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3.24, and the Mach number is 2.0. Simulations were run with L/D ratios between 1 and
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6 and NPRs of 3,5, 7.8, 9, and 12. The 2-dimensional model was developed using ANSYS
Fluent's Design Modeler. The nozzle is operating at Mach 2.0. Base pressure and wall
pressure in the duct were the primary research foci. The C-D nozzle was created for
this research. ANSYS Fluent was used to verify the CFD findings. When the nozzles are
under-expanded and the cavity is at 0.5D, passive control as a cavity is shown to be
effective. It appears that 1D is the bare minimum for duct length. Because the shear
layer gets reattached to the duct wall at 1D and the boundary layer grows after
reattachment, passive control is not observed in the flow process, regardless of

Keywords: whether the cavity is located at 1D, 1.5D, 2D, or 3D. An oscillating base pressure is seen
Base pressure; passive control; at shorter duct lengths. This phenomenon does not occur at longer duct lengths.
Computational Fluid Dynamics (CFD) Whether or not there are cavities in the duct, the flow field is the same.

1. Introduction

Presently, engineers and scholars are placing considerable emphasis on the investigation of high-
velocity aerodynamic flow. The practical utility of understanding high-speed aerodynamics can be
found in various aspects of everyday technological advancements, notably in the domains of vehicles
and aircraft. One of the paramount hurdles encountered in aerodynamic vehicles pertains to
reducing drag. Specifically, when the Mach Number exceeds one, augmenting the surface area leads
to a proportionately amplified velocity, and conversely, diminishing the surface area results in a
corresponding reduction in velocity.
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In a divergent duct, the velocity experiences an increase, whereas in a converging duct, the
velocity undergoes a decrease. This behavior contradicts what is observed in subsonic flow within
divergent and convergent ducts. The flow field in an abrupt axisymmetric expansion is an intricate
phenomenon marked by flow separation, recirculation, and subsequent reattachment [1]. A shear
layer can partition a flow field into a recirculation and primary flow regions [2]. When the dividing
streamline reaches the wall, the reattachment line is formed. Due to a quick shift in the rear
geometry, a massive division of the shear layer arises at the base of baseflow. Split flow in the base
area causes two distinct issues: base instability and more significant drag. In this study, the base
pressure is the parameter affected by the recirculation zone at the base region. This research aims
to manage the base pressure to reduce base drag. Active and passive control are the two methods
for optimizing the base pressure [3]. These two methods are critical because controlling the low
pressure in the base region and bringing it closer to air pressure is critical for achieving near-zero
base drag.

The endeavor to enhance the aerodynamic efficiency of flight vehicles by mitigating different
forms of drag has garnered significant attention from numerous researchers. In real-world scenarios,
an increase in drag has an undesirable impact on the range of missiles, rockets, etc. Flow separation
can be managed through two approaches: active control and passive control. Passive control involves
manipulating the geometric characteristics of structures, employing methods such as ribs, cavities,
boattails, splitter plates, and locked vortex devices to regulate the base pressure. The differentiation
between active and passive control can be briefly summarized as follows: dynamic control
necessitates an external energy source, whereas passive control operates without such a
requirement.

Passive control methods find diverse applications across various domains, encompassing the
study of flow over blunt projectiles, missiles, jet engines, vernier rockets, internal combustion engine
ports, and numerous other areas. These passive flow control techniques hold promise for directly
influencing the structure of the boundary layer, vortices, and wake flows. The research aims to
investigate the aerodynamic effectiveness of various passive and active flow control techniques in
aerodynamic flows, specifically emphasizing reducing drag, managing flow separation, and
controlling wake patterns. According to the previous study [3], various passive control techniques,
such as cavities, ribs, dimples, static cylinders, spikes, and others, focus on managing the base
pressure and controlling the drag force. A higher or lower base drag could result from a change in
the base pressure, which he found the passive control device could affect. Furthermore, passive
control is effective when a positive pressure gradient exists close to the nozzle exit.

Under transonic speeds, how effective various base modifications or passive devices reduce base
and overall afterbody drag is investigated. This study examines several changes to the base, including
cavities, ventilated cavities featuring a variety of ventilation geometries, and two vortex suppression
devices. The impact of these devices on boattailed and flared bases is also examined [4]. The semi-
circular rib in the form of passive control was introduced [5] at sonic and supersonic Mach numbers
and was further predicted by the artificial neural network. The author in [6] reveals that passive
control in the form of rib plays a critical role when placed at a 3D/4D location. However, when placed
at 1D, the base pressure is reduced. Here, the rib of width 3mm is used with various heights from
Imm to 4mm.

Khan et al. [7] did a numerical simulation at sonic Mach number for duct diameter 20 mm with a
rib of height 1Imm to 3mm and width of 3 mm at locations 1D, 2D, 3D, and 4D. It can be observed
that the rib placed near the reattachment point increases the base pressure when compared to no
rib case, irrespective of height. Khan et al. [8] did an experimental study with convolutional neural
network predictions and found that if the area ratio is high, the rib cannot show its influence. The
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wall pressure is studied [9] at Mach 1.5 with active control employed. It was found that there is no
adverse effect on the flowfield when the tiny jets are employed as active controls. Through
Computational Fluid Dynamics (CFD) software, the simulation was done for the active control at
supersonic Mach number[10]. Based on the findings, it's safe to say that micro-jets are a helpful tool
for lowering overall drag with minimal efficiency loss by regulating the base pressure. Micro-jets are
used for active control in experimental studies of convergent-divergent nozzles [11]. During this
study, it was found that micro-jets do not aggravate the flowfield. In the reverse direction, dimples
[12] are used to control the base pressure and reduce drag. It is discovered that the optimum L/D
can be found for a given nozzle-pressure ratio and that dimples can be used as a passive control to
manage drag effectively. Multiple cavities [13] are experimentally investigated and found to reduce
overall drag effectively. Micro-jets as active control are studied [14] using the design of experiments
and computational fluid dynamics. The results of this analysis indicate that the L/D ratio plays a
crucial role in regulating the system as a whole. Researchers [15] study the flow around the non-
circular cylinder to learn how it affects drag. Pressure is low at the back and sides but high and
positive at the front—only bluff bodies with extreme corners experience such a high drag coefficient.
Computational fluid dynamics is used to investigate suddenly expanded flows internally and
externally at Mach numbers between 0.3 and 3[16]. Internal and external suddenly expanded flows
have nearly identical fields in the foundational region. The nozzle-pressure ratio is investigated
through both experimental and computational fluid dynamics analysis. Microjets have been shown
to increase the base pressure by 160—-400% at a nozzle pressure ratio of 8 [17]. The experimental
investigation of 2.56, 3.24, 4.84, and 6.25 area ratios at Mach numbers of 1.6 to 2.0 [18]
demonstrated that the micro-jets effect at lower Mach numbers and area ratios is only marginal. Still,
the micro-jets result in an increase of base pressure at all the Mach numbers. Research on
convergent-divergent nozzles using microjets at Mach 2.1[19] determined that, for nozzle pressure
ratios greater than 5, the minimum duct length for the flow to remain attached is 2D. The flow
separation in the sudden expansion will affect the flow field, as determined by experimental and
numerical research on an area ratio of 7.84 using passive control as a rib at sonic Mach number [20].
Azami et al. [21] conducted an experimental study to assess supersonic flow in a CD nozzle with a
suddenly expanded duct. L/D tests were performed from 10 to 1, and wall pressure data acquisition
tests were conducted at levels 3, 5, 7, 9, and 11. The results show that the control deployment did
not aggravate the flow field. The Mach number was 1.87, and the area ratio of 3.24 was used in the
study by Khan et al. [22]. The duct's L/D was set to 10, and the nozzle pressure ratio (NPR) used for
simulation ranged between 3, 5, 7, 9, and 11. The results showed that microjets could control the
base pressure, pressure loss, and drag reduction. An experimental study on passive control in the
form of multiple cavities has been done. From the results, it is seen that the numerous cavity has a
significant effect on reducing base drag by decreasing base suction and, thus, increasing base
pressure [23]. Using dimples as passive controls proved to be highly effective, and at higher NPR, the
wall pressure distribution remained remarkably stable. The fact that the geometric parameter
influences the base pressure for a given NPR was also found in this study [24]. Research by Pathan et
al. [25, 26] examined the differences in base pressure caused by internal and external flows. To design
effective aerodynamic systems, it is crucial to understand how base pressure behaves in various flow
configurations. Their findings shed light on the variables that affect base pressure and the
opportunities for optimization in different settings [27].
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2. Methodology
2.1 Convergent-Divergent Nozzle:

The converging-diverging (CD) nozzle accelerates compressible flows to supersonic velocities. It
finds widespread application in rocket and jet engine propulsion systems. The CD nozzle consists of
three distinct sections: a converging section, a throat (with the smallest cross-sectional area), and a
diverging section. Depending on the specific geometry of the nozzle and the pressure ratios at the
inlet and outlet, the flow at the nozzle exit can be subsonic or supersonic. Here, we'll simulate to
solve the compressible flow inside a two-dimensional axisymmetric CD nozzle, then look at how that
flow behaves under different parameters.

2.2 Flow Chart of Present Work

Figure 1 shows the flowchart of the present work.
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Fig. 1. Flowchart of present work
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2.3 Geometry of Convergent-Divergent Nozzle

Figure 2 shows the schematic of an experimental model for the validation part, and Table 1
shows the Parameters of the present work.

Cavity Location
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Fig. 1. Schematic of an experimental model for validation part

Table 1

Parameters of present work

Mach Number 2.0

Area Ratio 3.24
Convergent angle 20°
Divergent angle 5°

Inlet diameter 25.9 mm
Outlet diameter 10 mm
Throat diameter 7.7 mm
Convergent length 25 mm
Divergent length 13.2 mm
Duct diameter 18 mm
Duct length Depends on the L/D ratio

2.4 Cavity Dimensions and Locations

This study examines the impact of cavity geometry and its location on base pressure. The research
utilizes two distinct cavity geometries, and Table 2 illustrates comprehensive information on each
cavity's dimensions and specific locations.

Table 2

The cavity dimension based on the aspect ratio

Cavity Aspect Ratio, ASR Width (mm) Height (mm)
1 3 3

2 6 3

In this work, the cavity locations from the base pressure wall varied to 0.5D, 1D, 1.5D, 2D, and
3D (Table 3). Furthermore, the cavity locations were calculated using:

w
Cavity location,CL = D — el 1
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Table 3

The cavity location from the base pressure wall

D Cavity Width (mm) CL (mm)
0.5D 3 7.5
1D 3 16.5
1.5D 3 25.5
2D 3 34.5
3D 3 52.5
0.5D 6 6
1D 6 15
1.5D 6 24
2D 6 33
3D 6 51

2.5 Nozzle Pressure Ratio (NPR)

According to Appendix B, the pressure ratio for Mach number 2.0 is 7.8 (Oosthuizen & Carscallen,
1997). The design condition for the model was set at this value. The values selected were lower than
the design condition for the overexpanded cases, which were 3 and 5. On the other hand, the values
chosen for the under-expanded situations were higher than the design conditions, which were 9 and
12.

3. Results
3.1 The Influence of the Cavity and its Geometry Towards its Base Pressure

For a specific NPR with passive control located at 0.5D, the variation in base pressure ratio with
L/D is depicted in Figure 3. As seen above, the base pressure of NPR 3 (a) increases from L/D 4. There
is a gradual drop in base pressure from L/D 1 to L/D 3. However, starting at L/D 4, the difference
between the base pressure with control and without control is negligible, and it remains so until L/D
6. In contrast, the NPR 5 case shows a steady decrease in base pressure throughout controlled and
uncontrolled scenarios until L/D 6. The results of NPR 7.8 show that the base pressure gradually drops
from L/D 3 with and without regulation. The baseline pressure then holds steady until L/D 6. Here,
ASR 2 causes a rise from L/D 2 to L/D 6 in the base pressure. Base pressure drops for NPR 9 and NPR
12 cases until L/D 2, stabilizing and then rising again for L/D 6. The base pressure in NPR 9 for ASR2
rises from L/D 2, while in NPR 12 for ASR2, it rises from the beginning.

1.0+ 0.9 4
NPR 3 with location of 0.5D NPR 5 with location of 0.5D
I _ 084
0.8 #— Without Control \ = Without Control
\ e AR 1 0.7+ \ e— AR 1
A— AR 2 % +—AR 2
08+ 0.6 N\
o N
o® 2 o5 R
] © = NN
o 0.7 o N
0.4 4 N
N
061 0.3 N
_ o ~—
! = 0.2+ — {
0.5+
T T T T 1 0.1 T T T T 1
1 2 3 4 5 6 1 2 3 4 5 6
L/D L/D

(a) (b)



Journal of Advanced Research in Applied Mechanics
Volume 117, Issue 1 (2024) 1-21

0.9+

NPR 7.8 with location of 0.5D 97 NPR 9 with location of 0.5D
0.8 0.8
=— Without Control #— Without Control
0.?-!_ * AR 1 0.7 s+ AR 1
\ +— AR 2 h 4 AR?2
064\ 0.6
R \ \
L o54 9::0‘5— \
a \ o
0.4 - A\ 0.4+
A\
0.3 | S 0.3 N a R
I S A 4 % ; p— ™ —
0.2 T 1 0.2 !
0.1 T T T T 1 0.1 T T T T |
1 2 3 4 5 6 1 2 3 4 5 6
L/D L/D
(c) (d)
0.9+
NPR 12 with location of 0.5D
0.8+
—a— Without Control
0.7 1 AR 1
—4— AR 2
0.6 4
Y O — A -
ME— e
0.2+
0.1 T T T T 1
1 2 3 4 5 6

L/D

(e)

Fig. 2. Base pressure ratio variations with L/D at numerous locations of 0.5D

When NPR 7.8 is reached, the correct expansion for Mach 2 occurs. As a result, if we compare the
ASR2 to the ASR1 and remove the control case, we find that the ASR2 results in a higher base
pressure. When the nozzle is not adequately expanded, normal shock waves are generated at the
nozzle's exit, travel along the duct's inner wall, and are reflected into the nozzle. The ASR2 has a width
of 6 mm, compared to the ASR1, which has a width of 3 mm. The ASR 2, due to its increased width,
can trap more flow when it gets incident or reflected, even for a more extended amount of time.
Hence, the base pressure is increased till L/D 6 when compared to ASR1. The same ASR 2 shows a
decrease in the base pressure till L/D 2 when placed at 0.5D location as L/D 1 and L/D 2 have minimal
duct lengths, and the back pressure shows its presence. The oblique shock formed at the nozzle exit
reduces the base pressure, making it difficult for the passive control in a rectangular cavity to have
much of an effect in the over-expanded case for NPR 3 and NPR 5.

For NPR 9 and NPR 12, the maximum effect of AR2 is seen when the base pressure is increased
due to the formation of an expansion fan at the nozzle exit in the under-expanded case. When the
flow leaves the nozzle and enters the expansion fan, it expands and raises the base pressure even
without control. When control is applied, the flow becomes trapped at the rectangular cavity's two
corners and is recirculated within it. When the flow gets circulated within the cavity, it affects the
main flow field, as with a high velocity, the flow gets reflected from the cavity walls and joins the
main flow field. This increases the overall velocity of the flow and its speed of reflection and
expansion, thus increasing the overall base pressure. This is more evident for ASR2 for NPR 12. When



Journal of Advanced Research in Applied Mechanics
Volume 117, Issue 1 (2024) 1-21

the cavity is placed at a 0.5D location near the base of the duct, the effect of the cavity is not
prominent at this location and becomes constant at higher L/Ds.

Figure 4 shows the base pressure results when the cavity, which acts as passive control, is
positioned 18 mm from the base. Figure 3(c) demonstrates that when the cavity is located at 0.5D,
the result is the same as that observed in Figure 3(a). The cavity's efficiency becomes apparent at L/D
=4for NPR = 3. As seen in Figure 4, the presence of a cavity altered NPR 5's base pressure (b). Because
of this, the base pressure in the cavity is more significant than that in the plain duct. For duct lengths
up to L/D = 3, the results show that a cavity with an aspect ratio of 3:3 is optimal, while for longer
duct lengths, a cavity with an aspect ratio of 2 is preferable. The efficiency of the cavity is not
noticeable until L/D = 4 for NPR = 3. Figure 4 demonstrates how the presence of a cavity modified
the base pressure ratio for NPR 5. (b). Because of this, the base pressure in the cavity is more
significant than that in the plain duct. For duct lengths up to L/D = 3, the results show that a cavity
with an aspect ratio of 3:3 is optimal, while for longer duct lengths, a cavity with an aspect ratio of 2
is preferable. Figures 4(d) and (e) also show that the practical cavity geometry has a negligible impact
on the underlying pressure. At 18 mm, the flow does not interact with the cavity, so the reattachment
length may grow as the level of under-expansion rises.
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Fig. 3. Base pressure variations with L/D with control located at 1D

The above diagram displays the outcomes for many NPRs when the cavity is positioned at a
distance of 1.5. The base pressure at NPR 3 is similarly affected by the cavities with AR1 and AR2, as
shown in Figure 5(a). For both cavity geometries, the flow is reversed, and the base pressure is
increased when L/D is greater than 3. For NPR = 5, the outcomes are consistent regardless of the
degree of overexpansion or the effect of variations in ambient pressure. The only difference is a slight
shift in the magnitude of the base pressure. When comparing the base pressure values at design with
the results of NPR and control, the latter shows a substantial decrease, while the former shows an
increase up to L/D = 3. While the base pressure in cavity AR1 decreases with increasing duct length,
it rises in cavity AR2. As depicted in Figure 5, Mach waves at the nozzle exit are one possible
explanation for this pattern (c). Results at NPRs 9 and 12 are shown in Figure 5 (d) and (e). The base
pressure increases in a cavity with AR2 and decreases in a cavity with AR1. While the results fluctuate
for shorter duct lengths, the base pressure values are relatively stable for the longest (NPR = 12).
Because of the presence of expansion waves at the nozzle exit, there are distinctive patterns in the
resulting base pressure.
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Fig. 4. Base pressure variation with L/D for both plain duct and duct with control

Base pressure results for cavity location 2D are shown in Figure 6 for various expansion and cavity
geometry levels. For NPR 3, as shown in Figure 6(a), the presence of a cavity influenced the base
pressure, and the cavity influenced base pressure positively. The control for cavity AR1 and AR2 are
both effective in this case. It may be due to the location of the cavity and the reattachment point
being nearby, resulting in excessive interactions of the shock waves and the shock reflections from
the wall of the duct. Hence, the base pressure with the cavity is higher compared to the plain duct.
For the remaining NPR, which are shown in Figures 6(b), (c), and (d), the cavity geometry's
effectiveness has the most negligible influence on the base pressure, and the cavity with AR2

performs better than AR1.

10
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Fig. 5. Base pressure ratio varies with L/D at various locations at 2D

Figure 7 depicts the results for NPRs 3, 5, 7.8, 9, and 12 when cavities with aspect ratios AR1 and
AR2 are positioned in three-dimensional space within the enlarged duct. The results show no clear
pattern because the cavity is so far from the base region and because we considered duct lengths of
up to 6D. It could be because the duct length has been cut to a shorter size, rendering the back
pressure control ineffective. As a result, there is no way to conclude anything with certainty.
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3D, the ratio of the base pressure to the total pressure varies for

both plain duct and duct with control with L/D

3.2 The Effect of the Base Wall's

Location of the Cavity on the Base Pressure

Figure 8 depicts the impact of NPR on a specific L/D and at a fixed rib location, namely 0.5D.

Because the duct length is so short and the backpressure strongly influences the flow field inside the

duct, the L/D 1 cannot demonstrate its impact on the base pressure. As a result, in highly expanded

cases, the base pressure continuously decreases. The cavity's impact is visible for L/D = 2, and the
base pressure increases after NPR 9. As the flow from the nozzle is over-expanded until NPR =9, the
base pressure for L/D = 3, 4, and 6 continuously decreases until NPR 5 and then gradually increases
until NPR 12. Passive control can significantly raise the base pressure once the flow is optimally

expanded or under-expanded.
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Fig. 7. Base pressure ratio variation with NPR for cavity location at 0.5D

Figure 9 shows the effect of NPR when the cavity is placed at a 1D location for various L/Ds. Here,
the results of the 1D location are almost similar to the results of the 0.5D location, with ASR2 showing
its effect on the base pressure values. This may be because both the cavity locations are before the
reattachment point. When the cavity is placed before the reattachment point, it will show a marginal
effect on the base pressure, but its impact will not be prominent. The passive control cannot affect
the main flow field as the flow coming out of the nozzle passes through the cavity with a high velocity
and will not be able to feel its presence and, hence, not able to increase the base pressure to a more
excellent value.
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Fig. 8. Base pressure ratio varies with NPR for cavity location at 1D

Figure 10 illustrates that the base pressure ratio varies with NPR for plain and enlarged ducts with
cavities at several 1.5D locations. From the graphs, it can be seen that for the location of 1.5D, the
cavity is ineffective because the point of reattachment is not favorable at the location of the cavity.
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Fig. 9. Base pressure ratio varies with NPR at 1.5D cavity locations.

Figure 11 and Figure 12 show the locations of the cavity in 2D and 3D. Although these locations
are close to the reattachment point, the cavity cannot demonstrate its effects to a greater extent.
The primary cause of this phenomenon is that the flow becomes trapped inside when the cavity is
positioned close to the reattachment point. Still, because the flow leaves the nozzle at Mach 2, it
moves so quickly that the cavity is not visible in the flowfield as it simply passes through it. Once the

flow has been over-expanded, the trapped flow inside the cavity may exhibit a slight effect.
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Fig. 10. Base pressure ratio varies with NPR for cavities located at 2D
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3.3 Pressure Contours
3.3.1 Condition 1 (L/D=3)

Figure 13 shows the pressure contours for the various NPRs for L/D=3. It is clear from the contours
that NPR 3 and NPR 5 when the nozzle is over-expanded, form oblique shock waves at the exit of the
nozzle. When the nozzle is correctly expanded, the bow shock is formed at the nozzle exit. In the case
of under-expanded cases, the expansion fan is formed. In the under-expanded, the back pressure
plays a role; hence, the expansion fan cannot be seen clearly and gets mixed with the ambient
pressure. The role of the cavity is not apparent in all the above cases, as the L/D is small.
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3.3.2 Condition 2 (L/D=6)

Figure 14 shows the L/D 6 case for the 0.5D cavity location. Here, it is apparent that due to the
longer duct length, the waves can be developed along the duct and are more visible in correctly
expanded and under-expanded cases as it get enough space to form and grow. The cavity role is not
visible much as it is near the base in all NPRs.
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3.3.3 Condition 3 (L/D = 3)

In Figure 15, the L/D 3 case is shown for the 2D location of the cavity. It can be observed that the
role of the cavity is not apparent in the over-expanded cases. But for the correctly expanded and
under-expanded cases, the role of the cavity can be seen as the Mach wave formation is more
apparent.
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Fig. 15. Pressure contours for Condition 3

3.3.4 Condition 4 (L/D = 6)

From Figure 16, L/D 6, and cavity location placed at 2D, it can be observed that Mach waves are
more apparent as this shows the presence of a cavity near the reattachment point for the cases.
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4. Conclusions

The cavity is a passive control device that successfully modifies the base pressure. Locations
between 0.5 and 1.5 dimensions are optimal for lowering the base pressure, while locations between
2 and 3 are optimal for raising the base pressure. Backpressure is especially important in regulating
the base pressure at lower L/Ds. The optimal cavity locations are found in two- and three-dimensional
space for the higher L/Ds. Once properly expanded, the nozzle's presence of Mach waves significantly
raises the base pressure. Although ASR2 performs better than ASR1, the latter can still demonstrate
its efficacy at higher NPRs. Therefore, it is reasonable to infer that the cavity, when situated at an
ideal location and L/Ds with a favorable pressure gradient, is an effective passive control method.
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