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ABSTRACT

Convergent-divergent (CD) nozzles are critical components in aerospace propulsion systems. The challenges in the
CD nozzle design involve minimizing the flow separation and shock wave formation at divergent sections, which can
affect the thrust and overall performance. The objective of this study is to investigate the effects of divergence angles
on exit velocity, thrust and pressure drop. By utilizing ANSYS Fluent for simulations, the research explores CD
nozzles with divergence angles of 7°, 13° and 19° with and without a throat length of 0.3 m. Boundary conditions of
inlet pressure, mass flow rate and temperature were constant at 4.41 MPa, 826 kg/s and 3400 K respectively. Grid
independence tests are employed to ensure simulation accuracy. The result shows, that higher divergence angles
increase exit velocities, Mach numbers, thrust forces and pressure drop. The inclusion of a throat length notably
improves these parameters by smoothing flow transition and expanding the air more efficiently at the divergent
sections, converting more pressure energy into kinetic energy. The thrust force increases with higher divergence
angles with the presence of the throat length as it enhances momentum rates. Model 6 which has a divergence angle
of 19°and throat length provides optimal performance for the CD nozzle with a thrust force of 2056.91 kN and
pressure drop which is 3959.8 kPa. Using suitable divergence angles and adding a throat length significantly
enhances the effectiveness of CD nozzles.
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INTRODUCTION Nozzles feature three distinct sections, which are the
converging part, the throat, and also the diverging section.
The throat is the place on the nozzle where the diameter is
the smallest. A throat can be either in a single point or
extended. The converging part is upstream of the throat,
while the diverging part is downstream of the throat. As
the nozzle profile moves from upstream to the beginning
of the throat, the area of the converging section decreases.
As the nozzle profile moves from the end of the throat to
downstream, the area of the diverging section continues
to increase. The geometry of the nozzle has a considerable
influence on nozzle performance which has been studied
by Jagmit Singh et al. 2019. The influence of single-phase

A convergent-divergent nozzle is the one of mechanical
device that increases outflow velocity and controls fluid
flow direction by utilizing pressure energy and fluid
enthalpy. Nozzles were employed in various applications
whether in subsonic or supersonic cases, and understanding
their flow behavior is critical for effective development
such as rocket propulsion (Xing Li et al. 2021), jet
propulsion (M.M.A. Alam et al. 2016), controlling the
direction of fluid flow (B.P. Madhu et al. 2021), sprays (S.
Som et al. 2011), liquid jet (Ahmad H. A. Hamid et al.
2023) and steam turbines (Lokesh Meena et al. 2021).
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air flow through a nozzle revealed the impact of various
nozzle parameters on the nozzle performance. The
geometry of the nozzle before and after the throat affected
performance more than the length of the throat. Furthermore,
the geometry of the diverging portion is critical for pressure
recovery (Jagmit Singh et al. 2019).

Past investigations have primarily focused on
assessing nozzle efficiency by manipulating parameters
such as divergence angle, convergence angle, throat
diameter and throat length. Almeida et al. (2015) studied
the influence of the divergence angle, throat length, and
the shape of the diverging section on its performance.
Srivinas M. et al. (2017) focus on improving the geometry
of a convergent-divergent nozzle to enhance exit velocity
and Mach number, resulting in lower fuel consumption and
higher thrust. They employed CFD analysis and examined
several nozzle designs by varying the divergence angles.
B.P Madhu et al. (2021) computed numerically the flow
properties of convergent-divergent nozzle for various
divergence angles using ANSYS FLUENT. In addition,
the researchers utilized CFD to optimize the divergence
angles of the rocket engine nozzle (Biju Kuttan P. et al.
2013). Other than that, researchers have studied the critical
pressure ratio of the sonic nozzle by designing 13 nozzles
with varied diffuser angles and throat diameters (K.A Park
et al. 2001). Muhammad Adib Hakimi et al. (2022)
conducted a numerical investigate a numerical investigation
into the impact of the area ratio of the convergent divergent
throat and the Mach number in transitioning from an
incompressible to a compressible flow.

Some of the researchers also investigated the formation
of shock wave in a nozzle. For example, Tapas Kumar
Nandi & Prosun Roy (2016) used gas tables to determine
the location and normal shock wave strength in the
divergent portion of the nozzle under varying operating
conditions and various flow parameters across the normal
shock. Sher Afghan Khan et al. (2021) applied CFD to
simulate the fluid flows and the formation of shock in a
duct in order to obtain useful information about fluid
dynamics analysis. Seyed Mahmood Mousavi & Ehsan
Roohi (2014) applied three-dimensional CFD analysis to
study the compressible and turbulent flow of the shock
train in a convergent-divergent nozzle to determine the
behavior, location and number of shocks.

Generally, convergent-divergent nozzles, integral
components in propulsion systems for applications ranging
from rocket to supersonic aviation, confront significant
engineering challenges that impact their efficiency and
performance. A primary concern is the occurrence of flow
separation as the fluid transitions from the convergent to
the divergent section, which is particularly evident at lower
flow rates. This separation can impede the nozzle’s ability
to efficiently expand the flow, resulting in reduced thrust

and overall performance. Additionally, at supersonic
speeds, the formation of shock waves within the divergent
section introduces complexities such as increased drag,
diminished efficiency, and potential structural concerns.
Unsteady flow phenomena, which appear as oscillations
and pressure changes, worsen these problems and make it
harder to get stable and predictable nozzle performance.
This investigation will address these issues by integrating
advanced computational fluid dynamics (CFD) simulations.
Simulations of Computational Fluid Dynamics (CFD)
eliminate the need for costly experimental setups and
physical testing. This investigation focuses on CFD
simulations to provide a low-cost way to analyze and
improve convergent-divergent nozzle designs. The findings
will not only enhance our understanding of nozzle behavior
but also offer guidance on achieving optimal performance
with minimal financial investment. This strategy is
consistent with the current trend of utilizing sophisticated
numerical techniques to simplify the design and
optimization processes in engineering applications.
Therefore, this CFD study was conducted to investigate
the effect of divergence angles and throat length of CD
nozzles to minimize flow separation and shock wave in
order to improve its performance.

METHODOLOGY

DESIGN MODELLING

The convergent-divergent nozzle was designed using CFD
Ansys Fluent to construct the 2D geometry of CD nozzles
based on dimensions in Table 1 (Srivinas M. et al. 2017).
The CD nozzles dimension include 1 m of inlet diameter,
an exit diameter of 1.273 m, a throat diameter of 0.509 m,
a 0.640 m convergent length and a convergent angle of
21°. Three types of CD nozzles were designed with three
different divergent angles, a: 7° (model 1), 13° (model 2)
and 19° (model 3). Model 1,2 and 3 do not have the throat
length. The basic schematic diagram for CD nozzles is
shown in Figure 1 and the design of CD nozzles with
different angles is shown in Figure 2. Those designs will
be compared with the CD nozzle models 4,5 and 6, which
have a throat length of 0.3 m.

MESHING

Switching the workbench from geometry to meshing in
order to build the meshing of a geometry. It is known as a
finite volume approach because, when the geometry is
created, the control volume must be divided into a smaller
number of Nodes and elements of finite size. Meshing the
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control volume refers to the process of dividing it into  used in this meshing. Free face mesh type for this meshing
discrete, finite-sized volumes. The type of mesh used in  is all quad to make more accuracy. Figure 3 shows the
this study is the structured mesh for the 6 model of = meshing element for CD nozzle with three different
convergent-divergent nozzles. The automatic method is  divergent angles.

TABLE 1. Dimensions of the Convergent — Divergent Nozzle (Srivinas M. et al. 2017).

Parameter Dimension (m)
Inlet diameter (d)) Im
Exit Diameter (d,) 1.273 m
Throat diameter (d,) 0.509 m
Convergent length 0.640 m
Convergent Angle (5) 21°
Divergent angle (o) 7° (Model 1&4), 13° (Model 2&5), 19° (Model 3&6)

Divergent length, (x) 3.111 m (Model 1&4), 1.654 m (Model 2&5), 1.109 m (Model 3&6)

d. — >
Outlet

Ja.
\’:

FIGURE 1. Schematic diagram for Convergent — Divergent Nozzle

(®)

(©)

FIGURE 2. Design of CD nozzle (a) divergence angle of 7° (b) divergence angle of 13° (c) divergence angle of 19°
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PRE-PROCESSING

Performing pre-processing is crucial to achieving the
intended outcomes. In this work, the Ansys Fluent program
is used in the pre-processing step to specify appropriate
boundary conditions. A very strong and practical piece of
software, CFD Ansys Fluent can do a wide range of
sophisticated analyses, simulations, and other sophisticated
functions. The problem setup settings were shown in Table
2. The viscous model setting used in this setup process is
a standard k-epsilon model with standard wall functions.
In this study, the main fluid used from the inlet throughout
the outlet diameter was air with inlet pressure 4.41 MPa,
mass flow rate 826 kg/s and temperature 3400 K.

©

GRID INDEPENDENCE TEST

A grid independence test is performed to confirm that the
size of the computing grid does not impact the simulation
results. This entails conducting simulations with ever
smaller grids until the differences in outcomes, such as
velocity or pressure distributions, are insignificant. The
goal is to select a grid size that produces correct results
while requiring little computing work, ensuring that the
chosen grid is both efficient and trustworthy. For all models
fine grid was chosen because the grid refinement ratio is
greater than 1.3 and the relative error is less than 5%. For
example, the number of element for model 1 is 207,611
with the grid refinement ratio of 1.54 and relative error of
exit velocity of 0.5%.

FIGURE 3. The meshing element for CD nozzle (a) divergent angle of 7° (b) divergent angle of 13°

TABLE 2. Problem setup setting in Ansys Fluent program

General Solver type: Density-based
Models Energy equation: On

Viscous model : k-epsilon (2 eqn)
Material Air — Ideal Gas

Boundary Conditions

Inlet mass flow boundary:

Pressure = 4410000 Pa

Mass Flow Rate = 826 kg/s

Temperature = 3400K

Outlet mass flow boundary:

Atmospheric pressure: 101.325 kPA

Walls:

Mass and momentum: No slip wall

RESULT AND DISCUSSION

VALIDATION

It is necessary to validate CFD findings to prevent errors.
In this work, the numerical simulation result from Srinivas

M. etal. (2017) is compared with the outcome of the CFD
results. For example, exit velocity, Mach number and thrust
force for model 3 are compared to the result of Srinivas
M. et al. (2017). Table 3 shows the validation result
between model 3 and Srinivas M. et al. (2017), in which
the error is between 0.6% and 2.1%.



OVERVIEW RESULT

ANSYS analyses were conducted to study the static
pressure, exit velocity, and Mach number for CD nozzles
with three different divergence angles: 7° (model 1), 13°
(model 2) and 19° (model 3). Models 4, 5, and 6 were
designed with the same divergence angles, including 0.3
m throat length. According to Table 4, increasing the
divergence angle will increase static pressure, exit velocity,
and Mach number. The results aligned with Srivinas M. et
al. (2017), which claimed that the exit velocity and Mach
number were increased with increased divergence angles.
This is because as the divergence angle increases, the air
expands more efficiently, converting more pressure energy
into kinetic energy. Therefore, the exit velocity of the air
will increase as well as the Mach number. The larger angle
allows the air to expand more in the nozzle. The expansion
increases the velocity at exit, which increases the thrust
force. The presence of throat length in the CD nozzle, as
shown in Table 5, enhances the results for the CD nozzle
without throat length (Table 4). The throat length provides
a stable flow in the throat section. The expansion process
causes a pressure drop, but the air velocity increases.
Therefore, it increases the exit velocity and Mach number.
The higher exit velocity causes an increase in thrust force.
The thrust force and pressure drop increase as the
divergence angle rises from 7°, 13° until 19°. The
divergence angle of 19° with throat length, has the highest
thrust force and pressure drop respectively to 2056.91 kN
and 3959.8 kPa while divergence angle of 7° without throat
length has the lowest thrust force and pressure drop of
1910. 72 kN and 3478.9 kPa respectively.

EFFECT OF DIVERGENCE ANGLES ON THE
VELOCITY

Based on Figure 4, increasing the divergence angle in a
convergent-divergent (CD) nozzle considerably influences
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flow velocity at the nozzle exit. A larger divergence angle
promotes the flow’s fast expansion by turning more
pressure energy into kinetic energy, which increases the
exit velocity. However, this causes an unfavorable pressure
gradient which raises the danger of flow separation and the
development of greater shock waves. As the divergence
angles increase, flow separation is expected to become
larger. Flow separation can interrupt the acceleration
process, lowering effective velocity and forming pockets
of recirculating flow, while shock waves cause sudden
changes in pressure and velocity, further reducing total
efficiency. Nevertheless, separation flow is not too
dominant for the case of the highest divergence angle of
19° in the CD nozzle, as proven by the velocity contour
results (Figure 4c and Figure Sc).

Based on Figure 5, increasing the divergence angle in
a convergent-divergent (CD) nozzle while maintaining a
constant length at the throat significantly affects the flow
velocity at the nozzle exit. A larger divergence angle
promotes a more rapid expansion of the flow in the
convergent-divergent nozzle, which can increase the exit
velocity by converting more pressure energy into kinetic
energy. The constant length at the throat of the convergent-
divergent nozzle provides a smooth transition between the
convergent and divergent sections, mitigating abrupt
changes in flow direction and reducing adverse pressure
gradients. It helps to delay the flow separation and maintain
a more stable and continuous acceleration of the flow.
Additionally, the throat length aids in managing boundary
layer development, reducing the shock wave formation
and the associated velocity losses. Consequently, the
combined effect of a larger divergence angle and a constant
throat length can increase the exit velocity by ensuring a
smoother flow transition and effective conversion of
pressure energy into kinetic energy, while minimizing
disruptions due to the flow separation and shock waves.

TABLE 3. Comparison results for o= 19 ° between Model 3 and Srivinas M. et al. (2017)

Results Srivinas M Model Model 3 Error (%)

Exit Velocity (ms™) 2424.62 2410 0.6

Mach Number 2.07852 2.077 2.1

Thrust Force (kN) 2002.736 1990.66 1.5

TABLE 4. CFD results analysis of Model 1,2 and 3
No Model. Divergence Angle ~ Throat Diameter ~ Exit Velocity (ms™) Mach Number Thrust Force
) (m) (KN)

1 7 0.509 2302.32 2.056 1901.72
2 13 0.509 2370.03 2.067 1957.64
3 19 0.509 2410.00 2.077 1990.66
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TABLE 5. CFD results analysis of Model 4, 5 and 6

No Divergence Throat Throat length  Exit Velocity Mach Thrust Force
Model. Angle (°) Diameter (m) (m) (ms™) Number (kN)
4 7 0.509 0.3 2410.13 2.437 1990.80
5 13 0.509 0.3 2440.16 2.450 2015.57
6 19 0.509 0.3 2490.20 2.478 2056.91

EFFECT OF DIVERGENCE ANGLES ON
STATIC PRESSURE

It is to be noted that static pressure in the convergent-
divergent nozzle is one of the most important factors that
impact nozzle performance, efficiency and stability. Ideally,
it is preferable to have a smooth and gradual reduction of
static pressure along the length of the nozzle for optimal
pressure conversion into thrust. Based on Figure 6 and
Figure 7, increasing the divergence angle in a convergent-
divergent (CD) nozzle induces significant changes in the
static pressure distribution. The steeper expansion of the
flow in the divergent section leads to a decrease in exit
pressure along the nozzle length. Therefore, it can be
concluded that as velocity increases, pressure will be
reduced as shown in Figures 4, 5, 6 and 7. These results
comply with the Bernoulli theorem and are aligned with
Shamsher Ali Ansari & Pramod Chaudhary (2024) and
Sher Afghan Khan et al. (2021). Additionally, it can be
seen that a shock chain is produced at the supersonic region

contour-1
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after the throat section, especially in Figure 6(a) and Figure
6(b). Sher Afghan Khan et al. (2021) also obtained shock
chains in their pressure contour results. As the divergence
angle increased, the shock wave formation dispersed
(Figure 6(a), (b) and (c)).

The formation of the shock chain also vanished slowly
as divergence angles increased for the case of the CD nozzle
with throat length (Figure 7(a), (b) and (c)). The existence
of throat length in CD nozzle increase slightly the exit
velocity, Mach number, thrust and pressure drop compared
to CD nozzle without throat length (Table 4,5 and 6). The
result was supported by Srivinas M. et al. (2017) who
claimed that nozzles with throat length increase the exit
velocity compared to nozzles without throat length.

In addition, a weaker shock wave produces higher exit
velocity, higher Mach number, higher thrust and lower exit
pressure, as shown in Table 4, 5 and 6. This aligned with
the result of Jagmit Singh et al. (2019) who declared that
at lowering divergent angle and no elongated throat, it gave
a low pressure drop.
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FIGURE 4. Velocity contour for CD nozzle (a) model 1 (b) model 2 (c) model 3
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FIGURE 5. Velocity contour for CD nozzle (a) model 4 (b) model 5 (c) model 6
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FIGURE 6. Static pressure for CD nozzle (a) model 1 (b) model 2 (¢) model 3
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FIGURE 7. Static pressure for CD nozzle (a) model 4 (b) model 5 (¢) model 6

EFFECT OF DIVERGENCE ANGLES ON
PRESSURE DROP

Based on the results, it is noticed that the pressure drop
across a CD nozzle with variation of the divergent angle
mainly takes place because of the variations in the rate of
air expansion. It can be observed that as the divergence
angle is increased, the airflow expands as it travels through
the divergent portion of the nozzle.

The angle in the divergent part of the nozzle can be
increased to some extent to enhance the transformation of
pressure energy into kinetic energy. However, if the angle
becomes too large,

4356e+06

3.642e+06

2.928e+06

2.21de+ 086

1.501e+06

7.866e+05

7273e+04

flow separation or shock waves may occur, reducing
the efficiency and limiting the pressure drop. Flow
separation also occurred at the edge of the throat, for
example, for model 3 (Figure 4c). The separation is slightly
larger compared to model 6 (Figure 5c). The presence of
throat length in model 6 provides a smoother flow transition
between the convergent and divergent sections and reduce
the flow separation at the throat edge. The smoother
transition helps in maintaining a more stable flow, and
reducing turbulence to obtain higher velocities, improve
momentum transfer through the nozzle, and increase
overall efficiency and thrust.

TABLE 6. Result for pressure drop for each model

Model Inlet Pressure  Exit Pressure (kPa)  Pressure Drop

(kPa) (kPa)
1 4410 931.1 3478.9
2 4410 840.2 3569.8
3 4410 820.1 3591.8
4 4410 610.2 3799.8
5 4410 590.5 3819.5
6 4410 450.2 3959.8

A higher pressure drop means the pressure difference
across this nozzle increases, raising the velocity and
momentum of the air in the outlet region, thereby creating
greater thrust force. On the other hand, a lower divergence
angle will lead to a less gentle expansion of the fluid and

a smaller pressure drop. Thus, it is good to find a way to
obtain the optimum divergence angle to achieve the highest
pressure drop and, in turn, maximum thrust force in CD
nozzles to provide the most effective propulsion systems.



The presence of throat length, as shown in Table 5,
enhances the exit velocity, Mach numbers and thrust in
comparison to the CD nozzle without throat length (Table
4). The throat length provides a stable flow in the throat
section. The expansion of the air causes a greater pressure
drop for the CD nozzle with throat length and increases
the exit velocity. The higher exit velocity causes an increase
in thrust force and Mach number.

CONCLUSION

In conclusion, the analysis of the result, which represents
the dependence of divergence angles on the positions of
convergent-divergent nozzles allows for a better
understanding of how the nozzle’s geometry affects flow
characteristics. In the validation process, a comparison
with Srivinas M. (2017) reveals a percentage error of less
than 5% for all results, indicating a close alignment with
established findings.

Greater divergence angles with throat length stabilize
flow expansion and enhance internal energy conversion to
kinetic energy, thereby increasing thrust force. Moreover,
higher divergence angles raise pressure drop across the
nozzle, boosting fluid velocity and momentum, and thus
growing thrust generation.

Therefore, model 6 offers the best CD Nozzle
performance due to its large divergence angle and throat
fillet, which significantly contribute to the overall flow
enhancement in convergent-divergent nozzles. It also
results in increased exit Mach numbers, velocities, thrust
forces, and pressure drops.
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