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A Nozzle is a mechanical device that uses pressure energy and fluid enthalpy to increase the outflow
velocity and control fluid flow direction. To obtain the nozzle duct’s shock pattern, the flow inside the
nozzle must be supersonic with a Mach number greater than one. Experimentally, the shock pattern is
obtained for a nozzle with a Mach number 2 and nozzle pressure ratio (NPR) equivalent to 7 and below.
For Mach M = 2, the needed NPR is equal to 7.82 for correct expansion.. When the NPR is greater than
7.82, flow from the nozzles is under-expanded. For NPR less than 7.72 the flow from the nozzle is
over-expanded. In this paper, the computational fluid mechanics (CFD) technique was used to simulate
the nozzle flow based on the experimental investigation. A two-dimensional transient compressible flow
of air through a supersonic nozzle was simulated using ANSYS fluent software. A time-dependent flow
using the density-based implicit solver was useds to analyze the simulation results. The results illustrate
that the CFD technique simulates the fluid flows and the formation of shock in a duct and gives useful
information about fluid dynamics analysis.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Smart and Sustainable Developments in Materials, Manufacturing and Energy Engineering.
1. Introduction

A Nozzle is a mechanical system designed to use pressure
energy and fluid enthalpy to increase the outflow velocity and reg-
ulate the direction of fluid flow. Nozzles are used in subsonic and
supersonic velocity applications, and knowing the flow behavior
of nozzles is vital for successful development. The convergent noz-
zle cross-section area decreases smoothly from a considerable
value to a small number, which can be described as Ainlet > Aoutlet ,
causing an increase in the pressure and velocity of the fluid at
the exit side, but a constant parameter remains the mass flow rate.
A convergent-divergent nozzle, on the other hand, contains a
throat, and this nozzle is shown to increase the velocity smoothly
from a small value to a substantially enormous amount as
Aoutlet > Ainlet , creating a subsonic acceleration at the minimum
region of the throat to a maximum velocity. A C–D nozzle has
the lowest pressure and speed of fluid flow at the outlet. Fluid
viscosity is a molecular property that tests the fluid’s internal
resistance to actual fluid deformation, whether liquids or gases
have finite viscosities connected to them [1]. External flow is the
flow that flows past a projectile on a free surface. Inside the bound-
ary layers, the viscous effects of internal flows are confined. The
flat plate, cylinders or spheres, and airfoils are a true application
of external flows [2].

For supersonic flow generation, a C–D nozzle is utilized. A noz-
zle without an expanding component will never produce super-
sonic air [3]. There are three-dimensional predicted fluid flows;
the term one, two, or three-dimensional flow refers to the amount
of organized space needed to demonstrate flow. Typically, physical
motion appears to be three-dimensional. It is possible to reduce a
three-dimensional issue to a two-dimensional one and then sim-
plify it to a one-dimensional one. The continuity equation, the
energy equation, and the momentum equation are used as the
three main governing equations of motion for solution techniques
[4,5]. The several studies have been reported on the flow of CD noz-
zle with sudden expansion duct. The researchers also controlled
the flow to reduce the base drag and investigated base and wall
pressure [6–19] via experimentations. The flow of fluid through a
stream or pipe where the flow parameters in only one planar are
assumed to change significantly is known as one-dimensional flow.
The nozzle’s generic formula was manually calculated in the
aterials,
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Fig. 1. Nozzle with Enlarged Duct.

Table 1
Details of the C-D Nozzle for Mach number M = 2.

Segment Mach number 2

Inlet diameter (Di) 25.9 mm
Throat diameter (Dt) 7.7 mm
Exit diameter (De)/Extended diameter (D) 10 mm
Convergent length (Lc) 25 mm
Divergent length (Ld) 13.2 mm
Extended length (Le) 60 mm
Convergent angle (Ac) 20-degree
Divergent length (Ad) 5-degree

Table 2
Pre-processing details.

Models Energy: on
Viscous: Standard k-e

Materials Density: Ideal gas
Cp: 1006.43 J/kg K
Viscosity: Sutherland
Mean molecular mass: 28.966 g/mol

Boundary Conditions Inlet Pressure = 691036:5 Pa
Inlet temperature = 300 K
Gauge pressue = 101325 Pa
Outlet Pressure = 0 Pa
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convergent nozzle flow phase and analyzed by the ANSYS flux
program compared to the effects [20,21]. A numerical simulation
of a C–D nozzle using ANSYS at the supersonic Mach number for
a duct flow was studied [22]. The considered duct length is L =
10D for a diameter ratio of 1.6. For Mach numbers 1.87, 2.2, and
2.58 [23], the flow is simulated at various expansion speeds for
the exit Mach number. In the 3 to 11 range, the nozzle pressure
ratio at which the simulations were performed. The Turbulence
k-turbulence model was selected for the simulations. Later, the
same concept is used for area ratios, Mach number, nozzle pressure
ratio, and L/D using ANSYS [24–29]. The numerical simulations are
also used for investigating the flow field around the wedge [30,31],
non-circular cylinder [32,33]. In a recent study on fluid flows, the
researchers utilized the soft computing method via experimental
design [23,34,35].

During wind tunnel experiments, shock waves occur in the C–D
nozzle as the flow moves through the nozzle. The method of carry-
ing out this experiment is expensive. The CFD is then used to
achieve the findings because it is less costly and more precise.
The main objective of using the CFD technique is to model and
evaluate a 2-D transient flow, including the compressibility effects
through a C–D nozzle. This research seeks to obtain the CFD shock
waves and then equate the experimental findings with the results
of the CFD.
Outlet temperature = 300 K
Solution controls Courant number: 5
Solution initialization Initialization Method: Standard Initialization

Compute from: Inlet
Run calculation Number of iterations 1000
2. Methodology

The current work aims to use the CFD method to apply a tran-
sient compressible flow through a two-dimensional C–D nozzle.
However, optimization of different factors such as Mach number,
NPR, density-based implicit solver, etc., using ANSYS tools. The
CFD simulations were done to obtain the preliminary results to
achieve these research goals: The C–D nozzle modeling was per-
formed fluently in ANSYS 18.1. Fig. 1 illustrates each segment’s
symbol.

As a first stage, the lines are established and then linked based
on the design nozzle. Therefore, the 2D surface was created, shown
in Fig. 2, using surfaces from the sketches option.

A C–D nozzle with a Mach number 2 and an L/D of 6 is used to
conduct the C–D nozzle’s detailed aspects shown in Table 1. After
Fig. 2. Two-dimensional CFD model of the nozzle for Mach number 2.
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completion of the model, the surface body is segregated into seven
prominent faces. The faces are split into many faces to change the
mesh and add the correct boundary conditions (Table 2).
2.1. Meshing

The meshing is done once a 2D model was obtained and per-
form it a meshing tool of ANSYS workbench (fluid flow-fluent)
was used. A default mesh parameter was chosen: CFD, solver pref-
erence is fluent, and relevance was set to 0. Initially, the mesh that
Fig. 3. CFD mesh model with the structured type of mesh.



Fig. 4. Iterations-solution converged.
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has emerged is called an unstructured mesh, and in most situa-
tions, this mesh cannot be used to get reliable results. The mesh
can be transformed into a structured type of mesh by using face
meshing since the faces are rectangular shape. The number of splits
in the inlet, walls, and outlet varies during selecting the mesh
number of element divisions. The cells should be more separated
when the organized mesh occurs. By adding edge scaling, the num-
ber of divisions can be changed. A total of eight-edges have been
chosen, and there are 20 divisions. The wall is divided into three
edge sizes, and the number of divisions is equal to 40, 30, and
250, respectively.

Small cells appear in the nozzle after the application of the divi-
sion in Fig. 3. Because of the small division (high density) in the
throat, the black component happens, as shown in Fig. 3 (zoom
view). The nozzle contours can be distinguished at the end of the
meshing process by defining names like inlet, outlet, and walls.
Next, in the hierarchical interconnected model, rational boundary
constraints are employed. The mesh was tested fluently, and there
were no critical errors reported. Since the flow is compressible, the
density-based implicit solver is used to get the data.

The iteration was set to 1000 (arbitrarily number), but the solu-
tion converged within this range and is shown in Fig. 4. This
method applies to the NPR equivalent to 7.82, which is the correct
expansion.
3. Results and discussion

Three sub-sections to explain the outcomes of this work are
added in this section. Firstly, the mesh independence test is con-
Fig. 5. Three types of mesh.
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ducted to demonstrate the mesh size accuracy. Secondly, the vali-
dation section will display the experiment results chosen from the
literature [36]. Thirdly, the results portion that is carried out using
CFD and the discussion in this project illustrates and describes the
relationship between the validation part and the outcomes.

3.1. Mesh independence study

The mesh independence study (MIS) is conducted before pro-
ceeding with the findings. By considering only L/D = 6, Mach num-
ber 2 with NPR of 7.82, which is the correct expansion, the wall
pressure was checked for MIS. Three different kinds of mesh are
available, which are coarse, fine, and medium. The number of
nodes and elements for the coarse form is 7500 and 7160 in
sequence. For the medium form, 9407 and 8976 are the number
of nodes and elements, respectively. Although the number of nodes
is 12,042, and the elements are 11,570. For the fine form, the time
required for the fine, medium, and coarse solution to converge was
40, 68, and 110 s. For the three types of mesh, Fig. 5 shows the wall
pressure behavior divided by the atmospheric pressure. It also
indicates that the maximum value of wall pressure is derived from
the fine mesh by atmospheric pressure, and the lowest is coarse.
The results are obtained using a clock speed of 3.4 GHz and 8 GB
RAM with Intel i7 core Toshiba.

3.2. Method validation

Within a duct representing a supersonic combustion isolator,
experiments were carried out to study the mass flow properties
of a shock train [36]. The isolator consists of a rectangular tube that
has a constant area (25 mm by 30 mm). With the pressure trans-
ducer and the mercury manometer connected to the taps on the
isolator surface, the axial pressure’s magnitude is measured
(Fig. 6). The shock formation of the pressure duct can be seen from
the shadowgraph (Fig. 6a) compared to the present pressure con-
tours (duct), which is similar to Fig. 6b.

3.3. Contours

3.3.1. Pressure flows
The fuel is pumped and mixed with a supersonic stream with-

out shock losses to conduct supersonic combustion—the combus-
tion results in creating the shock pattern, coupled with a
prolonged increase in pressure. The pressure rise associated with
the shock train may be too strong to divide the incoming boundary
layer. Therefore, high losses that cause disruptions in the combus-
tion chamber can occur. These disruptions will lead to problems
that will not start. A passage known as an isolator is connected



Fig. 6. Shadowgraph for a specific case L/H = 6 (a) Experimental duct [36] (b) CFD.

Fig. 7. Pressure flow through the nozzle (NPR = 6) (a) contour (b) plot.

Fig. 8. Pressure flow through the nozzle (NPR = 7.82) (a) contour (b) plot.
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between the inlet and the combustion chamber to separate the
shock waves. The disturbances will, therefore, not get into the
inlet. We need to achieve the efficiency of an isolator in the super-
sonic flow of Mach number 2 in this project. The duct’s L/D ratio is
6. The shock pattern is analyzed at NPR 6 and 7 by conducting the
experiment, which is presented in the validation section. Over-
expansion happens when the pressure is lower than the ambient
pressure at the outlet. However, the testers attempted to apply
Fig. 9. Pressure flow through the nozz
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NPR 7.82, which is the correct extension, but they were unable
to decide because of the lack of an experimental setup. In this
work, NPR 7.82 and NPR 8.2 were obtained at higher Mach num-
bers with correct expansion, which is under expansion. When the
pressure at the outlet is equal to the ambient pressure, there is
the correct expansion.

As shown in Fig. 7a, the inlet’s pressure is high, decreasing as it
gets nearer to the outlet. In the throat, the shock pattern continues
le (NPR = 8.2) (a) contour (b) plot.



Fig. 12. Temperature flow through the nozzle (NPR = 8.2) (a) Contour (b) plot.

Fig. 10. Temperature flow through the nozzle (NPR = 6) (a) contour (b) plot.

Fig. 11. Temperature flow through the nozzle (NPR = 7.82) (a) contour (b) plot.
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through the duct until it reaches the outlet. As shown in Fig. 7b, the
inlet’s pressure is 4.90 � 105 Pa. The outlet pressure is around 4 �
104 Pa. The inlet’s pressure is maximum, and as it gets nearer to the
outlet, it decreases. It disappears afterward. As shown in Fig. 8a,
the inlet’s pressure is 6.65 � 105 Pa. The pressure is around 9 �
104 Pa at the outlet (Fig. 8b). The inlet’s pressure is maximum,
and as it gets nearer to the outlet, it decreases. It disappears after-
Fig. 13. Velocity flow through the noz
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ward. The pressure is 7.08 � 105 Pa at the inlet, shown in Fig. 9a. At
the same time, the outlet pressure is around 9.7 � 104 Pa (Fig. 9b).

3.3.2. Temperature flows
Based on the temperature contours, the inlet’s temperature was

found to be maximum, and it decreases as it gets closer to the out-
let in Fig. 10a. The temperature is 297 K at the inlet, as shown in
zle (NPR = 6) (a) Contour (b) plot.



Fig. 15. Velocity flow through the nozzle (NPR = 8.2) (a) Contour (b) plot.

Fig. 16. Density flow through the nozzle (NPR = 6) (a) contour (b) plot.

Fig. 14. Velocity flow through the nozzle (NPR = 7.82) (a) Contour (b) plot.
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Fig. 10b. The temperature at the outlet, in comparison, is 200 K. At
the inlet, the temperature is highest, decreasing as it comes closer
to the outlet in Fig. 11a. The temperature is 297 K at the inlet, as
shown in Fig. 11b, Simultaneously, the temperature at the outlet
is 198 K. At the inlet, the temperature is highest, decreasing as it
comes closer to the outlet in Fig. 12a. The temperature is 297 K
at the inlet, as shown in Fig. 12b.

In comparison, the temperature is 198 K at the outlet. This
means that the nozzle’s temperature variation is high at the intel
Fig. 17. Density flow through the nozzl
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zone, whereas low outlet and duct zone. By applying the inlet pres-
sure, shock moves inside the body, resulting in motion and pres-
sure loss, the temperature will be reducing. Moreover, in each
NPR, the numerical values are changing with changes in NPR.

3.3.3. Velocity flows
Based on the contours of the velocity, in Fig. 13a, the speed is

low at the inlet, increasing as it comes closer to the outlet. The
speed is 70 m/s at the inlet. At the same time, 450 m/s is the
e (NPR = 7.82) (a) contour (b) plot.



Fig. 18. Density flow through the nozzle (NPR = 8.2) (a) contour (b) plot.
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velocity at the outlet. In Fig. 13b, these details are given. In Fig. 14a,
the speed is low at the inlet, increasing as it gets nearer to the out-
let. The speed is 70 m/s at the inlet. 450 m/s is the velocity at the
outlet. In Fig. 14b, these details are given. Now in Fig. 15a, at the
inlet, the velocity is small, increasing as it comes closer to the out-
let. The speed is 70 m/s at the inlet.

At the same time, 450 m/s is the velocity at the outlet (Fig. 15b).
When these results compare to the temperature contours or

pressure contours, it is opposite variations. This is due to the fun-
damental principle of Bernoulli’s equation. Based on that, when
pressure increases, the velocity will decrease, which can be seen
in our results. A higher range of velocity is found in the duct.
Whereas at the inlet, the velocity is low, but the pressure is high.
When there is motion inside the duct of flow, the velocity
increases; after the throat, there is a sudden increment in velocity;
hence, it reaches a high Mach number. Indeed, this fundamental
study can state in many fluid dynamics literature.

3.3.4. Density flows
It has been found that the fluid flow density varies gradually

from inlet to outlet through the nozzle based on the effects of den-
sity contours (Fig. 16a). Fig. 16b indicates the density, which is
around 6.9 kg/m3, at the inlet. At the same time, 2.5 kg/m3 is equal
to the density at the outlet. Fig. 17a indicates the fluid flow density
changes through the nozzle progressively from inlet to outlet.
Whereas Fig. 17b indicates the density, which is around 9 kg/m3

at the inlet, and 3.2 kg/m3 is equal to the outlet’s density.
Fig. 18a indicates the fluid flow density increases through the noz-
zle steadily from inlet to outlet. Fig. 18b shows the density, which
is around 9.5 kg/m3, at the inlet. At the same time, 3.3 kg/m3 is
equal to the density at the outlet. After observing the density
results, it did not find constant density because it is in the super-
sonic range and is a compressible type of flow. Moreover, the kind
of solver selected in this study is density-based, which shows how
density influences the form of flow inside the nozzle. Hence, based
on the present results, the density is high in the inlet region,
whereas it is changed after flow motion.

4. Conclusion

Based on the above discussion, the following conclusions are
drawn:

� The results show the formation of the shock wave train with
capturing of the shock waves in the isolator. For supersonic
combustion, the fuel injection should be at supersonic Mach
numbers was found from this study.

� The results obtained can be used as the benchmark results for
simulating the flow at Mach numbers other than Mach 2. Due
to the presence of the shock train, fluctuations in the pressure
were successfully observed using CFD method.
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� The flow parameters like pressure, temperature, density, and
velocity are shown as a function of the isolator’s axial length.
The isolation of the shock train can be isolated by varying the
backpressure.
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