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Abstract

The performance of a solid rocket propulsion system depends strongly
on the geometric characteristics of its convergent-divergent (C-D)
nozzle, particularly the exit area that determines the expansion of
exhaust gases and the resulting thrust. This study investigates three C-
D nozzle configurations with identical inlet and throat diameters using
Computational Fluid Dynamics (CFD) simulations in ANSYS Fluent.
Each nozzle was analyzed in terms of static pressure, temperature
distribution, and velocity magnitude under the same operating
conditions. The results indicate that all designs achieve choked flow at
the throat, with peak velocities entering the supersonic regime.
However, significant differences were observed downstream. Design B
exhibits the most favorable flow characteristics, including a smooth
pressure reduction of approximately 60-70% from inlet to throat, a
uniform temperature decrease of about 25-30% across the divergent
region, and the highest, most uniform exit velocity with minimal
backflow. Designs A and C, in contrast, display irregular pressure
recovery and non-uniform temperature and velocity gradients,
indicating potential inefficiencies and localized separation. Overall, the
findings confirm that nozzle contour geometry has a substantial effect
on expansion efficiency, and the optimized configuration demonstrates
strong potential for improving thrust and specific impulse in STEM
solid rocket applications.

1. Introduction

The geometric configuration of a rocket nozzle plays a crucial role in determining the thrust and specific impulse
of solid rocket propulsion systems. In a convergent-divergent (C-D) nozzle, the throat controls the mass flow rate,
while the divergent section enables the exhaust gases to expand to supersonic speeds, directly influencing thrust
performance [1]-[3]. For STEM-based solid rocket applications, understanding how variations in nozzle geometry
modify flow behavior serves as an effective platform for demonstrating core aerospace engineering principles.

In this study, three nozzle configurations were developed with identical inlet and throat diameters but
different geometric contours in the convergent and divergent sections. These variations are essential because the
contour shape influences pressure gradients, shock formation, temperature distribution, and flow uniformity
along the nozzle length [4], [5]. Literature indicates that curved diverging contours typically provide smoother
flow acceleration and reduced separation compared to purely linear designs, resulting in improved exit flow

conditions [6], [7].
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Computational Fluid Dynamics (CFD) offers a powerful method to analyze these flow phenomena. Using
ANSYS Fluent, high-resolution simulations can assess static pressure, temperature, and velocity distributions
throughout the nozzle, revealing details about expansion behavior, boundary-layer interaction, and supersonic
flow development [8], [9]. Through this simulation-based approach, learners gain a clear understanding of how

nozzle geometry affects propulsion efficiency.
This research aims to design and analyze three C-D nozzle geometries for a STEM solid rocket propellant

system. By comparing their CFD-predicted flow characteristics, the study identifies the design with the best
overall performance, providing both practical engineering insights and a useful learning tool for STEM education

environments.

2. Methodology

The methodology for this study follows a structured workflow consisting of nozzle design development, boundary
condition definition, CFD setup, simulation execution, and comparative analysis.

2.1 Nozzle Design Parameters

Three nozzle designs were modeled with identical inlet diameter (20 mm), throat diameter (10 mm), and exit
diameter (50 mm). Their geometric features—with varying combinations of linear or curved convergent and
divergent contours—are shown in Fig. 2.1 and detailed in Table 2.1. The purpose of these variations is to evaluate
how contour shape influences flow uniformity, supersonic expansion, and thermal distribution.
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Fig. 1 Designs of C-D nozzle (a) Design A; (b) Design B; (c) Design C

Table 1 Design parameter for the bladeless wind turbine

Inlet diameter Throat diameter Outlet diameter

Design (mm) (mm) (mm) Type
A 20 10 50 Divergence: llpear
Convergence: linear
B 20 10 50 Divergence: linear
Convergence: curve
C 20 10 50 Divergence: curve

Convergence: curve
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2.2 Boundary Conditions

Defining appropriate boundary conditions is crucial, as they specify the behavior of the fluid at the domain
boundaries and significantly influence the accuracy and stability of the simulation results. The boundary
conditions used in the CFD simulation are listed in Table 2. These values are representative of typical gas
conditions entering a small solid rocket nozzle.

Table 2 Boundary conditions used in the CFD simulation

Inlet total Initial Total inlet Backflow total Density C
pressure (Pa) pressure (Pa) temperature (K) temperature (K) (kg/m3) p
266904 225000 293 207.35 1.225 1006.43

2.3 CFD Setup Using ANSYS Fluent

The computational fluid dynamics analysis was performed with ANSYS Fluent, with the subsequent configuration:
(i) Flow solver using density for compressible high-speed flows; (ii) The flow model is an ideal gas with the energy
equation enabled. (iii) The mesh is fine-tuned at the throat to capture high pressure and velocity gradients. (iv)
The simulation type is steady-state. (v) To guarantee convergence, iterate 4500 times per design. This modeling
methodology adheres to established protocols in computational fluid dynamics research pertaining to supersonic
nozzles [6], [8].

2.4 Performance Metrics and Post-Processing

The subsequent flow parameters were derived from the CFD results: static pressure distribution, static
temperature distribution, velocity magnitude, flow uniformity and separation behavior, and supersonic expansion
characteristics. The assessment concentrates on determining which design produces the most effective expansion
and minimal energy loss. The comparison was based on the smoothness of the pressure drop at the throat,
temperature distribution uniformity, the presence of separation or backflow, supersonic expansion quality, and
exit velocity magnitude.

3. Results and Discussion

This section presents the findings obtained from the Computational Fluid Dynamics (CFD) simulations conducted
on the three convergent-divergent (C-D) nozzle designs illustrated previously in Fig. 1(a)-(c) and described in
Table 1. The flow behavior inside each nozzle was evaluated based on static pressure, static temperature, and
velocity magnitude distributions.

3.1 Static Pressure Distribution

The static pressure contours for Designs A, B, and C are shown in Fig. 2. All three nozzles exhibit the expected
rapid pressure drop at the throat, consistent with choked-flow conditions. However, the manner in which the
pressure recovers in the divergent section varies significantly among the designs. Design A shows relatively high
static pressure near the inlet, followed by a steep drop at the throat. However, the pressure distribution in the
divergent region is uneven, indicating the possible formation of weak shock structures and localized flow
separation. This behavior is likely influenced by the linear-linear contour combination used in this design (see
Table 2.1). Design B, which incorporates a curved convergent and linear divergent profile, demonstrates the
smoothest pressure transition. The pressure decreases steadily from inlet to throat—showing an approximate
reduction of 60-70%—and continues to drop uniformly through the divergent section. This indicates efficient
expansion and minimal flow disruption. The smoother contour shape in the converging region likely contributes
to this performance. Design C exhibits the least favorable pressure characteristics. Although the initial and throat
behavior is similar to the other designs, significant irregularities appear in the divergent section. These irregular
pressure pockets may arise from flow instability linked to the fully curved contour configuration. Overall, Design
B provides the most stable and efficient pressure distribution, aligning with established insights that curved
convergent sections improve flow attachment and reduce separation.
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Fig. 2 Static pressure contour for C-D nozzle designs (a) Design A; (b) Design B; (c) Design C
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3.2 Static Temperature Distribution

The static temperature results for the three nozzle designs are presented in Fig. 3. As expected, all designs show
a decrease in static temperature as the flow accelerates from the convergent section to the divergent exit.
However, the uniformity of this temperature reduction varies between designs. Design A displays high
temperatures in the convergent region, but the divergent section shows noticeable non-uniformities. These
temperature variations suggest uneven expansion and the presence of localized high-temperature zones, which
may impose thermal stress on nozzle materials. Design B shows the most uniform temperature distribution. The
temperature decreases steadily by approximately 25-30% from the convergent inlet to the exit plane, indicating
effective energy conversion and smooth supersonic expansion. This uniformity is consistent with its smoother
pressure profile. Design C experiences sharp temperature gradients, especially in the upper regions of the
divergent nozzle. Such uneven thermal patterns typically indicate suboptimal expansion and can contribute to
reduced mechanical and thermal efficiency. From a thermal-management perspective, Design B again
demonstrates the most desirable behavior, with minimal hotspots and consistent temperature reduction across
the nozzle length.
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Fig. 3 Static temperature contour for C-D nozzle designs (a) Design A; (b) Design B; (c) Design C

3.3 Velocity Magnitude Distribution

Velocity magnitude contours for Designs A, B, and C are shown in Fig. 4. All designs achieve their highest velocity
at the throat due to choked-flow conditions, consistent with theoretical expectations. Design A accelerates the
flow successfully through the throat but develops non-uniform velocity regions in the divergent section. Some
areas show signs of backflow or recirculation near the exit plane, which can decrease the effective thrust output.
Design B demonstrates the most desirable velocity distribution. The flow accelerates smoothly through the throat
into the divergent section, achieving uniform supersonic exit velocities. The absence of recirculation zones
indicates well-aligned momentum flow, contributing to improved thrust generation. Design C shows inconsistent
velocity patterns, with visible recirculation zones in the divergent region. These disturbances reduce exit-flow
uniformity and may significantly affect thrust efficiency. These trends reinforce the superiority of Design B, which
maintains the smoothest and most stable supersonic velocity profile throughout the nozzle.
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Fig. 4 Velocity magnitude contours for C-D nozzle designs (a) Design A (b) Design B (c) Design C

3.4 Comparative Performance Evaluation

When integrating the results from pressure, temperature, and velocity analyses, the relative performance of the
three nozzle designs becomes clear. Design A provides acceptable flow acceleration but suffers from non-uniform
pressure and temperature fields, as well as backflow near the exit. Design C exhibits the largest irregularities in
flow behavior, with inconsistent pressure recovery, steep thermal gradients, and recirculation zones linked to its
fully curved geometry. Design B repeatedly demonstrates the best flow stability, uniformity, and expansion
efficiency, likely due to its balanced contour shape that combines a curved convergent section with a linear
divergent exit. Design B’s superior performance is consistent with previous studies suggesting that hybrid—
curved-linear—contours provide advantageous flow characteristics by reducing separation risk while
maintaining efficient supersonic expansion.

The geometric differences summarized in Table 1 explain much of the observed performance variation.
Design B’s curved convergent section improves flow alignment into the throat, reducing pressure losses and
creating smoother temperature and velocity transitions. In contrast, the fully linear (Design A) and fully curved
(Design C) profiles produce either abrupt transitions or overly sensitive flow behavior, leading to inefficiencies.
The boundary conditions specified in Table 2 establish consistent inlet characteristics across all simulations,
allowing differences observed in Figs. 2-4 to be attributed solely to geometric variations rather than operating
conditions. Overall, the CFD visualizations clearly illustrate how modest changes in nozzle contour can
significantly influence flow physics, thermal behavior, and momentum distribution.
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4. Conclusions

This study investigated the flow characteristics of three convergent-divergent (C-D) nozzle designs for a STEM
solid rocket propellant system using Computational Fluid Dynamics (CFD) simulations in ANSYS Fluent. Although
all designs achieved the expected choked-flow condition at the throat and generated supersonic expansion in the
divergent section, the results revealed clear differences in their overall aerodynamic performance.

Among the three configurations, Design B demonstrated the most favorable performance across all
evaluation metrics. Its curved convergent and linear divergent profile produced a smooth and continuous
pressure reduction from inlet to throat, followed by a stable expansion region with minimal flow disturbance. The
temperature distribution in Design B was also more uniform, indicating efficient energy conversion and reduced
thermal loading. Furthermore, the velocity magnitude contours showed highly uniform and stable supersonic exit
flow, with no significant signs of backflow or recirculation. These characteristics collectively indicate better thrust
potential and reduced aerodynamic losses compared to Designs A and C.

Design A, while functional, exhibited uneven pressure recovery and minor recirculation zones near the exit,
which can compromise thrust efficiency. Design C experienced the greatest flow irregularities due to its fully
curved geometry, resulting in inconsistent pressure trends, non-uniform temperature gradients, and velocity
fluctuations within the divergent section.

Overall, the findings confirm that nozzle contour geometry plays a critical role in determining expansion
efficiency, flow stability, and thrust performance. The hybrid contour approach used in Design B strikes an
effective balance between smooth flow alignment in the convergent region and efficient supersonic acceleration
in the divergent section. This makes Design B the most suitable candidate for further development in STEM solid
rocket applications.

Future work may focus on experimental validation of the CFD results, exploration of additional contour
variations, and investigation into material and thermal stresses to support full-scale implementation. The insights
gained from this study not only enhance understanding of nozzle optimization but also provide a practical and
visually intuitive learning platform for STEM education in propulsion and fluid dynamics.
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