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full time-scale CFD simulation of progressive-burning sugar-based propellant, using
ANSYS Fluent with both pressure-based and density-based solvers. A Realizable k—€
turbulence model with non-equilibrium wall functions and non-reactive species
transport formulation was applied in a fixed-mesh approach. Simulations reproduced
the complete burn time of several experimental tests. Both solvers captured shock
wave dynamics consistently, but the pressure-based solver achieved convergence
within 4 days, whereas a density-based solver would require 10 days. Comparisons
with experimental thrust coefficient highlighted sensitivity to burn-rate data,

Keywords: underscoring its critical role in quantitative accuracy. The results demonstrate that
CFD, internal ballistics, solid rocket pressure-based solvers provide a practical, resource-efficient strategy for iterative
motor, transient simulation SRM design without compromising essential flow physics.

1. Introduction

Working with an iterative design philosophy is a common practice when using an experimental
approach to solve a problem. Usually, such is the case in experimental rocketry. At the University of
Concepcién (UdeC), experimental rocketry has been a subject of interest since 2007, when a
propulsion-oriented group (called GIP) of students was formed. Through trial and error, major
breakthroughs have been achieved since its formation, but the need for more cost-effective methods
to evaluate their solid rocket motor’s (SRM) performance has been on the rise.

At UdeC, solid propellant grains have been manufactured to have a progressive burn. Progressive
burn grains have a distinctive combustion chamber pressure behaviour, in which the pressure
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continuously rises up to a maximum value. Although these types of grains need the least amount of
time to manufacture, they have a major disadvantage, which is that nozzles can only be designed to
fully expand the combustion products at a certain pressure (usually the average value of the curve).
Outside that value, the nozzle will work at a reduced efficiency.

SRMs’ performance is usually analyzed in terms of their total and specific impulse, maximum
delivered thrust, or burn time, which all depend on the internal ballistics. Internal ballistics in SRMs
comprise complex phenomena that tend to be heavily simplified in order to be able to model them
mathematically. For instance, gas dynamics emerging from solid propellant combustion can be posed
as a problem concerning only fluid dynamics or chemical reactions with or without heat transfer.
Even then, the scope of the study can be further limited by analysing only the ignition transient or
the formation of shock waves inside the nozzle. From the fluid dynamics perspective, the problem is
usually solved by employing a chemical equilibrium program to model the solid rocket motor’s
combustion chamber phenomena and using some of the results from that model as input data for a
CFD model of the motor’s nozzle. Modelling solid rocket propellant combustion this way implies that
the problem is being de-coupled, meaning that the combustion chamber and nozzle phenomena are
solved separately. While doing so, the problem’s difficulty and calculation time decrease drastically,
but it carries along uncertainty about the effect of removing the combustion chamber from the
nozzle.

Using 0-dimensional chemical equilibrium models such as NASA’s CEA [15] is one way of reducing
the uncertainty of this problem, and usually the fastest one at that too. Limitations arise when using
chemical equilibrium models if a preview of the internal gas dynamics for nozzle or combustion
chamber sizing is needed, because these models do not include accumulated effects and can only
solve for specific steady-state conditions. An extended solution [17] may be suitable for preliminary
design of the motor nozzle, though it will not be able to capture possible shock waves or test
advanced nozzle geometries, such as bell nozzles.

Early transient and quasi-steady formulations [8,9,18,21,27] for internal ballistics aimed to tackle
the problem of accumulated effects using several mathematical approximations, but they had
limitations when faced against strong pressure fluctuations [8,18,21] or scarce propellant burn-rate
data availability [9,27].

To solve the problem from a broader point of view, a strategy for simulating the entire burn time
of a rocket motor is proposed here, limiting the created control volume to the motor’s nozzle only
and using only a fluid dynamics approach. Surroundings of the rocket’s nozzle are not considered in
the control volume in order to reduce the model’s calculation time, so close attention must be paid
to the boundary condition at the nozzle’s exit. To the author’s knowledge, there is no other work that
has tried this method before, and it may be very well argued that the reason behind this is the time
needed between iterations when simulating the full burn time extent of an SRM.

The scope of this paper is limited to studying the behaviour of the overall distribution of static
pressure, gas density, and gas Mach number along the rocket’s nozzle, without delving into the
details of potential chemical reactions, heat transfer, and the influence of the nozzle geometry for
shock wave formations.

1.1 Steady-state and ignition transient models
For many engineering purposes, especially in the early stages of rocket motor design, steady-
state models provide sufficiently accurate predictions. Assuming steady-state removes all time-

dependent terms, significantly simplifying the governing equations (mass, momentum, energy,
species transport) and thus, reducing the calculation time and resource usage. The steady-state
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assumption allows to isolate and study key parameters like burning rate, pressure distribution,
temperature field, and heat feedback mechanisms without the complexity of transient effects
[3,4,6,26]

On the other hand, transient simulations are essential to represent propellant ignition, flame
extinction, and pressure oscillations (e.g., combustion instability), because phenomena such as
burning front movement, erosive burning onset, and grain burnback over time cannot be captured
by steady-state models [13,24,25].

In the context of progressive burn type (that is, when the static pressure in the combustion
chamber behaves like a monotonically increasing function for most of the burn time), little to no
information is available regarding CFD approaches, possibly because high-fidelity transient CFD
simulations often require significant computational resources and time, limiting their practical
application in iterative rocket design processes [22,23]. Progressive burn configurations are
inherently transient, so steady-state models can only help to review some scenarios that may be
important for the motor design (usually, the one where the combustion chamber reaches half of the
maximum static pressure). Computational cost is of critical importance when carrying out a transient
simulation. Advances in machine learning [20] may drastically increase the efficiency of
computational resources, but the availability of these models is still scarce.

2. Experimental Setup

Ongoing experimental work at UdeC has revolved around candy propellant since its beginning,
which is a heterogeneous sugar-based propellant. The oxidizer for this propellant is usually taken to
be Potassium Nitrate, as it is the easiest oxidizer to acquire. The oxidizer to fuel ratio has been defined
as 65/35 for all test purposes, as it is the ratio at which the propellant’s performance is high, but its
viscosity is not high enough to make the propellant slurry impossible to pour during its making.
Though several sugar types are available, Sorbitol has been chosen as the propellant’s fuel. This sugar,
when combined with potassium nitrate forms the KNSB propellant, whose performance is analyzed
in the chapters below.

For the testing bench, its initial configuration consisted of a steel structure that was bolted down
to the floor of a container, as it is presented in figure 1. The current version of the testing bench has
a Keli UDA 300 kg (0.1 kg) shear beam load cell and a 4-20 mA 100 bar (£0.25% Full Scale precision)
pressure transducer. Of all the tests carried out on this testing bench, three of them were selected
initially to be compared against the simulations. Reported values of maximum pressure and thrust
from these tests are shown in table 1. Figure 2 summarizes the pressure and thrust curves. No data
was taken of atmospheric variables such as air temperature, humidity, wind speed, and static
pressure during any of the tests.

7 ik
Fig. 1. Solid rocket motors testing bench made at UdeC. Photograph not taken by the author
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Table 1
Measured chamber pressure and thrust from several tests
Test Date Pressure (£0.025 MPa) Thrust (£1 N)
1 20-nov-2024 10.6 1830
2 18-jun-2025 7.5 1316
3 18-jun-2025 10.2 1116
Measured combustion chamber pressure Measured thrust
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a) Chamber pressure b) Generated thrust

Fig. 2. Measured combustion chamber pressure and generated thrust of the 3 tests carried out at UdeC

2.1 A full time-scale transient approach

Transient numerical approaches to simulate the internal ballistics of SRM tend [1,5,11,19] to
include turbulence in their models through the k — & formulation. Although this turbulence model
has a relatively simple mathematical formulation, from an engineering standpoint, its precision is
high enough to provide good estimates of the shear forces along the nozzle and, thus, the thrust
generated by the motor.

Including chemical reactions is usually [3,4] done by first defining the number of steps that
represent the overall kinetics of the solid propellant agents.

In this investigation, only turbulence effects were accounted for, since the addition of chemical
reactions to the numerical model increases the computational time significantly, and its contribution
to the preliminary design of the motor is minimal.

2.1.1 Geometry and mesh

The numerical model proposed herein comprises a 2D axisymmetric control volume of the
interior of a Ballistics Evaluation Motor (BEM) designed and manufactured at the UdeC in 2018. As
shown in figure 3, the control volume is relatively small, meaning that very small elements are
created, which inevitably hinder the efficiency of the simulation. This is most evident at the nozzle’s
divergent section, where it is expected to have supersonic flow and thus a fine time resolution.

The generated mesh had 48,000 quadrilateral elements, with a minimum orthogonal quality of
0.75 and a maximum skewness of 0.4.
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a) Nozzle dimensions and mesh b) Detail of the mesh at the nozzle’s throat
Fig. 3. Generated mesh of the nozzle

2.1.2 Model configuration

A cautious analysis was carried out over ANSYS Fluent’s density-based solver, as it was precise
but slow enough (when compared to the pressure-based solver) to make it incompatible with an
iterative design process for rocket motor nozzles. ANSYS Fluent’s density-based solver solves
continuity, momentum, energy, and species transport equations simultaneously, capturing the whole
range of flow phenomena. In comparison, available pressure-based solvers offer at most a (pressure-
based) continuity-momentum coupling, leaving energy and species transport equations to be solved
after the former. Pressure-based solvers’ algorithm uses the prediction-correction method [2], which
is a fundamentally incompressible formulation. This method has been adapted to solve compressible
flow with some drawbacks in its capability to capture shock waves adequately.

The equations solved within ANSYS Fluent’s pressure-based solver are the momentum-averaged
mass continuity equation (equation 1), the horizontal and vertical momentum equations with a
second-order pressure interpolation scheme (equation 2, presented for the horizontal component
only), the species mass fraction continuity equation (equation 3), and lastly, the energy equation
(equation 4), as the combustion products were taken as if they behave like an ideal gas. Mass
continuity and momentum conservation equations coupling is modelled with the Coupled scheme.
Consequences of solving the whole system of equations in a segregated fashion, as is the case with
pressure-based solvers [7], are: first and most importantly, a drastically lower calculation time and,
in second place, a somewhat reduced precision of the static pressure distribution and fluctuations
along the nozzle’s axis when compared to a density-based solver. Although these weaknesses do not
compromise the model’s purpose, they must be seen as inherent to the nozzle design philosophy if
a quick, preliminary guess of the motor’s internal ballistics is needed.
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For the species transport model, gas products’ composition is needed. This was obtained by
executing NASA’s CEA [15] through Python and adding KNSB to the program’s propellant library.
Resulting gas products’ composition for a 65/35 Oxidizer/Fuel ratio is presented in table 2. Adiabatic
flame temperature was also obtained the same way. For the KNSB propellant, this value is 1600 K.
Thermophysical properties (e.g.: density, specific heat, thermal conductivity, viscosity, and mass
diffusivity) of the gas products were set to be calculated using ideal-gas approximations, except for
the mass diffusivity, which was calculated using Fluent’s kinetic theory formulations. Gas composition
was kept constant during the simulations as no chemical reactions are expected to happen inside the
nozzle.

Table 2
Gas products composition for KNSB propellant combustion.
Product Mole fraction [-]

CO 0.1917
COz 0.1762
H> 0.1185
H20O 0.3757
N2 0.1378

Lastly, turbulence was included and modelled using the k — & Realizable model, which is the usual
choice for these types of applications [5,11,19], as it is sufficiently robust and fast. To account for
compressibility effects, there exists a specific variant of this model that modifies the Y, term in

equation 5 for Yy, = 2peM?, where M = \/k/a? is the turbulent Mach number [7] and a = /YRT
is the speed of sound. Steady-state turbulence transport equations are presented in equations 5 and
6. Fluid-wall interactions were modelled using Non-Equilibrium Wall Functions, which enhance wall
treatment of pressure gradients and are recommended when separation and reattachment of the
boundary layer occur [7].

a(k ) a[( +”t)akl+6 +G Y + S
3. WPRU;) = [\ 1L+ — |7 k T bp = PE— Ty T O
0x; Y0 0x

Xj Ok/ 0X;j
(5)
g —a<+“t)as+cs C e G20 G+ S
axi(pguj)_axj u oy, ax] pLioe€ p 2k+\/% 1£k 3eYb £
(6)

2.1.3 Mesh quality check

When modelling turbulence, it must be verified within the simulation that a proper y* value
is maintained throughout the mesh. For the k — & Realizable model with non-equilibrium wall
functions, the proper range of values of y* is between 30 and 300, as it ensures that the first element
at the wall will be inside the logarithmic portion of the boundary layer. To assess the mesh size and
its y* range, an initial steady-state simulation was run with pressure inlet and outlet boundary
conditions. Pressure value at the inlet boundary was set to match test N° 1 (see table 1) value. First-
order numerical schemes were employed to run the test, as they are the least accurate, thus
providing a good conservative estimation of the range. The result of the test is presented in figure 4.

94



Semarak Engineering Journal
Volume 15, Issue 1 (2026) 89-103

As can be seen from the figure, even with first-order numerical schemes, the resulting y*values are
within the proper range.

Resulting y+ with first-order schemes

300

250

200

y+ [-]

100

50

0 10 20 30 40 50 60 70 80
Position along nozzle [mm]

Fig. 4. y* values on the walls of the motor

2.1.4 Shock wave capturing accuracy

Using the same configuration as for the mesh quality check presented in the previous section,
several simulations were run to analyze shock wave capturing accuracy of first order and different

higher order numerical schemes available in Fluent. Results from this simulation are presented in
figure 5.

Pressure along nozzle axis, pressure-based solver Pressure along nozzle axis, density-based solver

—— 1st Order Upwnd
— 2nd Order Upwind
107 QUICK 1071

--- 3rd Order MUSCL |

— 1st Order Upwind

—— 2nd Order Upwind
QuICK

=== 3rd Orger MUSCL

Prassure [Pa]
Pressure [Pa]

108 108 {

N\

Convergent rzgion Throat Divergent regicn Convergent region Throat Divergent region

10? 10 20 30 40 50 60 70 80 l050 10 20 30 40 50 60 70 80
Position [mm] Position [m]
a) Pressure-based solver b) Density-based solver

Fig. 5. Pressure along the BEM’s nozzle when using both solvers

The difference between both solvers is minimal in terms of accuracy but significant in terms
of calculation time, as it required 5 minutes of simulation to obtain converged results using the
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pressure-based solver, while the density-based solver required 11 minutes for the same number of
iterations. This test was conducted with a 4-core i3-9100F processor along with 16 GB of RAM.

These simulations also provided insight into the difficulty of obtaining a solution with the
density-based solver, as it seemed impossible to simulate the problem using second-order or higher
numerical schemes from the beginning due to a rapid divergence of the solution. One way to sort
this issue was to initialize the problem, solve 1500 iterations with first-order schemes, and then
switch to higher order ones, which was not necessary at all when the pressure-based solver was being
used.

From the results, it was decided to use the pressure-based solver with second-order-accurate
methods, as they provided enough accuracy to capture shock waves (when compared to first-order
methods, which smooth out possible discontinuities) without the downside of significantly slowing
down the simulation, as would occur with QUICK or third-order MUSCL methods.

2.1.5 Boundary conditions

To avoid overdetermining the results of the simulation beforehand, a mass-flow inlet together
with a pressure outlet was used. Mass flow rate corresponds to the rate of generation of gas
products, and it was calculated using a simple mass conservation approach, as seen in equation 7.
The steady-state, pressure-dependent burn rate (7,,) of the KNSB propellant was obtained from Nakka
[17]. Mass flow rate curves are presented in figure 6. It is evident that this method delivers an
approximation of the instantaneous burn rate (which depends on flame temperature, grain
geometry, thermal conductivity, etc. [14], but since available data for candy propellant burn rate was
not available at the time this research was conducted, this was the best method for representing it.
For a more accurate, data-dependent approximation, one may use the methods developed by Ma et
al. [12], which involve adding the effects of erosive burning to the steady-state formulation.
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Fig. 6. Gas products generation rate obtained from pressure measurements

The mass flow rate curves presented above were loaded into Fluent by means of a transient
table, which allows input of raw experimental data, avoiding any kind of approximation (like an n-
order fitting) to the measured data.

As can be seen from the mass flow rate curves, the total time (horizontal axis) is different
from the one presented in figure 2. The reason behind this difference is the approach that was taken
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to calculate the mass flow rate. It was assumed that the solid propellant began burning at the very
beginning of the tests. This, however, means that it was also assumed that there wasn’t an ignition
transient but an instantaneous combustion of the propellant grain. This assumption is not necessarily
true, but it doesn’t have any impact on the overall distribution of the flow variables, since the ignition
transient occurs during the first hundredths of a second [14].

Lastly, gas products’ temperature at the nozzle’s inlet was set as constant, with a value of
1600 K. This was done to reduce the dependency on complex 1-D combustion wave calculations,
which are required to have a more precise time-dependent temperature function

3. Results And Discussion

Figures below contain information about static pressure, density and Mach number
distribution over the whole computation domain, using contour plots. On the other hand, line plots
show the same variable’s distribution along the nozzle’s rotation axis (collinear with the horizontal
axis). These plots are presented in their normalized form in an absolute way (e.g. values are
normalized over the absolute maximum value recorded for the variable (third row plots), meaning
they also coincide with the contour plots) and in a relative way (e.g. values are normalized over the
maximum value for the variable on that specific instant (second row plots)). This was done to present
the magnitude of the shock waves present in the divergent region of the nozzle in a clear way.
Between simulations, differences arise in the ignition transient (t < 0.2 s), which is expected due to
the major pressure fluctuations that occur during this period of time. After this period, gas pressure,
density and Mach number behaviour is essentially the same, changing only their maximum and
minimum values. A direct observation from these results is that the nozzle design behaves as if it had
an inherent static pressure onset value for the formation of shock waves.

3.1 Test 1 simulation

Fepmsssramieimel Rt 24 skons ez e

Fig. 7. Static pressure distribution along the nozzle’s axis at different flow times for simulation N 1
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Fig. 8. Mach number distribution along the nozzle’s axis at different flow times for simulation N 1

3.2 Test 2 Simulation

Fig. 10. Mach number distribution along the nozzle’s axis at different flow times for simulation N 2
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3.3 Test 3 Simulation
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Fig. 12. Mach number distribution along the nozzle’s axis at different flow times for simulation N 3

3.4 Local monitoring of variables

Figure 13 compares the thrust coefficient and characteristic velocity of the tests and their
simulations. The pressure transducer and load cell sensitivity were not included in the plots, as they
are negligible (see table 1). Thrust was calculated as T = mV, + (p, — p,) - Ae, where m is the mass
flow through the nozzle’s exit, 1, is the gas velocity at the exit, p, is the pressure at the exit, p, is the
ambient pressure -assumed to be 101kPa- and A, is the nozzle’s exit area, and thrust coefficient was

T . . . .
calculated as Cr = IR where T is the thrust, P¢ is the pressure in the combustion chamber and A,
cat

is the throat area. Lastly, characteristic velocity was calculated as C* = SCLg, where I, is the specific
F

impulse, g is the gravitational acceleration (equal to 9.81 m/s?) and C the thrust coefficient. The
characteristic velocity was also compared against reported values from Lépez-Telgie et al. From the
results it is possible to identify a pattern related to their accuracy: for the thrust coefficient a
correlation appears when its value is inside the 1.25-1.5 range. This observation shows that the way
the burn rate of the propellant was approximated [17] holds relation to the real burn rate only when
the thrust coefficient nears 1.5 [-], meaning that the simulated burn rate is not only higher than the
experimental one, but also almost constant in magnitude.
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Characteristic velocity tends to drop in magnitude in every test, but has the closest correlation to
literature values in test N 1 which, coincidentally, was the closest to a purely progressive burn type.

Thrust coefficient, test N L 30 Thrust coefficient, test N 2 Thrust coefficient, test N 3
o= Bpenmenal 5 -

.- fiprivents

Thrust coefficient [-]
Thrust coefficient [-1

oo . 0.0 e !
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oy 1 &
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Time Is]

Fig. 13. Thrust coefficient (top) and characteristic velocity (bottom) from simulations and experimental

3.5 Results discussion

When comparing the simulation results of the tests, there is a noticeable difference that
arises at the pseudo-ignition of the propellant, where small pressure oscillations due to the
inhomogeneous burning surface significantly affect the overall pressure distribution inside the
nozzle. Interest is present in noticing that the onset of shock waves appears during a similar
timestamp in every test, suggesting that there is an inlet pressure threshold after which a shock wave
will form, independently of the pressure history. These results are relevant and useful for the design
process, as the nozzle design must consider limiting the formation of shock waves or at least
dampening their effect on its efficiency.

When comparing the thrust coefficient from the simulations, however, they differ from the
experimental measurements in the behaviour of the curves, though the order of magnitude of the
results is correct. The differences between experimental results and simulations vary from simulation
to simulation, with the most noticeable difference occurring in the simulation of the third test, where
the maximum thrust coefficient from the simulation is 10.6% higher than its experimental
counterpart. These differences could be attributable to the method used to calculate the generated
thrust (and, thus, the coefficient), since this method differs, at most, by 10% from experimental
results [16]. Checking the maximum thrust coefficient for each test and its simulation (see tables 3
and 4) allows us to see this in more detail. Maximum thrust coefficient is useful for designing the
thickness of the motor and nozzle, since it is the most critical scenario from a material resistance
standpoint.
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Table 3
Maximum thrust coefficient comparison

Thrust coefficient [-]

Test Simulation Experimental Simulation difference [%]

1 1.66 1.61 +3.1

2 1.67 1.60 +4.4

3 1.67 1.51 +10.6
Average 1.67 1.57 +6.4
Table 4

Characteristic velocity comparison (time-averaged integral)
Characteristic velocity
[m/s]

Test Simulation Experimental Simulation difference [%]

1 1269 1132 +12.1
2 1270 823 +54.3
3 1358 1614 -15.9
Average 3274 4123 -20.6

Differences are mostly explained by the use of a burn rate formulation developed for a
specific solid propellant by Nakka [17]. This formulation should theoretically be similar to the one
used in the experiments conducted for this paper, but it may not necessarily be equal, as that
depends on the weather conditions (air temperature, humidity, pressure) under which the data were
measured, the final geometry of the propellant grain, the maximum pressure due to the ignition
charge, which walls of the grain are inhibited, and so on. Since no data was available about these
topics, nor did the author have burn rate data related to the propellant used in these experiments,
the best match was the available data by Nakka [17]. As a result of these assumptions, it can be
concluded that having used burn rate data from an only theoretically equivalent propellant resulted
noticeable differences between simulations and experimental data (up to a 10% difference between
maximum thrust coefficients could have been regarded as tolerable).

Lastly, each set of results presented in the last section for each simulation were obtained after
4 days of continuous computation, which is sufficiently fast for what the time of a simulation like this
is expected to take.

4. Conclusions

An assessment of numerical strategies to simulate the solid rocket motor’s internal ballistics
using CFD was presented in this paper. Results obtained gave insight into an albeit relatively, more
time-efficient way to approach this iterative design-related problem. Shock wave capturing accuracy
was reviewed using pressure-based and density-based continuity equations formulations (solvers)
and several numerical schemes with different orders each. A fixed mesh approach was used to
represent the nozzle as it is the simplest and quickest for any solver to calculate on. An overset mesh
(2D) could also be used to represent the grain burn back inside the combustion chamber but would
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require significantly more calculation time and would be limited to progressive burn type of grains
only. Species transport was modeled with no reactions since they are not expected to happen inside
the nozzle, and no erosive burning effects were taken into consideration for the burn rate
formulation for the sake of simplicity. Erosive burning is most important during the ignition transient,
which was not reviewed in this investigation due to the method employed to evaluate the grain’s
burn time.

The density-based solver captures shock wave onset just as accurately as the pressure-based
solver but falls behind the latter in terms of computational efficiency by a significant margin. The
review about Fluent’s solvers and their usage to simulate solid rocket motors internal ballistics gave
insight into a methodology that allows for a relatively quick assessment of the rocket’s thrust
coefficient, characteristic velocity and shock wave onset. From this review, a pressure-based solver
with second-order accuracy was selected to carry out the simulations.

Burn rate data for the specific propellant to be studied are crucial and the main factor on
which the simulation results will depend. Thus, it is deemed mandatory to have burn rate data of the
specific propellant grains which are to be tested and then simulated.

Investigation conducted in this paper should be regarded as an initial step forward for the
development of a precise and quick numerical strategy to simulate solid rocket motors’ internal
ballistics. As for future work, great benefit could come from using machine learning algorithms or
physics-informed neural networks, as these tools could massively reduce the time needed to reach
convergence within the simulations.
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