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Abstract

Potassium nitrate and sorbitol (KNSB) is a promising low-cost solid propellant for
aerospace, characterized by stable combustion and a low pressure exponent. However,
its application is constrained by a deficiency in detailed numerical simulation studies for
solid rocket motors (SRMs). This study develops a comprehensive numerical model for a
KNSB SRM, incorporating dynamic mesh techniques to simulate real-time burning surface
regression. Steady-state internal flow field analysis proves to be well-validated by literature
data, with combustion pressure and thrust errors of 7.7% and 3.2%, respectively. Increasing
oxidizer mass fraction from 57.5% to 70% leads to a significant temperature rise of 22.15%.
Dynamic simulations reveal that thrust and pressure initially increase after ignition but
later decline as the regressing surface reduces gas generation below the nozzle exhaust
rate. Comparison with literature yields an average thrust error of 4.9%, with simulated
trends matching documented behavior well. This research provides a robust reference for
performance prediction and supports further development of KNSB SRMs.

Keywords: KNSB propellant; solid rocket motor; dynamic numerical simulation; variation
law of performance parameters

1. Introduction
The rapid development of the commercial aerospace sector has led to growing market

demand for low-cost, high-performance solid rocket motors [1–3]. Solid rocket motors
are indispensable in areas such as satellite power system, launch vehicles, and sounding
rockets due to their advantages of simple structure, high reliability, and ease of mainte-
nance. The propellant, as the core component of the motor, directly determines its overall
performance [4–7].

KNSB propellant, composed of potassium nitrate and sorbitol, features a moderate
burning rate, high safety, and low cost. Considering the pursuit of ultra-low-cost and
environmentally friendly propulsion, researchers have even evaluated the suitability of
steam rocket propulsion systems as potential alternatives to KNSB for amateur model
rockets [8]. Although its specific impulse is relatively low, it is widely used in amateur
rockets and small-scale scientific test rockets. Numerical simulation of the combustion
laws, energy release mechanisms, and internal flow-field evolution of KNSB propellant in a
motor provides important insights for performance optimization. Furthermore, simulation
technology can significantly reduce the number of tests, shorten development cycles, and
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accelerate the development of new solid rocket motors. Optimization methodologies for
KNSB motors, particularly those employing Bates-type grain configurations, have focused
on establishing efficiency limits by evaluating the relationship between maximum thrust
and propellant mass through iterative computational processes [9].

Although some experimental studies have been conducted on KNSB propellant
motors—such as the successful flight of the TU-1 model rocket and static ignition tests
of UAV booster motors [2], and the development of university-level sounding rockets
integrated with internal ignition and active recovery systems [10]—existing numerical
simulations still suffer from insufficient model accuracy, weak multi-physics coupling
capability, and limited ability to simulate complex working conditions, making it difficult
to fully capture the dynamic characteristics of the motor in actual operation.

Extensive studies have been conducted on propellants from the perspectives of com-
bustion mechanisms, material modification, and performance regulation. For example,
Chen et al. (2019) numerically analyzed the combustion characteristics of AP-HTPB pro-
pellant under different pressures, revealing significant effects of pressure on burning rate
and flame structure [6]. Han et al. (2020) developed a low-burning-rate, high-solid-loading
HTPB propellant, providing a viable formulation for large motors [7]. Recent research on
aluminum–lithium alloys in propellants has shown their potential to significantly improve
combustion efficiency and induce micro-explosion effects, though challenges remain in par-
ticle stability and compatibility [11]. Furthermore, Li et al. (2024) investigated the ignition
and combustion characteristics of HTPE solid propellants, revealing that the minimum
ignition energy and burning rate are highly sensitive to initial environmental conditions
and specific burning rate regulators [12]. Xin Kai et al. (2025) reviewed high-pressure
combustion models and regulation methods for NEPE propellants, indicating that nan-
otechnology and composite modification are effective approaches to enhance combustion
performance [13].

Despite advances in various novel propellants [14], systematic research on the dynamic
combustion characteristics and high-fidelity, multi-field coupled numerical simulation of
low-cost, safe sugar-based propellants like KNSB remains insufficient, hindering their
further engineering application.

This article numerically models the operational process of a KNSB solid rocket motor,
analyzing steady-state performance and the temporal evolution of parameters such as
chamber pressure, temperature, and gas flow velocity. To investigate the impact of oxidizer
ratio on engine performance, the internal flow field parameters of motors with varying
fuel-to-oxidizer ratios were analyzed, revealing how these parameters change with increas-
ing oxidizer proportion. This simulation provided a reference for selecting the optimal
propellant ratio and advancing the application of such safe, low-cost propellants.

2. KNSB Solid Rocket Motor 2D Dynamic Numerical Model
Utilizing numerical simulation technology to predict the performance of solid rocket

motors can significantly reduce the research and development costs while enhancing
research efficiency. Currently, there has been extensive research on quasi-steady-state
numerical models for solid rocket motors, which can provide preliminary simulations of
motor operation. However, these models are inadequate in terms of accurately simulating
the dynamic changes in geometric boundaries due to the regression of the propellant surface
as the solid fuel decreases. Recent studies have employed dynamic mesh technology and
User-Defined Functions (UDFs) to simulate the three-dimensional transient internal flow
field and surface regression, proving that accounting for boundary movement is essential
for accurate performance prediction [15]. This regression impacts the parameters of the
internal flow field and the prediction of propellant combustion performance. Therefore, to
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accurately simulate the dynamic processes of rocket motor operation, quasi-static models
do not suffice. It is essential to employ dynamic mesh technology to simulate the changes
occurring at the propellant surface.

In this simulation, Fluent simulation software (2023 R1) is utilized to establish a
two-dimensional numerical simulation model for the KNSB solid rocket motor. The dy-
namic mesh technology is employed to track the movement of the propellant surface in
real-time, allowing for dynamic updates of the propellant surface and thereby enhancing
the authenticity and reliability of the simulation. This work also lays a foundation for
subsequent numerical simulations.

2.1. Construction of the Internal Flow Field Geometry Model

The grain is a tubular type with an inner diameter of 15 mm, a length of 65 mm, and an
outer diameter of 50 mm. It serves as structural support and thermal insulation, a restrictor
to prevent burning on its outer surface, and a thermal insulator. The combustion chamber is
constructed from AL6061 aluminum alloy, featuring an outer diameter of 60 mm and a wall
thickness of 5 mm, capable of withstanding temperatures up to 1600 K and pressures up
to 25 bar [16]. The nozzle is designed to expand combustion gases from 25 bar to ambient
atmospheric pressure. The combustion rate formula for the solid propellant is defined as
follows [17,18]:

.
r = apn

c (1)

where the constants a and n are determined empirically [19].

Pc = K1/(1−n)aρbc∗ (2)

where
.
r represents the regression rate, a is the pre-exponential factor (burning rate co-

efficient), n is the pressure exponent, and Pc is the combustion chamber pressure. In
Equation (2), K denotes the burning area-to-throat area ratio, ρ is the density of the solid
propellant, and c∗ represents the characteristic velocity.

The combustion pressure is calculated using the ratio K of the burning area to the
nozzle throat area and the characteristic velocity. The throat diameter is determined
to be 9.37 mm. Assuming an isentropic expansion process for optimal expansion, an
expansion ratio of 5.1 is established, leading to an exit diameter of 21.16 mm, with the
material selected as stainless steel. Finally, the propellant grain, combustion chamber, and
nozzle are assembled into a complete motor structure to facilitate the function of converting
propellant combustion into gaseous products, which are then accelerated through the nozzle
to generate thrust. Given the axisymmetry, the finalized geometric model is illustrated in
Figure 1.

 

Figure 1. Schematic Diagram of the Geometric Model.
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2.2. Numerical Simulation Model
2.2.1. Computational Assumptions

While a one-dimensional flow model can simulate parameters in simple internal flow
fields, its precision is insufficient for analyzing more complex internal flow structures.
Therefore, multidimensional models are typically required for simulating complex internal
flow fields, albeit with increased computational cost. Given that a three-dimensional
model is computationally intensive and the geometry in this simulation is axisymmetric, a
two-dimensional model is selected for comprehensively simulating the various parameters
of the internal flow field. Neglecting viscous effects is detrimental to the fidelity of internal
flow field simulations. To achieve a more accurate representation of the flow field, this
simulation accounts for viscous effects in analyzing the internal flow field parameters,
thereby enhancing the accuracy and fidelity of the simulation.

2.2.2. Governing Equations

The simulation employs the Navier–Stokes (N-S) equations to calculate the internal
flow field. The Reynolds averaging method is adopted, treating the flow as a superposition
of a time-averaged mean flow and instantaneous fluctuating motions. The time-averaged
equations for turbulence, including the continuity equation, momentum equations and
energy equation, are presented below [20–24].

(1) Continuity Equation:

∂ρ

∂t
= −∂(ρui)

∂xi
(3)

(2) Momentum Equations:

ρ(u
∂u
∂x

+ v
∂u
∂y

) = −∂p
∂x

+ µ(
∂2u
∂2x

+
∂2u
∂2y

)− (
∂u′u′

∂x
+

∂v′u′

∂y
) (4)

ρ(u
∂v
∂x

+ v
∂v
∂y

) = −∂p
∂y

+ µ(
∂2v
∂2x

+
∂2v
∂2y

)− (
∂u′v′

∂x
+

∂v′v′

∂y
) (5)

where u, v are velocity components in different coordinate directions; ρ is the fluid density;
µ is the dynamic viscosity.

(3) Energy Equation:

∂(ρe)
∂t

+
∂(ρujh)

∂xi
= div(kgrad(T)) +

∂(uiτij)

∂xi
(6)

where ui represents a component of the fluid velocity vector u in a specific direction; T is the
temperature; τij represents the viscous stress tensor; and h signifies the specific enthalpy.

2.2.3. Turbulence Model

The gas flow within the internal flow field is turbulent. During the convective heat
transfer between the gas and the burning surface, the combustion at the surface is signifi-
cantly influenced by the turbulent gas flow. Therefore, the effects of turbulence cannot be
neglected. This numerical simulation accounts for turbulent flow to enhance the accuracy
of the results. This study employs the Realizable k-ε turbulence model [25,26], which offers
good adaptability:

∂

∂t
(ρk) +

∂

∂xj
(ρkuj) =

∂

∂xj
[(µ +

µt

σk
)

∂k
∂xj

] + Gk + Gb − ρε − YM + Sk (7)

∂

∂t
(ρε) +

∂

∂xj
(ρεuj) =

∂

∂xj
[(µ +

µε

σε
)

∂ε

∂xj
] + ρC1Sε − ρC2

ε2

k +
√

νε
+ C1ε

ε

k
C3εGb + Sε (8)
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where µt denotes the turbulent viscosity, σk is the turbulent Prandtl number for the turbulent
kinetic energy k (typically σk = 1.0), Gk represents the generation of turbulent kinetic energy
due to the mean velocity gradients, Gb is the generation of turbulent kinetic energy due to
buoyancy, YM represents the contribution of fluctuating dilatation to the overall dissipation
rate, Sk is a user-defined source term for turbulent kinetic energy, σε is the turbulent Prandtl
number for the turbulent dissipation rate ε (typically σε = 1.2), ν represents the kinematic
viscosity, and Sε is a user-defined source term for the turbulent dissipation rate.

The advantage of the Realizable k-ε model lies in its ability to maintain consistency
of Reynolds stresses with physical reality. It can more accurately simulate planar and
round jet issues, better capture the mean flow in complex structures, and yields satisfactory
results for rotating flows, boundary layer flows with strong adverse pressure gradients,
flow separation, and secondary flows [27].

While the k − ω SST model is recognized for its precision in near-wall regions, the
Realizable k − ϵ model was adopted in this study due to its superior performance in captur-
ing complex vortex flows and maintaining numerical stability during mesh deformation.
Previous high-fidelity three-dimensional simulations of rocket motors using dynamic mesh
technology have demonstrated that the Realizable k − ϵ model, when combined with en-
hanced wall functions, provides a more robust solution for tracking the regression of the
combustion surface while maintaining an optimal balance between core flow accuracy and
computational efficiency [28]. Specifically, it effectively manages the strong streamline
curvature and flow separation characteristic of internal motor environments.

2.2.4. Gas–Solid Coupling Model

When the internal flow field reaches a steady state, the gas–solid coupling model is
established based on mass conservation [29] as follows:

ρgu = −ρ f
.
r (9)

where ρg represents the density of the gas phase, u denotes the gas velocity at the solid fuel
surface, ρ f represents the density of the solid fuel, and

.
r denotes the burning rate of the

solid fuel.
Equation (9) is established based on the principle of mass conservation, stating that

the mass of propellant gas entering the flow field is equal to the mass loss of the grain.
This conservation relationship remains valid at every instantaneous moment during the
operation of the motor, thereby justifying its application in both steady-state and unsteady
numerical simulations.

2.2.5. Solid Fuel Regression Rate Model

Based on ignition tests cited in references [1], the measured regression rate is
5.83 mm/s. Simultaneously, according to the burning rate formula r = aPn

c , where, based on
literature review, a is 5.13, n is 0.222, and P = 1.4 MPa; the calculated result is r = 5.528 mm/s.
The error compared to the regression rate from the literature is 5.18%, which validates the
accuracy of the formula. Therefore, this formula is adopted for solving the regression rate.

2.2.6. Combustion Reaction Model

Sorbitol serves as the fuel and potassium nitrate as the oxidizer. Within the combustion
chamber, these components decompose into the products shown in the following equation
through convective heat transfer. The decomposition reaction is represented as:

C6H14O6 → CO + 2CO2 + H2O + 2H2 + C2H4 + CH4 (10)
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2KNO3 → K2O + N2O + 2O2 (11)

Following decomposition, the oxidizer and fuel undergo turbulent combustion, releas-
ing a significant amount of heat. The combustion reaction equations are:

N2O + 6O2 + CH4 + H2 + C2H4 + 2CO → N2 + 5CO2 + 5H2O (12)

K2O + CO2 → K2CO3 (13)

The Eddy Dissipation combustion model is employed to calculate the reaction rates
for the aforementioned turbulent chemical reactions. This model offers two significant
advantages for simulating the internal flow field of solid rocket motors: first, it assumes that
the chemical reaction rate is governed by the turbulent mixing rate rather than chemical
kinetics, which bypasses the need for complex Arrhenius rate parameters that are often
difficult to obtain; second, it is exceptionally well-suited for simulating turbulent diffusion
flames where rapid mixing dominates the combustion process. In this model, the net rate
of production for each of these steps is taken as the smaller value between the following
two equations [30].

Ri,r = v′i,r Mw,i Aρ
ε

k
min

R
(

YR
v′R,r Mw,i

) (14)

Ri,r = v′i,r Mw,i ABρ
ε

k
∑P YP

∑N
j v′′

j,r Mw,j
(15)

where Ri,r represents the reaction rate of species i in reaction r. v′i,r denotes the stoichiometric
coefficient of species i in reaction r as a reactant. Mw,i is the molecular weight of species i.
A denotes the pre-exponential factor. ρ is the density of the gas mixture. ε is the turbulent
dissipation rate. k is the turbulent kinetic energy. YR is the mass fraction of a key reactant R.
v′R,r is the stoichiometric coefficient of reactant R in reaction r. B represents an empirical
constant associated with the reaction. v′′

j,r is the stoichiometric coefficient for product species
j in reaction r (in the alternative formulation). Mw,j is the molecular weight of species j. N
is the total number of participating species.

2.2.7. Dynamic Mesh Model

The core objective of this research is to employ dynamic mesh technology to simulate
the real-time regression of the burning surface. Fluent provides three primary methods for
updating the mesh: the spring-based smoothing method, the dynamic layering method,
and the local remeshing method [31]. The local remeshing method is typically used in
conjunction with the spring-based smoothing method. When boundary movement is too
fast, leading to high mesh distortion or negative cell volumes where spring smoothing
fails, the local remeshing method is invoked to reconstruct the poor-quality cells. This
approach improves overall mesh quality and ensures the robustness of the simulation. In
the present simulation, the local remeshing method is employed to control mesh quality,
yielding effective results for simulating burning surface regression.

To control the burning surface regression, a user-defined function (UDF) is pro-
grammed to displace the nodes at the burning surface in the direction of regression based
on the regression rate calculated from the previous time step. A zonal approach is adopted
for mesh updates. In regions close to the burning surface where deformation is severe, the
local remeshing method is applied to guarantee high mesh quality and simulation accuracy.
In regions farther from the burning surface where deformation is mild, the spring-based
smoothing method is used to update the mesh, thereby reducing computational cost. This
hybrid zonal strategy ensures that mesh quality meets requirements while minimizing
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computational overhead as much as possible. The workflow for dynamic mesh updating is
illustrated in Figure 2.

Figure 2. Flowchart of the dynamic mesh update procedure.

2.3. Computational Mesh

This study utilizes the ANSYS Fluent software (2023 R1) platform to conduct both
steady-state and transient numerical simulations of the KNSB solid rocket motor. To better
simulate the burning surface regression process and the parameter variations in the internal
flow field, a dynamic mesh model for the KNSB solid rocket motor is established. Based on
the previously developed geometric model of the motor, mesh refinement is applied to the
boundary layer. Quadrilateral cells are employed for both the nozzle and the boundary
layer regions to accelerate computation and save computational time. To facilitate the
simulation of burning surface regression, a triangular mesh with boundary definition is
generated in the region farther from the burning surface, enabling dynamic mesh updates
via the local remeshing method. The interface is used to handle the connection between the
two computational domains. The overall mesh is shown in Figure 3.

Figure 3. Mesh model of the KNSB motor (The arrow area has been enlarged).

To confirm the simulation accuracy and rule out the influence of grid resolution and
time step size on the computational results, a mesh independence test and a time step check
were conducted, as shown in Figures 4 and 5.

For the mesh independence test, four different grid resolutions were evaluated:
8106, 15,212, 30,410, and 60,628 cells. As illustrated in Figure 4, as the number of grid
cells increases, the calculated thrust curves gradually converge. The thrust curves for the
30,410 and 60,628 cell grids show negligible differences, indicating that the solution has
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become independent of the mesh resolution. Consequently, to achieve an optimal balance
between computational efficiency and simulation accuracy, the grid with 30,410 cells was
selected for all subsequent simulations. Similarly, a time step check was performed using
two different time steps: 0.0001 s, 0.01 s, as depicted in Figure 5. The thrust curve exhibits
no significant deviation from the results obtained with the finest time step of 0.0001 s.
Therefore, to minimize computational costs while maintaining high fidelity, a time step of
0.01 s was adopted for the unsteady numerical calculations in this study.

 
Figure 4. Mesh independence test results: thrust curves for different grid resolutions.

 

Figure 5. Comparison of thrust curves with various time step sizes.

2.4. Simulation Conditions and Procedures

The boundary conditions for the computational domain are defined based on the
actual operation of the motor, as summarized in Table 1. The inner surface of the motor
casing is set as an adiabatic and non-slip wall boundary. The nozzle exit is defined as a
pressure outlet boundary with an ambient pressure of 101,325 Pa and a temperature of
300 K. The inner surface of the propellant grain is treated as a mass flow inlet, where the
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mass flow rate (qm) is dynamically calculated in real-time based on the solid fuel regression
rate model (qm = ρp Ab

.
r).

Table 1. Boundary conditions for the numerical simulation.

Boundary Type Value

Inner surface of the grain Mass flow inlet Mass flow qm = ρp Ab
.
r

Nozzle exit Pressure outlet
Pressure Pout = 101, 325 Pa
Temperature Tout = 300 K

Inner surface of motor Wall
Adiabatic
Non-slip

Regarding the numerical solution algorithms, the Coupled scheme is utilized as the
pressure–velocity coupling solution method. The spatial discretization employs the Least
Squares Cell-Based method for gradient evaluation. To ensure high calculation accuracy,
the Second Order Upwind scheme is applied for the discretization of density, momentum,
and energy. Pressure is discretized using the Second Order scheme, while the First Order
Upwind scheme is adopted for the turbulent kinetic energy and turbulent dissipation rate
to maintain computational stability during dynamic mesh deformation.

During the initialization phase, a hybrid initialization method is first employed to
establish the baseline flow field. Subsequently, to simulate the ignition process and facilitate
combustion convergence, a high-temperature region of 2000 K is patched into the front half
of the combustion chamber. The calculation then proceeds until a stable steady-state flow
field is fully achieved before initiating the transient simulations.

3. Steady-State Simulation of the KNSB Solid Rocket Motor
To validate the accuracy of the model, simulation data is compared with experimental

data. Building upon this foundation, steady-state numerical simulations are conducted
for different propellant formulations. This provides theoretical justification and critical
reference for the design of the KNSB solid rocket motor.

3.1. Steady-State Simulation Flow Field Distribution

The boundary condition on burning surface is a mass flow inlet with 0.068 kg/s. The
ratio of fuel components KNO3 and C6H14O6 is 0.65:0.35. KNO3 serves as the oxidizer,
yielding 0.21 O2 upon decomposition. The nozzle outlet has a pressure of 0.1 MPa.

The contour plots of pressure and temperature distributions within the internal flow
field during steady-state operation are shown in Figures 6 and 7.

It can be observed that the pressure distribution within the combustion chamber
is relatively uniform. In the nozzle region, high-temperature combustion gases convert
internal energy into kinetic energy, which also causes a decrease in gas temperature at the
nozzle outlet and combustion chamber pressure. The pressure of the internal flow field is
1.18 MPa. The temperature distribution within the combustion chamber is highly non-uniform.
Near the combustion surface, temperatures remain relatively low, hovering around 1200 K.
This is primarily because the pyrolysis of the propellant is a highly endothermic process
that absorbs a significant amount of heat. This simulated burning surface temperature of
approximately 1200 K is highly consistent with the experimental observations reported for
the KNSB rocket motor [1], further validating the accuracy of the current numerical model.
However, in the core region farther from the combustion surface, temperatures are significantly
higher, reaching 2400 K. Simultaneously, it is evident that temperatures are exceptionally high
at the motor’s nose section. This phenomenon arises from multiple factors: within the nose
region, the gas flow velocity is slower, allowing for more complete oxidation of the oxidizer
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and fuel. Consequently, greater heat is released, causing the gas temperature to rise rapidly
and ultimately forming localized hot spots at the motor nose [32].

 
Figure 6. Pressure Contour Map of the KNSB motor.

Figure 7. KNSB motor Temperature Contour Plot.

The steady-state internal flow field component distribution is shown in Figure 8.

  
O2  CO 

  CଶHସ CHସ 

  COଶ HଶO 

Figure 8. Contour Map of Mass Fraction Components in the Internal Flow Field of KNSB.
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The mass fraction contour plots of each gas component reveal, similar to the steady-
state temperature distribution plots, that the distribution of all components within the
motor flow field is non-uniform. At the combustion surface, the mass fractions of O2,
CO, CH4, and C2H4 are relatively high, indicating incomplete fuel reaction and lower
production of CO2 and H2O. Away from the core region of the internal flow field, the
mass fractions of O2, CO, CH4, and C2H4 decrease, reflecting more complete reactions and
higher production of CO2 and H2O. As the gas flows toward the flame zone and nozzle, the
reaction becomes increasingly complete. The mass fractions of fuel gases decrease, while
the mass fractions of CO2 and H2O increase. Temperature and flow velocity also gradually
rise, corresponding to the temperature and flow velocity distribution maps shown above.

3.2. Model Validation

This paper verifies the accuracy of the numerical simulation model by comparing it
with performance data from Reference [16]. In motor design and fabrication, the propellant
charge utilizes KNSB propellant with a potassium nitrate to sorbitol mass ratio of 65:35.
During combustion testing, thrust and combustion pressure were measured using a 100 kgf
force sensor and a 50 bar pressure sensor.

The motor thrust (F) evaluated in the numerical simulation is calculated by inte-
grating the flow parameters across the nozzle exit boundary (Ae). The specific formula
employed in the CFD post processing is: F =

∫
Ae

[
ρu2 + (Pe − Pamb)

]
dA is the axial veloc-

ity of the exhaust gas, ρ is the static pressure at the nozzle exit, and Pamb is the ambient
atmospheric pressure.

Extract motor thrust and combustion chamber pressure data from the literature dia-
gram. For thrust, record a steady-state value of 124 N. For pressure, convert the bar units in
the literature to MPa (1 bar = 0.1 MPa), yielding an initial steady-state pressure of 1.3 MPa.
The simulation model parameters matched those in the literature, yielding steady-state
thrust of 128 N and pressure of 1.2 MPa. To further improve the fidelity of such performance
predictions, ballistic reconstruction techniques have been proposed to accurately reproduce
the temporal trends of regression rates during the entire burning duration, especially for
motors in the 200 N thrust class [16]. The combustion chamber pressure difference is
0.1 MPa, with a relative error of 7.7%. Similarly, the motor thrust difference is 4 N, with a
relative error of 3.2%. Comparing this relative error to the predefined tolerance range of
10%, the relative error is significantly below the allowable limit, indicating good accuracy
of simulation.

3.3. Steady-State Simulation of Different Fuel Mixtures

KNSB solid rocket propellant, a commonly used nitrate-based propellant. The stan-
dard formulation typically blends potassium nitrate and sorbitol in a 65:35 or 60:40 ratio.
The composition ratio of the propellant significantly influences combustion characteristics
and product composition: When potassium nitrate content falls below 62.5%, the propel-
lant undergoes oxygen-deficient combustion with an oxygen balance value below −28.1%.
Combustion residues contain substantial amounts of elemental carbon, leading to increased
carbon monoxide production. When the potassium nitrate content falls within the 65–67.5%
range, the propellant exhibits negative oxygen balance. At this point, sorbitol and potas-
sium nitrate react completely, achieving maximum gas production efficiency; However,
when the potassium nitrate content exceeds 70%, excess oxidizer decomposes to form
residues. This not only reduces thrust but also affects motor cleanliness and reusability due
to residue buildup.

Regarding flame temperature, theoretically it increases with higher potassium nitrate
content, but in practice is limited by decomposition residues. Experimental data indi-
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cate that when potassium nitrate accounts for 65–67.5% of the mixture, the peak flame
temperature reaches 1000 ◦C. When the content falls below 57.5% or exceeds 70%, the
combustion time prolongs due to a significant decrease in burning rate, preventing the
temperature from being maintained at an efficient level. This simulation ultimately selected
six composition ratios: 57.5%, 60%, 62.5%, 65%, 67.5%, and 70% potassium nitrate.

To predict the performance of KNSB propellant and better evaluate the operational
characteristics of KNSB solid rocket motors with different fuel ratios, internal flow field
simulations were conducted for the six fuel ratio configurations. The internal flow field
pressure, temperature, velocity distribution, and motor thrust provide reference data for
assessing KNSB solid rocket motor performance. Therefore, to eliminate other factors
inherent to the motor itself, all inlet conditions were kept consistent except for the fuel
ratios. The distribution contour plots of internal flow field pressure, temperature, and
velocity for these six groups were analyzed, and a comparative analysis of motor thrust
was conducted for different fuel ratios.

The pressure distribution contour map of the inflow field at steady state is shown in
Figure 9.

Figure 9. Pressure Contour Map for Different Fuel Mixtures.

The steady-state pressure contour maps of the internal flow field for the six motors
with different fuel-to-oxidizer ratios show that as the proportion of potassium nitrate
increases—that is, as the oxidizer ratio rises—the overall pressure within the flow field
increases. Simultaneously, the area of high-pressure zones expands, with pressure rising
both within the flow field and near the nozzle region. This pressure increases stems
from multiple factors. An elevated oxidizer ratio signifies more thorough fuel–oxidizer
mixing, leading to more complete and rapid combustion reactions that accelerate the overall
reaction rate. According to the ideal gas equation, the intensified combustion generates
high-temperature, high-pressure combustion gases with greater energy, consequently
raising the gas pressure.

The temperature distribution contour map of the inflow field at steady state is shown
in Figure 10.

As the oxidizer ratio rises, the overall temperature of the internal flow field also
increases. This temperature rise is influenced by multiple factors. From a chemical reaction
kinetics perspective, the chemical reaction between fuel and oxidizer is the core energy
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releasing process during solid rocket motor combustion. As the primary oxidizer, an
increased proportion of potassium nitrate provides fuel molecules with more abundant
oxygen. This allows fuel molecules to fully contact and undergo redox reactions with a
greater number of oxidizer molecules, thereby accelerating the reaction rate. According to
chemical reaction kinetics principles, an increased reaction rate means a greater amount of
reactants participates per unit time. This enables the combustion reaction to proceed more
completely and thoroughly. Consequently, more heat is released, leading to an increase in
the temperature of the internal flow field.

Figure 10. Temperature Contour Map for Different Fuel Mixtures.

To more clearly visualize the impact of fuel–air mixture ratios on motor performance,
Table 2 below presents the effects of varying oxidizer proportions on internal flow field
pressure, flow velocity, temperature, and motor thrust:

Table 2. Motor Performance Comparison at Different Fuel Mixture Ratios.

Oxidizer Ratio Pressure Average Temperature Thrust

57.5% KNO3 1.1423 MPa 1731 K 123.86 N
60% KNO3 1.1548 MPa 1805 K 125.24 N
62.5% KNO3 1.1734 MPa 1870 K 127.23 N
65% KNO3 1.1777 MPa 1951 K 127.69 N
67.5% KNO3 1.1880 MPa 2029 K 128.8 N
70% KNO3 1.1951 MPa 2114 K 129.6 N

As the proportion of oxidizer increases, all parameters within the motor’s flow field
increase. While combustion chamber pressure rises only slightly by 4.6%, temperature
increases significantly by 22.15%. This pressure increase enhances exhaust gas velocity,
delivering greater thrust to the motor. Simultaneously, the high-pressure environment
promotes stable combustion, reducing instances of combustion instability. Although high-
temperature exhaust gases improve the motor’s thermal efficiency, they also elevate de-
mands on thermal protection and other critical systems.
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4. KNSB Solid Rocket Motor Transient Numerical Simulation
To maintain strict consistency with the actual experimental conditions, where both

end faces of the propellant grain are coated with an inhibitor layer, the simulation solely
considers the regression of the burning surface in the radial direction (i.e., time variation in
the y-direction). Consequently, no combustion or geometric variation occurs in the axial
direction (x-direction) of the grain.

The operation of a solid rocket motor consists of three stages: the ignition stage,
the stable combustion stage, and the burnout (tail-off) stage. Among these, the stable
combustion stage is the critical period during which the motor generates continuous and
stable thrust. Performance parameters during this stage—such as pressure variations
within the combustion chamber, temperature distribution, propellant burning rate, and
thrust magnitude—directly determine the overall performance of the motor. Therefore, this
project mainly analyzes the stable combustion stage.

4.1. Transient Simulation Flow Field Analysis

The regression rate condition is configured to adjust in real-time based on the com-
bustion chamber pressure using the dynamic mesh model. The initial inlet mass flow rate
is 0.068 kg/s. The combustion duration is set to 2.5 s, consistent with the reference. The
transient simulation of the motor was analyzed by selecting seven specific time points:
0.1 s, 0.5 s, 1 s, 1.5 s, 2 s, 2.5 s. It should be noted that the transient flow field analysis is
presented up to 2.5 s, omitting the final tail-off phase (2.5 s to 3.0 s). In actual firing pro-
cesses, severe performance degradation is observed during this final phase, primarily due
to nozzle ablation and other heat-loss factors. Therefore, to more accurately evaluate and
compare the performance parameters during the stable operating condition, our analysis is
specifically focused on the 0 to 2.5 s interval. The temperature and pressure of the internal
flow field throughout the transient simulation were analyzed to observe the parameter
variations within the motor’s internal flow field at different moments.

Figures 11 and 12 illustrates the variations in the pressure and temperature distribution
of the internal flow field.

Figure 11. Pressure Contours of KNSB Motor at Different Times.

The temperature contours at different moments reveal a distinctly non-uniform state in
the internal flow field. In the region near the burning surface, the temperature is relatively
low, stably maintained at around 1200 K, as the fuel has just begun to undergo chemical
reactions. In the core region of the internal flow field, the mixing of fuel and oxidizer is more
complete, and the chemical reaction is more intense, resulting in temperatures reaching
approximately 3000 K in this area. As the burning surface regresses, the temperature of the
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internal flow field slowly decreases, and the temperature change is particularly significant
in positions closer to the nozzle. At 0.1 s, the temperature at the junction of the grain and
the nozzle reaches between 2800 K and 3000 K, whereas at 3.0 s, the temperature at the
same location drops to between 1200 K and 1400 K. This temperature change is mainly
attributed to the reduced fuel supply caused by burning surface regression, as well as the
acceleration, expansion, and energy dissipation of the gas within the nozzle.

Figure 12. Temperature cloud map of the KNSB motor at different times.

4.2. Simulation Parameter Analysis

The experimental data utilized for the validation of the dynamic numerical model
are derived from the static fire tests of the KNSB solid rocket motor [16], features a robust
6061-T6 aluminum alloy combustion chamber capable of enduring internal temperatures
up to 1600 K and operating pressures up to 2.5 MPa. The motor is loaded with 400 g
of KNSB propellant, which consists of a mixture of potassium nitrate and sorbitol in a
65:35 weight ratio. To ensure a stable and predictable burning surface area during the
transient process, the propellant is cast into a four-segment Bates grain configuration. The
motor employs a converging–diverging nozzle to efficiently accelerate the high-temperature
exhaust gases. Ignition is reliably initiated using a pyrotechnic igniter equipped with a
heated nichrome wire. The combustion stability is verified by the experimental records;
specifically, the stable and symmetrical ignition plume captured during the static fire test
serves as a benchmark for the steady combustion state. High-fidelity data acquisition for
the thrust–time curve was achieved by utilizing a precision load cell to ensure the accuracy
of the model validation.

Thrust is the core element determining motor performance. Thrust directly deter-
mines the ability to propel the vehicle and is the fundamental power source for achieving
aerospace missions such as liftoff, orbit maneuvering, and acceleration. To further an-
alyze the motor performance, the thrust variations are compared and analyzed against
experimental data [16], as shown in Figure 13.

The motor thrust results from the transient simulation of the KNSB solid rocket
motor internal flow field are basically consistent with the experimental motor thrust. The
simulated thrust ranges from 85 N to 134 N, with a maximum thrust of 134 N and an
average thrust of 117 N. During the initial stage of operation, thrust gradually increased.
Subsequently, with the significant expansion of the combustion chamber volume, the gas
generation rate became insufficient to maintain the chamber pressure. As the gas discharge
rate through the nozzle gradually exceeded the gas generation rate, both the motor thrust
and the combustion chamber pressure gradually decreased. The experimental thrust ranges
from 96 N to 143 N, with a maximum thrust of 143.1 N and an average thrust of 128.4 N.
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The average thrust error is 4.9%. This indicates that the simulation results can accurately
reflect the combustion performance of the KNSB propellant. This numerical simulation
study of the KNSB solid rocket motor helps to more accurately grasp its working laws,
providing a theoretical basis for optimization design and performance improvement.

Figure 13. Thrust Variation in Simulation and Experiment [16].

5. Conclusions
This paper presents a relatively detailed two-dimensional numerical model of the

KNSB solid rocket motor, conducts its steady-state and transient simulations, and examines
the performance of the KNSB rocket motor under various fuel ratios, providing a reference
for the application of KNSB propellant in solid rocket motors.

In this steady-state simulation, the distribution of pressure, temperature and compo-
nents within the internal flow field was analyzed in detail to predict the performance of
KNSB propellant. The study shows that the pressure distribution inside the combustion
chamber is relatively uniform, but the temperature distribution is significantly uneven,
with local hot spots forming at the head due to gas stagnation. To validate the model
and ensure the accuracy of the simulation, the simulation data were compared with data
from the literature. The pressure error in the combustion chamber was only 7.7%, and the
motor thrust error was 3.2%, demonstrating the accuracy of this steady-state simulation
result. At the same time, analyzing the performance of KNSB solid rocket motors with
different fuel ratios showed that as the oxidizer content increased from 57.5% to 70%,
the combustion chamber pressure increased only slightly by 4.6%, while the temperature
increased significantly by 22.15%, indicating that the thermochemical energy release is
more sensitive to the O/F ratio than the aerodynamic mass flow balance.

This transient simulation analyzed the changes in flow field pressure, temperature
and motor thrust during the stable combustion phase (0–2.5 s). The trends of pressure and
thrust both increase in the initial stage and gradually decrease as the combustion surface
recedes. Compared with data from the literature, the average error of motor thrust is 4.9%,
validating the accuracy of this transient simulation.

Despite the accurate predictions achieved in this study, the current numerical model
has certain limitations. Specifically, the simulation assumes a pure gas-phase flow and
does not account for the condensed particle phase generated during KNSB combustion.
In future work, the Discrete Phase Model (DPM) will be integrated to further optimize
the existing framework and investigate the two-phase flow characteristics. Regarding
practical applications, KNSB solid rocket motors, characterized by their low cost and
simple structure, are highly suitable for sounding rockets, airbag inflators, and small-scale
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aerial vehicles. The high-fidelity thrust prediction achieved in this research enables more
accurate flight trajectory estimations, thereby facilitating better flight control. Additionally,
the detailed temperature distribution obtained from the internal flow field analysis provides
a valuable reference for the thermal protection design of these motors.
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