with

a single cell in the circumferential direction. The domain is treated as axisymmetric and simulates a longitudinal section

of the cylindrical grain. Figure 2 shows the mesh layout and coordinate system.

Figure 2: 2D axisymmetric computational grid: 20 (radial) × 101 (axial) cells

The domain is bounded by five physical surfaces, each assigned a specific boundary condition reflecting its physical role

within the internal flow field:

• Burning surface: The inner port wall, representing the regressing propellant surface, is defined as an inflow

boundary. The velocity imposed here is based on precomputed tables corresponding to the local burnback rate,

thereby simulating the gas-phase injection resulting from solid surface regression.

• Inlet plane: The upstream axial boundary is treated as a subsonic inflow. This boundary supports the initialization

of internal flow structures and preserves flow continuity near the grain head. Constant stagnation conditions are

prescribed to stabilize the solution at the entrance.

• Outlet plane: The downstream boundary is treated as a supersonic outflow, allowing characteristic-based extrap-

olation of flow variables without imposing back pressure. This ensures a non-reflecting condition that permits the

free exit of combustion products.

• Axis of symmetry: Along the central radial axis of the chamber, reflective symmetry is applied to enforce the

geometric and physical constraints of axisymmetric flow.

• Transverse plane: The circumferential thickness of the domain is modeled using a single-cell layer with planar

symmetry imposed in the azimuthal direction. This effectively reduces the problem to a two-dimensional axisym-

metric representation.

The initial thermodynamic state is prescribed using the reference chamber conditions obtained from CEA equilibrium

analysis, with pressure and temperature set to P = 7 MPa and T = 3273 K, respectively. The flow field is initialized at

a low subsonic velocity, corresponding to a Mach number of 0.2, which reflects the typical near-surface behavior within

the combustion chamber. Turbulent quantities are initialized with standard estimates for moderate-Reynolds-number

reacting flows, providing a physically consistent starting point for flow development.
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6.4 Burnback Modeling and External Coupling Framework

The evolution of the burning surface is captured through a mesh motion module embedded in the solver framework. At

each time step, the chamber pressure is sampled and used to evaluate the local regression velocity based on the empirical

burn rate model defined in Section 2.2. The resulting displacement is then computed according to Equation (2).

The entire process is coordinated externally through a Python script, which automates the extraction of pressure data,

computation of regression velocity, and the feeding of a new boundary displacement into the solver.

The external coupling proceeds according to the following stages:

1. Initialization: The simulation begins by defining the initial geometry, thermodynamic state, and gas properties,

based on tabulated combustion data extracted from equilibrium analysis. Input files and mesh configurations are

generated accordingly.

2. Flow Solution: The solver runs a fixed number of numerical iterations while keeping the mesh static. These

iterations are sufficient to achieve quasi-steady convergence for the current burn geometry. The total physical time

advanced in each cycle is computed as:

∆tphysical = ∆tnumerical ×Niterations

3. Field Extraction: Once the cycle completes, the pressure distribution along the regressing surface is extracted

and stored.

4. Surface Regression Evaluation: Local regression velocities are calculated from the sampled pressure values,

and the resulting displacements are obtained over the physical time interval.

5. Mesh and Inflow Update: The mesh is deformed accordingly, and updated boundary conditions—including

pressure tables—are regenerated for the next run.

6. Cycle Advancement: The simulation proceeds to the next loop step using the updated geometry and inflow

profile. This sequence continues until the desired maximal regression depths is simulated.

A schematic representation of this process provided in the Appendix, illustrating the full external coupling strategy.

6.5 Cross-Validation using HyPE

To validate the accuracy of Arion’s external burnback model, results were compared against those obtained from HyPE,

a well validated structured solver designed for reactive and thermochemically complex flows. Unlike Arion, HyPE features

native support for surface regression through its surface.reactionmodule, which directly computes surface displacement

based on local pressure fields.

To ensure a consistent comparison, both solvers were configured with identical thermodynamic properties, mixture com-

positions, and burn rate parameters.
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7 Results

This section presents the evaluation of the numerical results obtained with the externally-coupled Arion solver, empha-

sizing physical validity and consistency with theoretical expectations. Key quantities include the cumulative regression

depth and internal chamber pressure distributions. Validation was achieved through comparison with HyPE predictions.

7.1 Propellant Recession

Figure 3 shows the total propellant recession as a function of time for both Arion and HyPE solvers. Both display a

quasi-linear burn progression, consistent with expected behavior under quasi-steady SRM operation[7, 8]. Arion exhibits

slightly faster regression at the beginning, likely due to its continuous tabulation and interpolation strategy, which

provides enhanced sensitivity to local pressure fluctuations during initialization.

Figure 3: Cumulative propellant recession r(t) over time for Arion and HyPE.
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7.2 Axial Flowfield Comparison

Figure 4 presents spatial comparisons of axial regression depth and chamber pressure distributions at three representative

times: t = 0.06, 4.99, and 15.39 seconds.

(a) Burnback depth at t = 0.06 s (b) Pressure at t = 0.06 s

(c) Burnback depth at t = 4.99 s (d) Pressure at t = 4.99 s

(e) Burnback depth at t = 15.39 s (f) Pressure at t = 15.39 s

Figure 4: Comparison of axial regression and pressure fields at selected times. Left: burnback depth ∆r(x); Right:

pressure distribution P (x).

The results indicate an overall strong agreement between the two solvers. Firstly, both solvers demonstrate similar

pressure variations, characterized by peak values near the chamber inlet, as well as a similar gradual decrease towards

the nozzle. Moreover, even though minor deviations in burnback distributions between HyPE and Arion become more

noticeable over time, the general burnback trends remain consistent.
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7.3 Physical Validation

The simulation was run in cycles of 100 numerical steps, each with a calibrated time step corresponding to ∆tnumerical =

0.0015 s, yielding an effective physical step size of ∆tphysical = 0.15 s per cycle. The total burn time reached ∼ 15.4 s,

with a final propellant recession of approximately 60 mm.

These values are consistent with known burn durations and propellant utilization reported for tactical-class AP/HTPB

solid motors operating at 6–8 MPa[4, 7, 6]. Prior experiments and simulations show propellant recession in the range of

40–70 mm over similar time frames, affirming the physical credibility of the simulated results.

8 Conclusions

This work presented a numerical framework for simulating internal ballistics in solid rocket motors with dynamically

evolving geometries. The Arion solver was extended through a Python-based script that integrates empirical burnback

models, pressure feedback, and mesh deformation, while maintaining thermodynamic consistency using pre-tabulated

combustion data.

Validation against HyPE demonstrated excellent agreement across key metrics, including pressure profiles and regression

depth evolution, confirming the accuracy and stability of the developed approach.

These findings demonstrate that an externally-managed regression framework, when properly calibrated and validated,

can replicate the accuracy and stability of traditional in-solver implementations. The developed framework is robust,

modular, and well-suited for extension to more complex grain configurations, multi-physics coupling, and advanced

internal ballistics research.

9 Future Work

Future work will focus on extending the internal SRM ballistic simulations to 3D axisymmetric grain geometries, per-

formed on quarter-sectional domains. This approach will serve as a foundation for further development towards simulating

internal SRM ballistics on complex 3D grain configurations, such as star-shaped geometries.
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Appendix

Python Code Flowchart

Figure 5: Schematic representation of Arion’s externally-coupled burnback model.
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