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Numerical Simulations of a CD Nozzle and
the Influence of the Duct Length

Mohammad Nishat Akhtar, EImi Abu Bakar, Abdul Aabid, Sher Afghan Khan

Abstract— . A numerical method is used to observe the effect
of microjets control on wall pressure spreading in sudden
expansion two-dimensional planar duct. In order to find the
microjet effectiveness 2-jets of 1 mm diameter orifice located
precisely at 900 of intervals along a pitch-circle-distance (PCD)
of 1.3 times the exit diameter of the nozzle in the base were
employed to control actively. At the present study, the Mach
number was used to calibrate the entry to duct was 2.2, and the
area ratio of 2.56. The focus in this study and investigate the
influence of length-to-diameter ratio (L/D) of a suddenly
expanded duct and its effect on the development of the flow field.
Hence, to achieve this, the duct length has been varied from 2 to
10. Nozzles are producing such Mach numbers the experiments
were performed operating at nozzle pressure ratio (NPR) 3, 5, 7,
9, and 11. The convergent-divergent nozzle geometry has been
studied using the K-g¢ standard wall function turbulence model
and independently check with the ANSY'S software.

Keywords— Nozzle, Area ratio, Nozzle pressure ratio,
Microjet, Flow Control, ANSYS simulation, CFD.

INTRODUCTION

Design of the nozzle, which is a flow accelerating device
is vital in the design stage of any aerospace vehicle.
Designers need to take special care when they are designing
a converging-diverging nozzle to achieve high-speed flow.
It is well known that if the flow does not choke at the
minimum diameter of the nozzle then in the diverging part
of the nozzle the flow will decelerate rather than accelerate.
Due to this, the mission will fail. Another critical concern at
these high Mach number is the flow separation at the base of
the fuselage, which will result in a considerable amount of
drag. The base drag may be as high as seventy percent of the
net drag at transonic Mach numbers during the jet off
conditions.

In the early years of 2000, the researchers were interested
in controlling the high-speed flows from the nozzle . During
the late nineteenth century, during the year 1961, the authors
investigated the base flows at supersonic speeds [1]. Later,
Khan and Radhakrishnan [2]-[8] focused on sudden
expansion flow control, and they experimentally
investigated the flow through the convergent-divergent (CD)
nozzle with sudden expansion duct in order to accomplish
the base pressure control. To investigate and record the
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distribution of wall pressure as well as the nature of the flow
field in the suddenly expanded duct and to control the base
pressure, they used the tiny jets in the form of the orifice of
1 mm diameter as the microjets. Moreover, the authors also
investigated the parametric effects on the control of base
pressure such as area ratio, length to diameter ratio for
different Mach numbers (ranging from 1.87 to 2.58) and
nozzle pressure ratio (in the range from 3 to 11). The
investigation of the base pressure control continued by
varying the Mach number and area ratio at a different level
of expansion to get the results of base pressure at supersonic
flows from C-D nozzle [9]-[17].

Next, the researchers focussed on the numerical
simulation, and they found that the some of the authors have
used finite element method to investigate the thrust on the
CD nozzle [18] and also the analysis of jet flow at Mach
number 1.74 [19]. The De Level nozzle was designed and
simulated in order to control the shock expansion to induce
the flow separation using computational fluid dynamics
(CFD) method [20]. In Ref. [21], they designed the three-
dimensional CD nozzle to analysis the flow using CFD
method. The authors [22] validate the experimental results
using CFD method to study the effectiveness of the use of a
passive control at the exit of the nozzle.

However, most of the study has been found to be for the
non-similar cases of experimental. From 2017, the study has
been switched to account for the influence of microjets in a
duct with the CD nozzle. The authors designed and modeled
the two-dimensional (2D) axisymmetric nozzle based on the
density effect to investigate the flow field in the duct and the
control effectiveness [23]-[26]. Further, the study continued
to model the flow and to investigate the thrust force
generated for different area ratio [27], [28]. On the continues
growth on a simulation study, it was found that the nozzle
has been modeled using a 2D model based on pressure
effect [29]-[34]. The authors simulated the results using the
contours plots. In the numerical simulation, it is essential to
select an appropriate turbulence model, and the literature
shows that most of the work has been done using K-€ and
K- standard wall function turbulence model. Moreover, the
same turbulence model has also been used to investigate the
supersonic flow through a wedge [35], [36] and non-circular
cylinder [37]. Moreover, the experimental investigation is
also found for active and passive control of baseflow using
cylinders [38]-[42].

Based on the above literature review on the experimental
and numerical method, it seems no work has been done on
the effect of length to diameter ratio, the Mach number, the
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area ratio, and the nozzle pressure ratio (NPR). Therefore, in
this work, the nozzle is designed and modeled using the
finite element method for the case of Mach number 2.2 and
the area ratio of 2.56 at NPR 11. The K-¢ standard wall
function turbulence model has been used to simulate the
results.

PROBLEM DEFINITION

The present work has been accomplished through
numerical simulations using CFD. Therefore, a simple 2D
planar model has been designed using commercial software
ANSYS. The geometry of the nozzle is based on the
designed Mach number, and the properties are taken into
consideration as a standard CFD model. The dimensions of
the nozzle are; the inlet diameter (Di) and length of
convergent (Lc) is 26.52 mm and 35 mm respectively, throat
diameter (Dt) is 6.45 mm, and exit diameter (De) and length
of divergent (Ld) is 10 mm and 16.88 mm respectively.
Next, is the suddenly expanded duct diameter (D) of the
circular duct which is 16 mm, and the diameter of microjet
(Dm) control is 1 mm.

\__,_J.

Di Dt De D

Lc Ld Le

Figure 1: Sudden Expansion Nozzle

FINITE ELEMENT METHOD

Figure 2 shows the finite element model, which is
designed through ANSYS geometry. From the figure, it has
seen that the model has a different section that is
convergent, throat, divergent, and expanded duct. In
addition to that, the model also has a small microjet
controller at the base region in order to control the flow in
the base region.

le | J |

ComurpertDet | aarge [t Expandedduct [
vt

Figure 2: Finite Element Model

It is essential to assign the boundary conditions (BC),
which depends on the problem definition. Since the present
model has been designed in 2D geometry, therefore, to map
the BC’s a line (edge) has been selected. In this model, the
BC’s have been assigned and named as the inlet, wall, and
the outlet. The wall is divided into different section such as
nozzle wall, base wall, and duct wall in order to see the
variation of pressure and velocity in each zone.

Next, is the mesh is also crucial in the simulation of the
flow. Therefore, the mesh in the present work has been used
structured grid element shape, and the type is used ‘fine’
mesh. In the fine mesh, we applied the number of elements
division higher at the high dense area to obtain the elegant
contours and optimum solution. The finite element model,
as shown in figure 3. Moreover, to set up the results, the
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input values have been applied to the model is shown in
table 1.

Figure 3: Mesh model

The simulation runs until the solution convergent with the
reporting interval and profile interval of each iteration.

TABLE 1. Setup for solution initialization

Solution Method

General-Solver Absolute, 2D planar, steady,
Pressure-Based

Turbulence Model K-¢ standard wall function

Fluid Ideal gas, Viscosity by Sutherland
law

Solid Aluminum (default)

Solution Method Second-order upwind

Solution Standard from Inlet

Initialization

Reference Value Inlet (Solid surface)

RESULTS AND DISCUSSION

The primary purpose of this work is to optimize the flow-
field at a different level of expansion (i.e., NPR) in the
presence of a control mechanism in the form of microjet.
The flow was simulated numerically at NPR 11 at Mach 2.2
for area ratio 2.56, to see the influence and the effects of the
microjets on the base pressure, the Mach number, on the
contours, and the results have been obtained.

Validation of Present Model

For the validation of the present finite element, the model
considered Khan et al., [2] experimental results, which is
shown in figure 1. The case was found from the
experimental data at Mach number 2.58 for area ratio of
3.24, NPR of 11 and L/D ratio of 6. The obtained base
pressure values are dimensionless. The present results show
a good agreement with the experimental work. Table 2
illustrates the comparison of results.

TABLE 2. Comparison of present results

Base Pressure Khan et Present Percentage
al., [2] Work Error
With control 0.0659 0.0671 1.78
Without Control 0.0445 0.0481 7.48

623 & Sciences Publication

Pressure Effect

The base pressure, as well as the wall and its effect, on
the flow field, is the most vital in this work, and how it is
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affected in each zone, such as convergent part, at the throat
of the nozzle, in the divergent part of the nozzle, and in the
enlarged duct. Therefore, in this section, the results
considered from all zones of CD nozzle. The figures 4 to 8
illustrate the total pressure variation from the inlet to the
outlet of the nozzle by considering contours and plots with
and without control. In all the figures it shows blue color at
the expanded duct immediately after the diverging part of
the CD nozzle, which represents base pressure that suddenly
ducts developing. From figure 4b and 4d, it has been
observed that the microjet control the pressure value at the
exit of the duct. For example, when the duct uncontrolled

conteur-1
Tolal Pressure

(@)

conteur-1
Tolal Pressure
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the value of pressure is 2.25¢° pascals after controlling it
reduces to 1.95¢°. While for longer duct, the pressure
increases after the deployment of the control, which is 3e®
pascals from uncontrol value of 2.1¢°.

Moreover, when there is no flow control due to this, the
pressure suddenly decreases and creating shocks at the exit
of the divergent part of the nozzle. The base pressure
becomes high; due to the presence of the oblique shocks
waves. Therefore, to control this 1 mm diameter of micro-
jets are used at the PCD of 1.3 at the exit diameter of the
nozzle.
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Figure 4: Pressure Distribution for L/D =2 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets
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Figure 5: Pressure Distribution for L/D =4 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets
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Figure 6: Pressure Distribution for L/D =6 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets
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Figure 7: Pressure Distribution for L/D = 8 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets
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Figure 8: Pressure Distribution for L/D = 10 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets

Mach number Variation

The variation of Mach number in the CD nozzle as
well as in the duct is crucial. The figures 9 to 13
demonstrate the Mach number variation from the inlet to
the outlet of the CD nozzle by considering contours and
the Mach number plots with and without the micro-jets.
Consequently, all plots show that the Mach number
increases in the downstream of the duct.

At L/D = 2 in the figure (9b) and (9d) the variation is
almost similar and reaches close to each other which is
1.68 (without control) and 1.61 (with control) at the
position of wall 0.04 m which is the exit location of the
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duct. This implies that the flow is attached to the duct
wall. When we observed the results at a higher value of
L/D (= 10), comparing the figure (13b) and (13d) the
variation is similar and the values are close to each other
which is 1.02 (without control) and 1.1 (with control) at
the position of wall 0.175 m which is at the exit of the
duct. Here, the effectiveness of the control in the form of
microjets is marginal. This phenomenon shows that the
longer duct will be useful in reducing the Mach number
variation. Therefore, it will result in increasing the
pressure in order to reduce the base drag.
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Figure 9: Mach number Variation for L/D = 2 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets
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Figure 11: Mach number Variation for L/D = 6 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets
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Figure 12: Mach number Variation for L/D = 8 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets
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Figure 13: Mach number Variation for L/D = 10 (a) and (b) Without Control of Micro-jets (c) and (d) With
Control of Micro-jets

CONCLUSIONS

The flow-field and wall pressure distribution in a
convergent-divergent nozzle and in the duct was
successfully studied using finite element method. The
effect of microjets control in order to control the base
pressure has been achieved. In view, the jets remained
over expanded the base pressure without is high due to
the presence of oblique shock waves. Under these
circumstances, when the control is employed results in a
marginal increase in the base. As the significant gain in
the base, the pressure was achieved without control. The
control does not influence adversely on the wall pressure
flow field. The flow remained attached with the enlarged
duct even at L/D = 2; this length seems to be the
minimum length needed for the flow to remain attached.
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