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mandatory on the part of the researcher to control the base pressure, depending upon
the situation. For external aerodynamics, the base pressure should be closed to the
ambient pressure to make base drag almost zero. However, for combustion chambers,
the base pressure should be very low so that fuel-air mixing is so that the combustor is
efficient. With this idea in mind, this study was undertaken. A finite element (FE)
method has been used to investigate the effectiveness of the microjets on wall
pressure distribution in a convergent-divergent (CD) nozzle with sudden expansion. For
control of the base pressure, four microjets of 1 mm orifice diameter placed at 90-
degree intervals along a pitch circle distance (PCD) of 1.3 in the base region were used
as a control mechanism. The variables considered are the Mach number, area ratio,
and length-to-diameter ratio (L/D) as 2.2, 2.56, and 8. The simulation was done for
nozzle pressure ratio (NPR) 3, 5, 7, 9, and 11 with and without the presence of the
microjets. The current results for all the cases of this study indicate that one can
identify the Mach number, NPR, and the L/D, which will result in a maximum increase
in the pressure. Moreover, the results also proved that the influence of microjet
control does not affect the flow field in the duct adversely. The two-dimensional planar
CD nozzle with sudden expansion duct has been modelled, and analyses using the K-€
turbulence model independently checked with the ANSYS tool.
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1. Introduction

In subsonic and supersonic regimes, a sudden expansion of the flow at the base corner is the main
problem for various engineering applications. At the blunt base, the pressure is very low, and the
contribution of the base drag is more than two-thirds of the total drag of the aerodynamic vehicle.
Hence, at transonic and supersonic flow, it is mandatory on the part of the researcher working in the
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field of sudden expansion to control the base pressure and hence the base drag. The effectiveness of
the microjets as an active controller plays a prominent role in the regulation of the base flows with
sudden expansion. In the case of jet and rocket engine test cells, it has been observed that the system
is used to simulate high altitude conditions; the discharging of jet results in enough discharge
pressure that is sub-atmospheric. Many scholars are investigating the behavior of fluid in suddenly
expanded duct because of its various applications in many engineering problems. Khan and
Rathakrishnan [1] experimentally investigated to control the base pressure with active control in the
form of the tiny jets. However, to the best of the author's information, no work is reported in the
literature for active control through experiments as well as the numerical simulations. Thus, in the
current study, an effort is made to study the base pressure with microjets as active control through
the Computational fluid dynamics (CFD) method in ANSYS FLUENT.

Computational fluid dynamics (CFD) is a versatile technique that conveys relevant results about
the flow characteristics of an object by modeling and simulation of flow fields. The Reynolds averaged
Navier-Stokes (RANS) equations solution is transitory, which inflicts complexity in the computational
studies for flow field through suddenly expanded convergent-divergent (CD) nozzles and the
execution of suitable turbulence model for the closure of the RANS equations. The numerical
simulations and the experimental measurements show discrepancies for the compressible flow
regions of the CD nozzle, which are influenced by intense pressure gradients and complex secondary
flows.

The objectives of this study are to compute the effect of the microjet control in CD nozzle, to
calculate the flow field through the suddenly expanded CD nozzle using CFD method, and to validate
the experimental result with the simulation results.

2. Literature Review

Studies have been conducted experimentally to investigate the influence of microjet control in a
CD nozzle; few of them are discussed here. The designed Mach number at the entry of duct from 1
to 3 have been represented. In these cases, the NPR ranges from 3 to 11, and at these NPRs, the level
of expansion is such that the jets at the exit of the nozzles are under, over, and correctly expanded.
Moreover, the L/D ratio also a parameter that influences the results; therefore, the L/D was used as
an essential variable in order to perform different simulations for L/D ratios in the range from 10 to
1. The microjets were located at the pitch circle diameter (PCD) of 1.3 in the suddenly expanded duct
control to control the base pressure. For base pressure control at the base region, four microjets
were placed 1 mm diameter as a control mechanism, and the control pressure in the control chamber
was the same as the respective NPR. The results show the influence of microjet can regulate the flow
in the base region. Also, the flow field in the duct is not adversely influenced by the microjets. Finally,
in all cases, they proved that one could identify the Mach number, NPR, and the L/D ratio, which will
result in @ maximum increase in the base pressure values [1-7]. A similar study also were done by
Baig et al., [8] for area ratio of 2.56 and Ahmed and Baig [9] for area ratio of 4.84.

The numerical method was used to investigate the processes of controlling the thrust in a CD
nozzle by secondary fluidic injections. Modulation of thrust by fluidic means can be of considerable
advantage in some cases like the solid-fueled rockets. Two methods of Fluidic Thrust Modulation
(FTM) was used; Shock Thrust Modulation (STM) and the Throat Shifting Thrust Modulation (TSTM)
[10]. CFD method was used to investigate the supersonic flow through a De-Laval nozzle, for
maximum thrust, flow separation due to the shock waves [11]. Numerical simulation was used to
investigate the flow field through a CD nozzle. In nozzle geometry, initially, the flow passes through
the converging part of the nozzle till the throat of the CD nozzle and then expands after the throat.
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ANSYS FLUENT was utilized to simulate the results and for pre-processing and processing steps. The
finite element (FE) model developed for two-dimensional (2D) and three-dimensional (3D) for
approximate results. Also, the effectiveness of the turbulence model was studied by Shariatzadeh et
al., [12]. They investigated the detailed of flow-field inside the supersonic ejector using the CFD
technique and enhanced the ejector’s mixing chamber wall shape to obtain a maximum entrainment
ratio (ER) in order to get the uppermost probable proficiency that can be achieved by the ejector.
The ANSYS FLUENT 14.5 with ICEM 14.5 meshing tool was used to conduct the modelling and examine
the ejector performance using two different turbulence models: k-€ realizable and k-w SST [13]. CFD
method was used to find the performance of the micro-nozzle and investigation primarily by its
machined surface topology. A circular cross-section micro-Laval nozzle was modelled and studied by
Cai etal., [14].

Flow-through the CD nozzle investigation was carried out by using a finite volume readable code,
ANSYS FLUENT 6.3. The nozzle geometry modelling and mesh generation was done using GAMBIT 2.4
Software. The numerical analysis shows good agreement with the experimental results obtained
from Belega et al., [15]. Patel et al., [16] extracted the concepts of De-Laval nozzle with the principle
of working of the nozzle was discussed. The discrepancy of flow parameters like pressure,
temperature, velocity, and density is visualized using the CFD technique.

The CFD analysis has been used to analyses geometry the effectiveness and flow parameters on
thrust force generated by the flow from CD nozzles to an enlarged duct. The nozzles are designed for
different Mach numbers, which are varied from 1 to 3. The analysis was done with the various area
ratios (2 to 12) and NPR's (3 to 11) for all Mach numbers [17-20]. Optimize the configuration of rocket
air ejector using the numerical method with 3D models through AutoCAD, meshed, and analyzed
using Ansys CFX [21]. The performance and flow structure in a 3D rectangular ejector were
numerically investigated by using air as the working fluid. The results were obtained using ANSYS
commercial software, for supersonic, compressible, turbulent flow ejectors. The main objective is to
optimize the C-D nozzle position for each working condition and to bring out the effect of reflected
shock waves and boundary layer in the constant area mixing chamber on the performance of the
ejector [22].

Mathematical modelling and numerical simulations were carried out to study particle—gas flows
through a CD nozzle. Equilibrium and homogeneous model that no-slip in temperature and velocity
arises between the particle phase and the gas phase were measured to derive mass flow rate and
sound speed of multiphase flows. Particle number density and particle velocity vectors were also
attained to clarify particle motion through the nozzle [23]. The design and modelling of a pure jet
noise reduction concept were studied. The idea is proposed for use on the type of supersonic exhaust
nozzles classically hired on tactical aircraft, the design talks both turbulent mixing noise and
broadband shock-associated noise [24].

A numerical method was used to carry out the flow simulation using ANSYS FLUENT for enlarged
duct flow through CD nozzle. The L/D of 10 for the duct was used in the analysis. Also, an Area Ratio
between the CD Nozzle exit area and the Duct Area was used to be 2.56. The effects of Nozzle Exit
Mach number, and the NPR were evaluated by conducting the simulations for Mach numbers were
1.87, 2.25, and 2.58. For each Mach number, the NPR of 3, 5, 7, 9, and 11 were set respectively. The
simulation was done using the k-w turbulence model [25]. Next, this concept was also used for
different area ratio, Mach number, NPR's and L/D using CFD method [26-32]. The CFD method was
also used to investigate the flow field around the wedge [33-34]. A similar type of CD nozzle was used
for experimental studies and observed the wall pressure performance with and without control using
the microjet controller for different Mach number and area ratios of duct [35-44]. The experimental
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study has been found to obtain the effectiveness of combined factors for nozzle operating, diameter
and riser height on sprinkler irrigation uniformity [45].

3. Methodology

This section illustrates the methodology which is used to design and model the nozzle. A 2D FE
model was used and generate fine mesh to obtain the accuracy in results. It also shows the analysis
and boundary conditions [46].

3.1 Two-Dimensional CD Nozzle

The CD nozzle with an enlarged duct is designed based on the Mach number and the experimental
work done by Khan and Rathakrishnan [1]. All the dimensions in this model are in mm, as shown in
Figure 1. The purpose of this study is to examine the flow-field through the nozzle and estimate the
flow parameters such as pressure and velocity by CFD simulation in 2D modelling with and without
tiny jets.

Di D‘(\L De D

N Lc F g le \

Fig. 1. FE design of CD nozzle with the suddenly
expanded duct

The dimensions of the nozzle are; the inlet diameter (Di) and the convergent length (Lc) is 26.52
mm and 35 mm respectively, the 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, the suddenly expanded diameter (D) of
the tube is 16 mm, and the diameter of the microjet (Dm) control is 1 mm.

3.2 Geometry and Modelling
The experimental designed model was used to design the FE model [1]. In the present case, only

internal flow-field was observed in order to see the effects of the flow variables based on the
variation of NPR. The designed FE model has been shown in Figure 2.
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Fig. 2. 2D planar CD nozzle
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3.3 Meshing and Boundary Conditions

Before the type mesh to be used, the designed model considered a structured grid element,
which is shown in Figure 3. The element numbers are increased in the compressed surface, the mesh
size increases, and it is useful to get the best results. Total binary nodes 39,969 are used during the
simulation runs. Suitable boundary conditions (BC’s) are applied through selecting the lines of the 2D
planar model to run the solution with a perfect ideal flow.

Fig. 3. Structural mesh for 2D planar CD nozzle
3.4 Calculation Procedure

For setting up the solution in FLUENT runs the different cases of simulation, a Reynolds-Averaged
Navier-Stokes equation (RANS) with the k-& standard turbulent model [47] was used. The setup which
was used to run the simulation is as follows; selected the solver as a pressure-based absolute 2D
planar. Following ideal gas, viscosity by Sutherland fluid and the BC’s are inlet as pressure inlet, outlet
as pressure outlet, and the wall is the stationary wall. To simulate the flow initialized the solution
from the inlet of convergent line with the reference of the uninterrupted surface inlet. Finally, the
solutions run until it is converged.

3.4.1 k-¢ turbulent model

The selection of the turbulence model is significant for analyzing the fluid flows. Generally, the
study of turbulence will give an idea of a fluid flow phenomenon characterized by unsteadiness, fluid
motions, and contaminants such as smoke and heat. To simulate a flow such as turbulent flow, it has
effort to attain the numerical solution for the unsteady Navier-Stokes equations. This type of method
called direct numerical simulation of turbulence, and it is available for research tools at relatively low
Reynolds numbers. But the problem with direct numerical simulation is in grid and time scale
requirements to model all the significant motions in a turbulent flow.

A simple turbulence model comprises stating that . r is constant during the flow. It means that
viscosity is meaningful, and in the present study, the viscosity selected Sutherland. The constant eddy
viscosity model will not allow accurate prediction of the smaller-scale features of the flows. The
estimation of y.sf is obtained by assuming that the [, is the same in the flow field and in the duct.
In the present study, the model contains a duct. The flow over a duct can easily estimate the
magnitude, and Prandtl’s model is

te = pVily (1)
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The Reynolds numbers

__pUubD
Reerr = ur

(2)
where,

Ue = Turbulence Viscosity

V; = turbulent velocity fluctuations

p = Density

U = Average value

D = Diameter of duct

Next, the k-€ model, which was proposed by Jones and Launder [48] with the consideration of
standard turbulent model for engineering flows simulation. To relate u; to the Reynolds stresses, and
assume that

V, x vk (3)
So that,
te = Cpl,\Vk (4)

where C is a constant. By means of this model y; is non-zero all over the place of the flow that k is
non-zero. Therefore, a new independent variable of the turbulence model is [,,, and k.

The current model has a duct in addition to CD nozzle in order to study the sudden expansion of
flows. Therefore, the K- turbulent model most likely suitable for pipe, duct, or cylindrical type of
model to find the flow-field insider the fluid region.

4. Analysis

The present study based on the computational fluid dynamics (CFD) method which is applicable
for the solution of different types of fluid flow problems. The fluid flows performances the internal
flow of the fluid model and the external flow of the solid model. The fluid flow problem simulates
with appropriate boundary conditions by using fundamental equations for the solutions. CFD
method is applicable for different types of solutions such physics, science, mathematical and
engineering problems. The fundamental equations of fluid flow analysis are the continuity equation,
momentum equation, and energy equation. These equations can be expressed as Eq. (5)-(7),
respectively.

dp | 9(puy) _
at ax; 0 (3)
a(puy) , Olpuwuy) 9P 9 _

at + dx;  0x; + ax; Tij (6)
5] & ) V2
a[p(e+7)]+a—xi[puj(e+7)+P+qj—uirij]—O (7)
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where, u, p, and P indicate velocity, density, and pressure, respectively. The terms q;and t;;
represent the heat flux and the viscous stress tensor. Where V denotes the modulus velocity.

These mathematical expressions are bases on the three fundamental physical principles — mass
is conserved, Newton’s second law, which states that the momentum and energy are conserved.

5. Results

The primary purpose of this work is to optimize the flow-filed at different NPR’s and the influence
of the microjet on control. The pressure, Mach number contours, and plots have been obtained.

5.1 Validation of Present Finite Element Results

To validate the present finite element model, considered the experimental work from Khan and
Ratnakrishnan [1] 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 present results show a
good agreement with the experimental work. Figure 4 shows the comparison of results. The base
pressure valves are non-dimensional (divided into atmospheric pressure). The relative error for base
pressure with control is around 1.7 %. Whereas. without control, it is almost 7.4 % that has been
found in current study.

0.08

—s=— Khan et al., (2003)
—e— Present Work

0.07 4

o

o

-]
1

Base Pressure
o
=
(4]
[

o
o
B
1

0.03 4

0.02

) v L)
With Control Without Control
Fig. 4. Velocity streamline

5.2 Mesh Independence Test

The grid independence study was done with three relevance, which is for coarse, medium, and
fine in order to see which test has the most excellent result. So, the results show the coarse have less
pressure compare to medium and fine. For the case of fine mesh, results show superior performance,
but the computational time is twice compared to the medium with less discrepancy in the results.
Thus, the medium mesh has been selected for this study to evaluate the simulation results.

The processor which was used to simulate the number of cases intel Core i7 with 16 GB RAM and
case was selected to find the mesh test is NPR 3 without microjet control of pressure results. The
meshing independence test is shown in Table 1.
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Table 1
The Mesh Independence Study
No. of CFD .
Mesh Type Element Runtime Exit Pressure
Coarse 19,663 190 seconds 0.3551 Pa
Medium 39,969 379 seconds 0.8971 Pa
Fine 46,851 891 seconds 0.9262 Pa

5.3 Velocity Streamline

The flow formation from inlet to outlet of nozzle is essential in this study. Therefore Figure 4
shows the velocity streamlines without (Figure 5(a)) and with (Figure 5(b)) microjet control. From the
figure, it is seen that the re-circulation formation in the suddenly expanded duct will reduce when
microjet controls are employed. In the absence of the microjets, the re-circulation zone is significant.
From this result, it is evident that the microjet controls the formation of wake at sudden expansion
region; hence, the base pressure will reduce. Moreover, this will not influence wall pressure
distribution. The case considered for velocity streamlines is NPR 11, L/D of 8, and further studies all
NPR with and without control is continued from the next sub-sections.

Velocity AN%YB%
Streamline 1 [m s*-1]
EE——— = ; ]
o Z oy
% o B
2 %
|
===
(a)
Velocity AN§1Y8%
Streamline 1 [m s*-1]
[ B
Q <% Z: S
% e % s
S, 2 %
(b)

Fig. 5. Velocity streamline (a) Without Control (b) With Control
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5.4 Pressure Effect

The pressure distribution is the most crucial observation of this study, and pressure has a
different distribution in each zone, such as convergent, throat, divergent, and enlarged duct in a CD
nozzle. Therefore, in this section, the results considered from all zones of the CD nozzle.

According to the obtained results, which are shown in Figure 6 to 10 for the case without control
of microjets. It has been illustrated that the distribution of wall pressure in the duct is consistently
varying and reaching relatively higher value at the exit of the duct in Figure 6-10(b). Meanwhile, in
the sudden expansion region, the pressure is also expanding with the formation of shock waves,
which is formed at the recirculation zone due to which the base pressure increases. The same can be
observed in contours from Figure 6-10(a). The blue color at the sudden expansion region is high,
which it has a low-pressure effect and high drag formation.
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Fig. 6. Pressure distribution for L/D = 8 without control of micro-jets for NPR 3 (a) contour (b) plot
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Fig. 7. Pressure distribution for L/D = 8 without control of micro-jets for NPR 5 3 (a) contour (b) plot

According to our previous discussion of pressure flow in CD nozzle without any influence of the
microjets as control, it is found the wake formation is high and hence the high values of the drag.
Now, in order to control the base drag in a sudden expansion region, the microjet was employed as
control, and later the flow was simulated.
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The results show that when control is employed at the base, as shown in Figure 11 to 15. Based
on the results shown in Figure 11-15(b), the nature of the flow, as well as wall pressure distributions
for different NPR's, is unaltered. When we look at the contours in Figure 11-15(a), it is straightforward
to quantify the effectiveness of the microjets on base pressure in the recirculation zone as well as
the influence of the microjets, and the blue color is limited in a small portion of sudden expansion
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region. Therefore, in this case, the use of microjet will result in an increase of the base pressure,
which results in decreasing the base drag at the separated region and increasing the thrust for

supersonic aerospace vehicles.
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5.5 Mach Number

The pressure and velocity are related to each other; when pressure increases, then the velocity
will decrease from the energy equation. Therefore, keeping this fundamental phenomenon into
consideration, the Mach number has been evaluated at different nozzle pressure ratios as a function
of Mach number variation from inlet to the outlet of the CD nozzle.

With a similar analogy, all the performance for Mach number effects the contours plots are
generated. The same can be observed in the contours of Figure 16-20(a). The trends are found to be
opposite to the pressure contours. Here, from the figure, it is seen that the Mach number at sudden
expansion region is suddenly increasing, after exiting from the nozzle and flowing through the wall
then decreasing when it reaches to exit portion of the duct. The results are shown in Figure 16-
20(b), the flow-field varying with the sinusoidal effects, and the same will decrease at the exit of the
duct.

Next, the influence of microjet shows the drag reduction at the base area as studied for pressure
effects as shown in Figure 21 to 25 without any adverse impact of the wall pressure flow field.
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6. Conclusions

The numerical investigation of flow-field and wall pressure distribution through a CD nozzle has
been studied using the finite element method. The effectiveness of base pressure control on wall
pressure and Mach number has been demonstrated for with and without control through ANSYS
simulation. The micro-jets can control the base pressure and are able to reduce the base suction
without any adverse impact on the wall pressure field. The factors which are influencing the base
pressure are the Mach number, the relief available to the flow, the level of expansion, and the L/D
ratio. The minimum duct length needed for this Mach number, NPR and the area ratio is L/D = 2. The
reattachment, which dictates the level of base pressure also, influenced by the backward-facing step
height. The level of expansion plays an essential role in fixing the base pressure values. The results
demonstrate that control is useful in the presence of a favorable pressure gradient. Based on the
simulation results; it can be concluded that the total wall pressure variable from inlet to outlet and
pressure value is high in the case of NPR 11.
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