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Converging-diverging (C-D) nozzles are widely used in aerospace engineering,
propulsion systems, and high-speed fluid transport applications due to their ability to
accelerate compressible flow from subsonic to supersonic conditions. The
performance of a C-D nozzle is strongly influenced by its geometric configuration,
which affects important flow characteristics such as Mach number distribution,
velocity, and pressure variation. However, improper nozzle expansion may lead to
unstable flow behavior and reduced acceleration efficiency, making geometry
optimization an important aspect of nozzle design. This study aims to investigate the
effect of nozzle geometry variation on supersonic flow behavior in a converging-
diverging nozzle using Computational Fluid Dynamics (CFD). A two-dimensional
axisymmetric model was developed and simulated using ANSYS Fluent with a density-
based solver under steady-state conditions. Air was treated as a compressible fluid,
while the energy equation and Shear Stress Transport (SST) k-w turbulence model was
applied to improve solution accuracy for high-speed flow analysis. A grid independence
test was first conducted using six mesh cases with different element sizes to ensure
that the numerical results were independent of mesh resolution. Outlet velocity was
selected as the primary parameter for convergence assessment. The results showed
that the percentage difference in outlet velocity between the finer mesh cases was less
than 5%, confirming grid independence. The mesh with an element size of 1.5 mm and
approximately 168,000 nodes was selected for further analysis. Three different nozzle
geometries were then compared by modifying the curvature of the nozzle profile
equation. Among the tested configurations, Geometry 1, defined by A=0.1+0.5x?,
produced the highest outlet Mach number of 1.8885 and the highest outlet velocity of
447.86 m/s, indicating the best supersonic performance. In contrast, the steeper
expansion profile of Geometry 3 resulted in lower Mach number and weaker
acceleration. It can be concluded that nozzle geometry has a significant influence on
supersonic flow performance, where a smoother and more gradual diverging section
improves pressure distribution and enhances flow acceleration. CFD proved to be an
effective tool for evaluating nozzle performance and supporting nozzle design
optimization.
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1. Introduction

The study of compressible flow is fundamental in many engineering applications, particularly in
aerospace, propulsion systems, and high-speed fluid transport [1,2]. One of the most important
devices used to control and accelerate compressible flow is the converging-diverging (C-D) nozzle
[3,4]. This type of nozzle is designed to accelerate fluid from subsonic to supersonic speeds by utilizing
changes in cross-sectional areas, making it essential in applications such as rocket engines and
supersonic wind tunnels [5,6].

In a converging-diverging nozzle, the flow first accelerates in the converging section until it
reaches sonic conditions at the throat and subsequently expands in the diverging section to achieve
supersonic velocities [4]. The performance of such a nozzle is highly dependent on its geometric
configuration, which influences parameters such as Mach number distribution, pressure variation,
and flow acceleration characteristics [7,8]. Therefore, understanding the effect of nozzle geometry
on flow behavior is critical for optimizing design and performance. Fundamental fluid mechanics
principles governing nozzle flow are also well established in classical studies of internal compressible
flow [9].

With the advancement of computational tools, Computational Fluid Dynamics (CFD) has become
a powerful method for analyzing complex flow phenomena without the need for extensive
experimental setups [10,11]. CFD allows for detailed visualization and quantitative analysis of flow
variables such as velocity, pressure, and Mach number within the nozzle [12,13]. Finite volume
methods are commonly applied in CFD simulations because of their strong conservation properties
for compressible flows [14].

In this study, a two-dimensional converging-diverging nozzle is modelled and analysed using
Computational Fluid Dynamics (CFD). While the fundamental behaviour of supersonic flow in nozzles
is well established, there is a need to further investigate on how variations in nozzle geometry
influence flow characteristics such as Mach number distribution and pressure variation.
Understanding these effects is important for improving nozzle performance and design efficiency in
practical engineering applications. Therefore, the objectives of this study are to conduct a grid
independence test to ensure solution accuracy, and to evaluate the effect of different nozzle
geometries on supersonic flow behaviour by analysing Mach number, velocity, and pressure
distributions along the nozzle.

2. Methodology
2.1 Geometry of 2D Converging-Diverging Nozzle

A two-dimensional converging-diverging (C-D) nozzle was developed to simulate compressible
flow behaviour. The nozzle geometry was defined using a coordinate-based approach, where the
upper wall profile was generated using Eq. (1) [15].

A=0.14+x?for—05<x<0.5 (1)

The geometry consists of four boundary segments: the curved upper wall representing the nozzle
contour, vertical lines at the inlet and outlet, and a horizontal axis line representing the centreline of
the nozzle. These boundaries were combined to form a closed 2D domain as shown in Figure 1 for
flow simulation. For the geometry comparison study, variations of the nozzle profile were generated
by modifying the curvature of the governing equation. This allows investigation of how different
expansion rates affect the flow characteristics within the nozzle.
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Fig. 1. 2D geometry of the nozzle
2.2 Mesh Generation

The computational domain was discretized using structured quadrilateral elements. A face
meshing method was applied to ensure better control over mesh quality and alignment with the flow
direction. A grid independence test (GIT) was performed to determine an appropriate mesh size that
provides accurate results without excessive computational cost. Multiple mesh cases were generated
by varying the global element size, resulting in different node counts. The mesh sizes ranged from
coarse to fine, and simulation results were compared to evaluate convergence.

The final mesh selected for further analysis was based on the convergence of velocity results,
where the percentage difference between consecutive mesh refinements was found to be less than
5%. This mesh provided a balance between accuracy and computational efficiency (Figure 2).

Fig. 2. Meshing

2.3 Boundary Condition and Solver Setup

The simulation was conducted using a density-based solver under steady-state conditions in a
two-dimensional axisymmetric domain. This solver is particularly suitable for compressible flow
analysis, especially for high-speed and supersonic flow regimes, due to its strong coupling between
pressure and density [10]. Air was used as the working fluid and treated as a compressible medium.
The energy equation was enabled to account for temperature variations and compressibility effects,
which are essential for accurately capturing supersonic flow behavior [11]. Turbulence effects were
modeled using the Shear Stress Transport (SST) k-w model, which provides improved accuracy in
predicting boundary layer development and flow behavior in regions with adverse pressure gradients
[16,17]. The SST k-w model is widely used for high-speed internal flow simulations because of its
improved near-wall prediction capability and robustness under adverse pressure gradients [18,19].

The boundary conditions were defined to represent the operating conditions of the nozzle. A
pressure inlet boundary condition was applied at the inlet to specify the total pressure of the
incoming flow, while a pressure outlet boundary condition was imposed at the exit to control the
static pressure (Figure 3). The nozzle walls were modeled as stationary with a no-slip condition,
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ensuring that the fluid velocity at the wall is zero. These boundary conditions allow the simulation to
realistically capture the acceleration of flow through the converging-diverging nozzle (Figure 4).

The solution was initialized using the standard initialization method, with initial values computed
from the inlet boundary condition to provide a stable starting point for the simulation. A total of 2000
iterations were performed for each case to ensure that the solution reached convergence.
Convergence was assessed based on the reduction of residuals and the stabilization of key flow
variables such as velocity and Mach number throughout the computational domain.

B inlet
8] outiet
B vall
B s

Fig. 3. Name selection label

Fig. 4. Inlet and outlet of converging-diverging nozzle
2.4 Grid Independency Test (GIT)

To ensure that the numerical results are independent of mesh size, a grid independence test was
conducted. Several mesh configurations were generated by systematically reducing the element size
with increasing node counts were simulated, and key output parameters such as outlet velocity were
recorded. The percentage difference between consecutive mesh cases was calculated (Eq. (2)). New
as the finer meshing; while old as the coarser meshing. A mesh was considered grid-independent
when the difference between two successive refinements was less than 5% [13]. Based on this
criterion, the selected mesh was used for all subsequent simulations to ensure consistency and
accuracy. Similar mesh convergence behaviour has also been reported in previous CFD studies
involving converging-diverging nozzles [20].

. New-0ld
Percentage Dif ference = # X

100 (2)
2.5 Geometry Comparison Study

To investigate the effect of nozzle geometry on supersonic flow behaviour, multiple nozzle
configurations were analysed by modifying the curvature of the nozzle profile equation, resulting in
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different expansion rates. All simulations were conducted using the same mesh strategy, boundary
conditions, and solver settings to ensure a consistent and fair comparison between the different
geometries. The flow characteristics were evaluated based on the distribution of Mach number along
the nozzle, velocity profiles, and static pressure variation. In addition, centreline plots of Mach
number against the axial position were generated to provide a clear comparison of flow acceleration
and to illustrate how the different geometrical configurations influence the development of
supersonic flow within the nozzle.

3. Results and Discussion
3.1 Grid Independency Test

To ensure that the numerical results obtained from the simulation are independent of the mesh
size, a grid independence test was conducted. Several mesh configurations with different element
sizes were generated, resulting in varying node counts. For each mesh case, simulations were
performed under identical boundary conditions and solver settings, and key output parameters were
recorded for comparison.

Table 1 shows the mesh configurations, including element size, number of nodes, and the
corresponding outlet velocity and Mach number obtained from each simulation. As the mesh was
refined from a coarse to a finer configuration, noticeable variations in the results were observed,
indicating that mesh size has a significant influence on solution accuracy. To quantify the variation
between successive mesh refinements, the percentage difference in outlet velocity was calculated
using Eq. (2). The calculated percentage differences show that the variation in velocity decreases as
the mesh becomes finer. In particular, the difference between Case 5 and Case 6 was found to be
less than 5%, indicating that the solution is approaching grid independence.

Table 1

Grid independence test result

Case Element size (mm) Node count  Output velocity (m/s) Percentage difference (%)
1 5 15265 665.54 -

2 4 24030 648.69 2.60

3 3 42362 577.58 12.31

4 2 94864 456.11 26.63

5 1.5 168012 423.95 7.59

6 1.3 223290 404.57 4.79

Figure 5 shows the velocity distribution along the nozzle centerline for all mesh cases. It can be
observed that the velocity increases gradually in the converging section and rises significantly after
the throat region as the flow accelerates into the diverging section. The finer mesh cases show a
more stable and smoother velocity profile compared to the coarser meshes, indicating improved
numerical accuracy. In particular, the velocity profiles of Case 5 and Case 6 show very close
agreement, suggesting that the solution begins to converge at higher mesh densities. This supports
the selection of Case 5 as the grid-independent mesh for further analysis.
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Grid Independence Test
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Fig. 5. Velocity distribution along nozzle centerline for grid independence test
3.2 Geometry Comparison Study

To investigate the effect of nozzle geometry on supersonic flow behaviour, three different nozzle
profiles were analysed by modifying the curvature of the governing equation. Geometry 1 was
defined by Eq. (3), representing a gentler expansion profile, Geometry 2 used the baseline Eq. (1),
and Geometry 3 was defined by Eq. (4), representing a steeper expansion profile. All simulations were
conducted using the same mesh strategy, boundary conditions, and solver settings to ensure a fair
comparison.

A= 0.1+ 0.5x2 (3)
A=0.1+2x? (4)

Figure 6 shows the Mach number distribution along the nozzle centerline for the three
geometries. It can be observed that all nozzle configurations successfully accelerated the flow from
subsonic to supersonic conditions after the throat region. However, significant differences were
observed in the rate of acceleration and the final outlet Mach number. Geometry 1 produced the
highest outlet Mach number of 1.8885, followed closely by Geometry 2 with 1.8666, while Geometry
3 produced the lowest value of 1.4542.

This indicates that the gentler diverging profile in Geometry 1 provides more effective and stable
flow expansion compared to the steeper geometry. Previous studies have shown that nozzle
expansion rate strongly influences outlet Mach number and pressure distribution [7]. A smoother
area expansion allows the pressure to decrease more gradually, which promotes continuous
acceleration of the flow and improves supersonic performance [8]. In contrast, the rapid expansion
in Geometry 3 may cause stronger adverse pressure gradients and flow instability, reduce the
effectiveness of acceleration and result in a lower Mach number [16]. Numerical investigations of
compressible nozzle flow have reported similar trends in Mach number reduction under excessive
diverging expansion [15].
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Fig. 6. Chart of Mach number against centerline Axis (a) Geometry 1 (b)
Geometry 2 (c) Geometry 3

The Mach contour distributions further support this observation. Geometry 1 shows a larger and
more uniform supersonic region in the diverging section, indicating better flow acceleration
throughout the nozzle. Geometry 2 demonstrates a similar trend but with slightly lower Mach values.
Geometry 3 shows a smaller supersonic region and less uniform flow distribution, suggesting that
excessive expansion can negatively affect nozzle performance (Figure 7).

Furthermore, the static pressure contours illustrate the relationship between pressure drop and
flow acceleration. In all three cases, pressure decreases significantly from the inlet to the outlet as
the fluid expands through the nozzle. Geometry 1 exhibits a smoother and more controlled pressure
reduction, which contributes to stable acceleration and higher outlet Mach number. On the other
hand, Geometry 3 shows a more rapid pressure variation, which may reduce flow stability and
weaken the acceleration process (Figure 8).

41



Advances in Fluid, Heat and Materials Engineering

Mach Number

2.04e+00
1.84e+00
- 1.63e+00
1.43e+00
1.23e+00
1.02e+00
8.18e-01
6.13e-01
4.09e-01
2.05e-01
1.04e-03

Volume 9, Issue 1 (2026) 35-44
(b) (b)

contour-1

(c)
Fig. 7. Chart of Mach number against centerline axis (a) Geometry 1 (b) Geometry 2 (c)
Geometry 3

Static Pressure
[Pa]
1.02e+05
9.24e+04 :
8.27e+04
7.30e+04
(b) (b)

6.32e+04
5.35e+04
4.37e+04
3.40e+04
2.43e+04
1.45e+04
4.78e+03

contour-1

=

(c)
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The numerical comparison of outlet Mach number and outlet velocity is summarized in Table 2.
Geometry 1 achieved the highest outlet velocity of 447.86 m/s, followed by Geometry 2 with 423.95
m/s, while Geometry 3 produced the lowest velocity of 349.66 m/s. The velocity results are consistent
with the Mach number analysis, confirming that Geometry 1 provides the best overall performance
among the three nozzle designs. From the results, it can be concluded that nozzle geometry has a
significant influence on supersonic flow behavior. A gentler diverging section improves flow
acceleration by maintaining a more favorable pressure gradient and reducing flow disturbances.
Therefore, Geometry 1 demonstrates the most effective design for achieving higher supersonic
performance in the present study.

Table 2
Geometry comparison result
Geometry  Outlet Mach number  Outlet velocity (m/s)

1 1.8885 447.86
2 1.8666 423.95
3 1.4542 349.66
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4. Conclusions

This study investigated the supersonic flow behavior in a converging-diverging nozzle using
Computational Fluid Dynamics (CFD). A two-dimensional axisymmetric model was developed and
simulated using a density-based solver under steady-state conditions. The objective of the study was
to evaluate the effect of nozzle geometry variation on flow performance and to ensure solution
accuracy through a grid independence test.

The grid independence test was conducted using several mesh configurations with different
element sizes and node counts. Outlet velocity was selected as the primary parameter for
convergence assessment. The results showed that the percentage difference between the finer mesh
cases decreased to less than 5%, indicating that the solution had reached grid independence. Based
on this criterion, the mesh with an element size of 1.5 mm and approximately 168,000 nodes were
selected for further analysis as it provided a good balance between computational efficiency and
solution accuracy.

For the geometry comparison study, three nozzle profiles were analyzed by modifying the
curvature of the governing equation. The results showed that all geometries were able to accelerate
the flow from subsonic to supersonic conditions. However, the nozzle geometry significantly affected
the Mach number distribution and outlet velocity. Geometry 1, with the gentler diverging profile A =
0.1 + 0.5x2, produced the highest outlet Mach number of 1.8885 and the highest outlet velocity of
447.86 m/s. In contrast, Geometry 3, with the steeper profile A = 0.1 + 2x?2, produced the lowest
outlet Mach number and velocity.

The results indicate that a smoother and more gradual area expansion improves pressure
distribution and promotes more stable flow acceleration, leading to better supersonic performance.
Excessive expansion, on the other hand, may reduce flow stability and weaken acceleration
efficiency. Therefore, Geometry 1 was identified as the most effective nozzle design among the three
configurations studied.

In conclusion, CFD proved to be an effective tool for analyzing compressible flow behavior and
evaluating nozzle performance. The findings of this study demonstrate that nozzle geometry plays a
critical role in determining supersonic flow characteristics and should be carefully considered in
nozzle design for engineering applications such as propulsion systems and high-speed fluid transport.
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