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ARTICLE INFO ABSTRACT

Keywords: The abrupt expansion at the blunt base of projectiles, rockets, missiles, etc., is a common phenomenon. Flow
Circular ribs separation and reattachment are caused by the abrupt increase in the base area, and the pressure in the separated
CFD

recirculation area is lower than the surrounding atmospheric pressure. The separation at the blunt base will
result in low pressure, resulting in a considerable amount of the base drag. In this work, the base pressure, which
is lower than the ambient pressure leading to base drag, which is significant at the critical Mach numbers, is
controlled by a passive control method such as a d-shaped rib. The duct diameter is 25 mm, and its length-to-
diameter (L/D) ratio is 6. Ribs of heights ranging from 1 mm to 3 mm ribs were utilized to control the base
pressure when located at L/D = 0.5, 1.0, 1.5, 2, and 3. When the rib was located at L/D = 1, the base pressure
values for 3 mm rib height considerably increased the base pressure. The ribs with smaller heights are more
vulnerable to changes in rib placements since the reattachment point is between L/D = 2 and 3D That results in
slight variations in the base pressure ratios at other locations. According to the study, 2 mm ribs are the optimum
option if the mission requires equating the base pressure to ambient atmospheric pressure. If the mission requires
a fifty percent enhancement in base pressure, then even a 1 mm rib is sufficient. The 3 mm rib is the optimum

Flow control
Mach number
Duct

option if the mission requirements call for raising the base pressure considerably.

1. Introduction

Ever since fluid science study began, turbulence has been a mystery.
We must comprehend turbulence because it is a part of almost every
technical and natural activity in our environment at high-speed flow.
Drag is associated with turbulent flows; we need a fair idea of turbulence
to control drag. Specific fluxes, including those involving the mixing of
fluids, require turbulence. Conversely, turbulence is unwanted and
should be controlled in industrial applications with the least energy
input. In engineering and real-world flows, turbulent drag has a note-
worthy financial and ecological impact. That is mainly because of the
combustion byproducts and the fossil petroleum used in numerous
transportation kinds, which contribute to nearly 20% of total emissions.

An essential problem with many applications is unexpected flow
expansion in subsonic and supersonic regimes. When used as a super-
sonic parallel diffuser, a jet and shroud configuration is an excellent
method for resolving unexpected expansion issues. Another interesting

* Corresponding author.

application for the system that replicates high altitude conditions in test
cells for rocket and jet engines is a jet releasing into a shroud and
generating a high enough subatmospheric discharge pressure. The flow
state of the exhaust port of an internal combustion engine is similar; a jet
of hot exhaust gases passes through the exhaust valve. Another relevant
instance where the flow grows interiorly rather than away from the axis
of symmetry, as in the previous situation, is when the flow goes inward
to the blunt base of a projectile in flight.

The flow parting, recirculation, and reattachment are characteristics
of the intricate phenomena known as the abrupt axisymmetric expan-
sion flow field. As shown in Fig. 1(a), such a flow can split into two core
regions—the central flow section and the flow recirculation region—by
a dividing streamline, also known as a dividing surface. The reattach-
ment point is the location where the wall and dividing streamline meet.
The distance between the reattachment point and the base is known as
the reattachment distance. The duct area, expansion level, nozzle exit
Mach number, and the reattachment length are the variables that will fix
the base pressure values. The reattachment distance will depend on the
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Nomenclature

Aq Nozzle Exit Area

Ay Duct Exit Area

Ax/A, Area Ratio

M Mach Number

L/D Length-to-diameter Ratio

P, Ambient/atmospheric Pressure
P, Pressure at the exit of the nozzle
Py Wall Pressure inside the Duct
p Air Density

u Air Viscosity

po Reference Viscosity

T Static Temperature

To Reference Static Temperature (in K)
S Sutherland Constant

k Thermal Conductivity

Cp Specific heat capacity

a Velocity of sound

Pinlet Inlet Pressure

Poutlet Outlet Pressure

Pgauge Gauge Pressure

P, Stagnation Pressure in Settling Chamber
Py/P, Non-dimensional Base Pressure Ratio
Py/P, Non-dimensional Wall Pressure Ratio
ok Turbulent Prandtl number

€ Turbulent kinetic energy dissipation rate
Cu Arbitrary Constant

C1 Arbitrary Constant

c2 Arbitrary Constant

fu Arbitrary Constant

oe Arbitrary Constant

v Velocity

ut Turbulent Viscosity

Prt Turbulent Prandtl number

L Length of the enlarged duct

D Diameter of the enlarged duct

Di Nozzle inlet diameter

w Width of the rib

h Height of the rib

r Rib Radius

Re Reynolds number

RAP Reattachment point

RAL Reattachment length

BASE REGION RECIRCULATING REGION
-
SHEAR FLOW
.
-
/ BOUNDARY LAYER

REATTACHMENT POINT

(a)

Fig. 1. (a) Sudden Expansion Flow Field.

consequence of the base pressure, duct diameter, and the degree of
expansion.

Given its size and influence on the performance of the weapon sys-
tems in terms of the range of the missiles, rockets, bombs, and pro-
jectiles, the base drag contributes significantly. It can account for up to
2/3rd of the total drag for airplane fuselage. Even a slight increase in
base pressure will be very beneficial, as this will enhance the net range
of aircraft, reduce the need for fossil fuels, and ultimately lessen global
warming. One of the most critical areas for researchers is base pressure
control. Imagine the application is in artillery rounds, unguided rockets,
and external flow-over missiles. The base drag component would be
essentially zero as we strive to raise the base pressure equal to the at-
mospheric pressure. Jet-on conditions, however, will eliminate the base
drag component, such as that of missiles and unguided rockets. This jet-

on time is typically relatively short compared to the whole flight dura-
tion. Because launch vehicles have a very long total flight period, the
propulsion system is discarded after each stage to prevent the dead
weight of the propulsion unit from being carried. Nevertheless, since
having a discarding mechanism is not a cost-effective option for short-
range unguided rockets, the dead weight of the propulsion unit re-
mains attached to the weapon system.

If the purpose is for a propulsion system of a combustion chamber,
we want the base pressure to be as low as possible. That will ensure good
fuel and air mixing and improve combustion efficiency. Therefore, the
goal of this investigation is to control the base pressure. The application
will determine whether the mission requires increasing or decreasing
the base pressure. This study is a technology demonstration, and the
mission requirements will determine the final geometrical and flow
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Fig. 1. (b to d) Sonic nozzle with sudden expansion circular duct (b) without control, (¢) with d-shape Rib Orientation 1 control, and (d) with d-shape Rib
Orientation 2 control.
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characteristics.
2. Literature review

The efficiency of quarter ribs in regulating base pressure in a sudden
expansion duct at sonic Mach numbers was examined by Khan et al. [1]
using a thorough CFD analysis. Their research showed that altering the
recirculation zone improved pressure recovery, reducing drag and
adding ribs to increase the base pressure. The impact of ribs on abruptly
expanded flows at sonic Mach values was further investigated by Khan
et al. [2]. They discovered that well-positioned ribs along the duct walls
improved pressure distribution, decreased aerodynamic drag, and effi-
ciently managed flow separation. Husnina et al. [3] conducted passive
base pressure flow control in a C-D nozzle with an area ratio of 2.56 at
Mach 1.8. The study showed that passive control strategies, including
nozzle exit Mach number and surface modifications inside the duct,
improved pressure recovery while preserving flow stability.
Semi-circular ribs were first used by Khan et al. [4] to mimic base flow as
a novel method of controlling base pressure at critical Mach numbers.
According to their research, semi-circular ribs enhanced aerodynamic
performance by successfully reducing shock-induced flow separation. A
thorough CFD study of the effect of splitter plates on bluff bodies was
conducted by Aabid et al. [5]. According to their findings, splitter plates
improved overall flow characteristics and decreased drag by reducing
the wake zone behind the body.

Rectangular ribs were used to control nozzle flow at sonic and su-
personic Mach values, according to Sethuraman et al. [6]. According to
the study, the rectangular ribs significantly improved flow homogeneity
and pressure recovery. Kadivar et al. [7] examined different approaches
to forecast turbulent flow and heat transfer in wavy and smooth chan-
nels, including Reynolds-averaged and Navier-Stokes (RANS) models.
The k-¢ model produced the most accurate findings for complex flow
conditions. Orlandi et al. [8] used CFD tools to study cavitation analysis
in industrial pumps. Their research highlighted how crucial accurate
cavitation modeling is to forecasting pump performance and preventing
damage. Passive fuel injection approaches in scramjet combustors were
studied by Bordoloi et al. [9]. They discovered that passive injection
enhanced stable flame propagation and combustion efficiency by
improving fuel-air mixing. A study by Gahlot et al. [10] examined how
turbulence modeling affected the efficiency of mixed compression su-
personic air intakes. Their results showed that precise turbulence models
greatly enhanced flow homogeneity and intake efficiency.

The impact of boattail angles on drag and pressure distribution for
axisymmetric afterbodies at low speeds was investigated by Ambo et al.
[11]. The findings demonstrated that enhanced aerodynamic perfor-
mance and reduced pressure drag were achieved by optimizing boattail
angles. Viswanath thoroughly examined flow control strategies for base
drag reduction [12]. The study emphasized successful tactics, such as
geometric adjustments and passive flow control devices. Perry examined
base pressure parameters in simplified automotive squareback geome-
tries [13]. The study found that aerodynamic drag and base pressure
were significantly affected by geometric changes. For a cavity flow at
Mach 1.5, Aradag et al. [14] investigated dynamic and passive control
strategies. According to their findings, hybrid control strategies per-
formed better at minimizing flow-induced pressure variations. Mousavi
and Roohi examined three-dimensional shock train configurations in
convergent-divergent nozzles [15]. Their analysis identified critical
parameters affecting shock train development and flow stability.

Using CFD, Rao et al. [16] examined the flow properties in
convergent-divergent nozzles. Their results underlined how crucial
precise boundary conditions are to trustworthy flow forecasts. The K-¢
and Spalart-Allmaras turbulence models for flow where there is a change
in the air density via convergent-divergent nozzles were compared by
Najar et al. [17]. The study found that the K-e model more accurately
predicted flow and reattachment. Salvador et al. [18] investigated
cavitation patterns in diesel injector convergent-divergent nozzles using
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a homogeneous equilibrium model. Their findings demonstrated how
crucial cavitation modeling is to injector performance and design.
Pushpa et al. [19] investigated heat dissipation and buoyant convective
flow in Cu-H20 nanoliquids inside an annulus via a thin baffle. The
study showed that using nanoliquid improved heat transfer perfor-
mance. Koomullil et al. [20] suggested a thorough generalized mesh
framework for CFD applications. Their method made it possible to
simulate intricate flow conditions and geometries accurately.

Marzougui et al. [21] examined heat transport and entropy pro-
duction in Cu~water nano liquids inside porous lid-driven cavities under
magnetic fields. Their results demonstrated the significance of external
fields in enhancing heat transfer efficiency. Pandey and Rathakrishnan
[22] studied using annular chambers for base flow control. The study
showed that annular cavities effectively reduced base drag by changing
the recirculation zone. Tu et al. [23] offered a practical approach to
computational fluid dynamics, focusing on best practices for accurate
simulations and flow analysis. Essential concepts and analytical methods
for compressible fluid flow were introduced by Oosthuizen and Car-
scallen [24]. Their work is a fundamental reference for CFD mechanical
and aeronautical engineering applications.

Rathakrishnan [25] experimented with controlling the base pressure
in an abruptly expanded tube using five ribs with width-to-height ratios
of 3:1, 3:2, and 3:3. NPRs ranging from 1.141, 1.295, 1.550, 1.707, and
2.458 were tested, along with nozzle exit Mach numbers of 0.44, 0.62,
0.82, 0.91, and 1.0. According to experimental data, the control lowers
the base pressure for lower aspect ratios of the ribs, specifically 3:1 and
3:2. Nonetheless, the base pressure rose when ribs with a 3:3 aspect ratio
were employed to control the flow. In the present study, Rathakrishnan
[25] results are considered benchmark data for validating the CFD re-
sults. The authors believe one rib can be enough to achieve the intended
effects rather than five.

This literature overview highlights significant developments in base
pressure control, turbulence modeling, and CFD-based flow optimiza-
tion. As far as the author knows, d-shaped ribs have not been used in
research. Regarding the experimental study, researchers have used
rectangular ribs in the literature to control the base pressure in a circular
pipe and the square duct. Another study was conducted where a semi-
circular rib was considered to regulate the base flows. However, semi-
circular ribs were not very effective.

Regarding the CFD simulations, few researchers have used trian-
gular, semi-circular, and rectangular ribs in square ducts at sonic and
supersonic Mach numbers. The studies show how active and passive
control strategies can improve aerodynamic performance while
lowering flow instability and drag. Based on the above review, we can
state that this study will add additional information to the scientific
literature and will be helpful in the design of aerospace vehicles.

3. Problem formulation

A two-dimensional sonic nozzle with a suddenly expanded duct has
been defined. Flow conditions are measured based on the sonic Mach
number. The sudden expansion duct is analyzed in three categories: (1)
without control of the sonic flow, (2) control of the sonic flow with
orientation 1 of the d-shaped rib, and (3) control of the sonic flow with
orientation 2 of the d-shaped rib. These orientations have been altered
because the d-shaped ribs involve modifications in design, making it
essential to understand how the control mechanism behaves for
different orientations. Further investigations are conducted by varying
the location of the d-shaped ribs for different rib geometry and flow
conditions. The key parameters considered in this investigation are the
Mach number, rib location, duct diameter, rib orientation, and the
nozzle pressure ratio (NPR). Fig. 1(b) illustrates the nozzle and duct
assembly with a plain duct. Fig. 1(c) shows the nozzle assembly with a d-
shaped rib in orientation 1, where the curved part faces the base region.
Fig. 1(d) represents orientation 2, where the straight part of the d-sha-
ped rib faces the base region. In both orientations, the base pressure
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results are expected to differ due to the different geometrical configu-
rations of the d-shaped rib interacting with the base zone.

4. Computational fluid dynamics
4.1. Governing equations
Consideration is given to the following theories:

i. The flow is turbulent; hence, viscous dissipation effects are

considered.

ii. The fluid is compressible, and its viscosity changes with
temperature.

iii. The flow turns off the duct at atmospheric pressure.

iv. We looked through the literature and discovered that the internal
flow k-epsilon turbulence model is the best because it produces
promising findings.

The formula for Sutherland’s three-coefficient viscosity model is
shown in Eq. (1).

M:M( )

With p’ stands for viscosity, the reference viscosity value in kg/m-s is
expressed as |1’,. T, stands for static temperature, K for standard refer-
ence temperature, and S’ for temperature-reliant Sutherland coefficient.

The following is the equation for mass balance:

()

Where the fluid’s velocity is denoted by V. The equation for mo-
mentum balance is:
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Thermal conductivity is denoted by A and internal energy by ujp; the
k-epsilon turbulence model is utilized in internal flow simulations
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because of its cost, robustness, and precision. The Ansys Fluent in-
tegrates this study’s k-epsilon (¢) turbulence model. The turbulent ki-
netic energy was computed using the K-equation.

a%(ﬂk) +V- (p_Vk) :z[(wg—;) (Zk)} — pe + M,

The turbulent kinetic energy indulgence rate is designated by ¢, the
turbulent Prandtl number is ¢ — k, and the word Mx is the turbulence
generation. Precisely, the dissipation (or (-equation)) is controlled by,

a(pe) (pe¥) + ¥ Kﬂ +f§) VS} ~Cifi ()M - sz2§

(5)

=-V (6)

ot

where y, = pf,C,k? /¢ denotes turbulent viscosity, and the random con-
stants are represented as C, = 0.09,C; = 1.44,C; =1.92,f, =1, 04 =
1.0and 6, =1.3.

The justification why the k-¢ turbulence model is used

In recent investigations by Khan et al. [1,2,4], the k-¢ model was
employed to simulate base pressure control in ducts with ribbed ge-
ometries at sonic Mach numbers. These studies reported a strong cor-
relation between numerical predictions and experimental
measurements of base pressure and related flow parameters, under-
scoring the model’s reliability in internal flow scenarios.

A comparative analysis by Najar et al. [17] specifically evaluated the
performance of the k-¢ model against other turbulence models, such as
the Spalart-Allmaras model, for compressible flow through
convergent-divergent nozzles. The study concluded that the k-¢ model
provided superior predictions of turbulent structures, particularly in
capturing the complex interactions within internal flows.

Foundational CFD texts such as those by Tu et al. [23] and Oos-
thuizen & Carscallen [24] offer a comprehensive overview of turbulence
modeling techniques. They highlight the robustness, computational ef-
ficiency, and proven track record of the k-¢ model in simulating a wide
range of internal flow problems. These texts reinforce the practical in-
sights gained from experimental and numerical studies.

The literature consistently demonstrates that the internal flow k-¢
turbulence model is well-suited for applications involving sudden ex-
pansions and ribbed geometries. Its ability to accurately predict flow
separation, reattachment, and associated base pressure dynamics—as
evidenced by studies [1,2,4,17], and [25] makes it the optimal choice
for our simulations.
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Fig. 3. Duct used in an experimental study by E. Rathakrishnan [25].
5. Finite volume method
Table 1
X The geometries of the validation model.
5.1. Geometry and modelling ge b n
Parameters Dimensions
The fluid-flow analyses in this study were conducted using the finite The inlet diameter of the nozzle 30 mm
volume method (FVM). The theoretical framework was established Outlet fiiamem of the nozzle 10 mm
through CFD, enabling simulations for a comprehensive parametric Tube diameter 25 mm
dv. The si lati P d usi ANSYS Fl t 2024/R2 Tube length Varies in the range from L/D =1 to 6
study. The simulations were performed using uen . Converging length 20 mm
This study’s dimensions and modeling details can be replicated in Fig. 1, Rib width 3 mm
and the investigation was carried out in a two-dimensional flow field. Rib height Varies in the range from 1 mm to 3 mm

Fundamentally, this research can be described as the passive control of
high-speed flow through d-shaped ribs using FVM via ANSYS
simulations.

5.2. Meshing and boundary conditions

Mesh is a key component of the CFD process. The 2D model is of the
structured mesh type since the free-face mesh type was selected. Using
the created structured mesh type, elements were sized and built on the
dimension of each line (edge). The element dimensions were employed
using the lines, and face meshing created elements with the same form.
We have completed the mesh independence check. The mesh size and
element type that were examined during the mesh independence check
are displayed in Fig. 2 below. Mesh independence test for a rib-free, 18
mm duct (L/D = 6). The same geometry model determines the attributes
of various element sizes.

Boundary Conditions:

- Pressure Inlet: A pressure inlet boundary condition was applied with
the inlet pressure ratio (NPR) of 1.5 to 5 NPR. This range allowed the
exploration of different flow regimes under varying pressure
conditions.

No-Slip Wall: All walls, including the surface of the d-shaped rib,
were modeled as no-slip walls, ensuring that the fluid velocity at the
wall is zero, which is critical for capturing boundary layer
development.

Pressure Outlet: The outlet was set as a gauge pressure outlet under
default conditions, ensuring a consistent exit pressure that reflects
the experimental environment.

The figure below depicts the fluid dynamics by depicting the direc-
tional flow of air inlet and outlet (Fig. 2d).
Boundary Conditions:

- Inlet Conditions:
- Pressure Inlet: 50,662.5 Pa
- Total Temperature: 300 K
- Turbulent Specification: k and epsilon
- Turbulent Kinetic Energy: 1 m?/s?
- Turbulent Dissipation Rate: 1 m?/s?
- Outlet Conditions:
- Gauge Pressure: 0 Pa
- Total Temperature: 300 K
- Backflow Turbulence Model: k-epsilon

- Backflow Kinetic Energy: 1 m?/s>
- Backflow Dissipation Rate: 1 m?/s®
- Wall & Rib Conditions:
- Material: Aluminum
- Shear Condition: No-slip
- Thermal Condition: Heat Flux = 0 W/m?

5.3. Assumptions and fluid properties

The flow operations are expected to be duplicated in the precise
physical environment. The governing equations are simplified by
choosing appropriate mathematical and numerical models.

The correct mathematical models must be chosen to solve the gov-
erning equations simultaneously, including the governing equations,
boundary conditions, mesh quality, and numerical approach. Despite its
limitations in accurately modeling physical processes, the computa-
tional approach has been used for decades and offers sufficient insight
into flow behavior. That means careful consideration must be given to
objects resembling the flow behavior. This investigation pinpoints the
presumptions that jeopardize the precise physical condition. This study
examines the following characteristics and assumptions:

i. The stream is considered a constant 2D flow due to symmetric
geometry.

ii. The air’s density varies because the flow is compressible. At that
Mach number and NPR, the inlet pressure is absolute minus
ambient pressure; at the duct’s exit, the gauge pressure is zero.

iii. At a particular flow velocity, turbulent flow significantly affects
turbulent viscous dissipation; hence, it is considered.

iv. The fluid’s temperature affects its viscosity.

v. The flows exit the duct when the air pressure is ambient
atmospheric.

The compressible flow field is described by the k-epsilon standard
model since the flow through the nozzle is considered turbulent. The
following equations are the most suitable for turbulent flow.

5.4. Validation of experimental model

The ANSYS Workbench application uses Fluent methods in compu-
tational fluid dynamics (CFD). The model was created using a design
modeler. In Fig. 3, a converging nozzle abruptly expands into a duct with
five equidistant ribs. According to the experimental setup described by
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Table 2

Mesh independence study.
Element size Coarsest Coarse Medium 1 Medium 2 Fine Finer Finest
Nodes 2904 3709 9468 25,086 141,004 416,292 2142,592
Elements 2715 3487 10,887 24,594 139,987 414,555 2138,682

Rathakrishnan [25], the converging nozzle’s dimensions with an
abruptly expanded duct are as follows (Table 1).

The base pressure ratio data curves for the current and previous
research are shown in Fig. 3 [25]. Whereas the simulation results pro-
duced by ANSYS Fluent were shown as straight lines, the experimental
data were shown as dotted lines. Comparing the current numerical
analysis to the earlier experimental investigation by Rathakrishnan
[25], the percentage difference was less than 10%. As a result, the
current work satisfied the acceptance requirements. Each point on the
curves was near the next, forming a regular pattern. As a result, the

validation of the current work was successful, according to the table and
graph previously provided.

The previous study was conducted for width-to-height ratios of 3:1,
3:2, and 3:1; an area ratio of 6.25; L/D ranging from 1 to 6; pressure
ratios of 1.141 to 2.458; and nozzle exit Mach numbers of 0.44 to 1.0,
according to Rathakrishnan [25]. The CFD results in Fig. 4 for NPR
(Po1/P,) = 2.458 and ribs of width-to-height ratios 3:2 and 3:3 were used
to compare with the experimental results of Rathakrishnan [25]. The
experimental work of Rathakrishnan [25], which employed five ribs
spaced equally apart in the duct, as seen in Fig. 4, supports the

Mesh Independence Test

—@— COARSEST(2715)
—@— COARSE(3487)
—e— MEDIUM 1(10887)
—e— MEDIUM 2(24594)
—e— FINE(139987)
—@—FINER(414555)
—e— FINEST(2138682)

3 4 5 6
NPR

Fig. 5. Results of mesh check.
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simulation. L/D varying from 2 to 6 and an NPR of 2.458 are the out-
comes of base pressure fluctuation.

5.5. Mesh independence study

Table 2 provides data from a mesh independence study, a crucial step
in computational simulations that ensures the results remain consistent
regardless of the mesh refinement level.

Each mesh design has a corresponding number of nodes and ele-
ments, with element sizes ranging from the coarsest to the finest. There
are many more nodes and elements in the finer mesh—1354,262 nodes
and 1351,303 elements in the finest mesh compared to 1284 nodes and
1145 elements in the coarsest mesh. This work aims to find the ideal
mesh size for precise simulations without needless processing costs. The
more the mesh is polished, the more nodes and elements are in the table.
With comparatively fewer nodes and elements, the coarsest mesh has a
lower computational cost but may be less accurate. On the other hand,
the finest mesh requires a large amount of processing power yet provides
the highest resolution. The medium and fine meshes balance accuracy
and efficiency, offering intermediate granularity levels.

According to the node and element number patterns, the most ac-
curate results will probably come from the finest mesh (Fig. 5). Beyond a
certain point, though, mesh refinement may result in diminishing ac-
curacy gains at the expense of a significant increase in computing time.
According to a critical evaluation of Table 2, the "Fine" or "Finer" mesh
topologies might offer the optimum trade-off between computing effi-
ciency and accuracy. Without approaching the computational cost of the
finest mesh, these configurations significantly increase the number of
nodes and elements compared to the medium meshes. Further refine-
ment to the finest mesh is not required if simulation results do not differ
considerably between the finest and fine meshes. Doing so would in-
crease the computing time without providing additional benefits.
Therefore, the best options for more simulation are probably the finer or
finer mesh sizes.

6. Results and discussions

Before examining the base pressure data, it is vital to comprehend
the physics of the flow when the viscous layer is exhausted to a tube with
a more considerable area. The boundary layer will develop and reattach
to the duct after being exhausted from the nozzle when the Mach
number is less than unity. The divided region will have one or more
vortices since the initial vortex is near the base and moderately
powerful. The core vortex is the name given to this vortex. Moving fluids
from the base region to the main jet on the boundary layer’s edge will act
as a pump. Low pressure will result from this pushing action in the
recirculation zone. Pushing action is excessively erratic because of this
vortex spread’s known periodicity. The base pressure varies as a result of
this erratic pattern. However, tests revealed that these base pressure
fluctuations are insignificant. Thus, the data is analyzed using the mean
base pressure readings even though most of the time, the base pressure
values were the same along the base region. The cyclicity of the vortex
shedding may cause the flow pattern of the entire duct to oscillate. These
oscillations can become highly severe for specific geometry and inertia
values. The area ratio, reattachment section, Mach number, and degree
of expansion mainly determine the strength of the primary vortex at the
base.

A better understanding of the flow mechanics involved in a larger
duct’s shear layer exhaustion process would be beneficial before delving
into the base pressure discoveries that emerge from the ribs. As the duct
exits the nozzle lip, the boundary layer will divide and rejoin when Mach
M is less than 1. The initial vortex will be strong and close to the base so
that the partitioned area will have one or more vortices. The core vortex
is the name given to this vortex. On the border of the shear layer, this
pump-like apparatus will move liquids from the base section to the
primary jet. This pressing action will cause the recirculation to have low
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Fig. 6. Converging Nozzle and the duct with d-shape Rib.

pressure. However, owing to the known cyclical nature of this vortex
expansion, the pushing motion is too unpredictable. The result of this
erratic pattern will bring changes in the base pressure. The variations in
base pressure along the entire base region seem negligible.

However, an average base pressure is considered while analyzing the
base pressure data in the current analysis. The vortex cyclicity may
cause the extended image’s flow pattern to fluctuate. Under specific
geometrical and inertia conditions, these oscillations can become
extremely severe. The primary factors affecting the core vortex’s varying
strength at the base are the area ratio, Mach number, reattachment
segment, and level of expansion.

This study investigates the effect of d-shaped ribs on the larger duct’s
base flow and development. When the rib’s straight portion faces the
base region, orientation one is given a nomenclature. The other side of
the ribs is named orientation 2 when the base recirculation region faces
the curved surface. Numerical simulations were conducted for both
orientations. While performing the simulations, the ribs were oriented in
two directions. The first was when the straight side of the rib was to-
wards the base region, and the second was when the curved part faced
the base recirculation zone. In addition, the larger duct diameter of 25
mm and the noticeably high area ratio of 6.25 should be mentioned
while analyzing the data. When the flow exits the nozzle, it will expand
freely and reattach with the enlarged duct to a place different from the
ideal one for an intense vortex at the base because of the additional relief
provided to the flow.

6.1. Control with orientation 1

Fig. 6 directs the nozzle arrangement with the duct and the passive
control as a d-shape rib. The section following the base pressure results
for d-shape rib orientation one, when the curved part of the rib faces the
base recirculation region, will show later results for orientation two
where the straight part of the rib will face flow impinging on the straight
part of the d-shape rib. Non-dimensional base pressure results are rep-
resented for various rib locations and duct sizes as a function of
expansion level.

6.1.1. Pressure contours

The pressure contours presented in the figure demonstrate the effects
of a d-shaped control at orientation 1 for high-speed flow in an abruptly
expanded duct downstream of a converging nozzle. As the high-speed
flow exits the nozzle, it interacts with the d-shaped control, signifi-
cantly influencing the pressure distribution along the duct. At the 0.5D
location (Fig. 7a), a pronounced high-pressure zone appears near the
nozzle exit, characterized by red regions. This elevated pressure results
from the initial interaction of the sonic jet with the sudden expansion
and the obstruction caused by the control device. The flow separates
rapidly, creating a recirculation zone, indicated by the blue low-pressure
region downstream. This recirculation generates turbulence, increasing
energy loss and flow instability.
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Fig. 7. Pressure contours for 3 mm location at orientation 1 control (a) L/D = 0.5 (b) L/D =1 (c) L/D = 1.5 (d) L/D = 2.0, and (e) L/D = 3.0.

At the 1.0D location (Fig. 7b), the high-pressure zone immediately
after the nozzle exit diminishes, and the pressure distribution becomes
more balanced. The recirculation region expands, but the pressure re-
covers as the flow readjusts to the duct geometry. The green and yellow
areas signify a smoother transition from high to low pressure, indicating
partial flow stabilization. The flow stabilizes downstream to the 1.5D
location (Fig. 7c), with the pressure gradient becoming less steep. The
recirculation zone weakens, and the blue low-pressure region shifts
downstream, suggesting improved pressure recovery and reduced tur-
bulence intensity.

The pressure contours show further stabilization at the L/D = 2.0
location (Fig. 7d), significantly reducing the high-pressure zone about
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the nozzle exit. The flow becomes more streamlined, and the recircu-
lation zone continues to shrink. The pressure recovery is more uniform,
as evidenced by the broader green region. Finally, the flow achieves
near-complete stabilization at the L/D = 3.0 location (Fig. 7¢). The high-
pressure zone close to the nozzle exit almost disappears, and the pres-
sure distribution across the duct becomes uniform. The recirculation
zone is minimal, indicating efficient pressure recovery and reduced
energy loss. The pressure contours reveal that the d-shaped control
modifies the flow field, initially causing significant separation and tur-
bulence near the nozzle exit. However, as the flow progresses down-
stream, pressure recovery improves, and the flow becomes more
uniform. This suggests that while the control device induces initial flow
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disturbances, it ultimately enhances flow stability and pressure distri-
bution along the duct, which is crucial for efficient high-speed flow
management in suddenly expanded ducts.

6.1.2. Velocity contours

The velocity contours presented in the diagram demonstrate the ef-
fects of the d-shaped control at orientation 1 for high-speed flow in a
rapidly expanded duct downstream of a convergent nozzle. These con-
tours highlight the velocity distribution at five locations from the nozzle
exit: (a) L/D=0.5, (b)L/D=1, (c) L/D =1.5, (d) L/D = 2.0, and (e) L/D
= 3.0, where L/D represents the duct length-to-diameter ratio. The
figure’s color gradient represents the velocity magnitude, with red
implying high-velocity zones and blue representing low-velocity zones.
Analyzing these velocity contours provides insights into how the d-
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shaped control influences flow acceleration, deceleration, and recircu-
lation across the duct.

At the 0.5D location (Fig. 8a), the velocity contour shows a signifi-
cant high-velocity jet exiting the CD nozzle, indicated by the red zone.
The presence of the d-shaped control disrupts the flow, causing a rapid
expansion and subsequent flow separation. The low-velocity region
(blue zone) immediately downstream of the control device indicates the
setup of a recirculation region. This zone results from the adverse
pressure gradient created by sudden expansion, leading to significant
energy loss and flow instability. For the rib location at 1.0D (Fig. 8b), the
high-velocity core continues to dominate the central axis of the duct, but
the recirculation zone downstream of the control device expands. The
velocity gradient becomes more pronounced, with the high-speed jet
gradually mixing with the surrounding low-speed flow—the
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collaboration between the main jet and the recirculating stream results
in increased turbulence and flow instability. At the 1.5D location
(Fig. 8¢), the velocity distribution shows partial recovery, with the high-
velocity core becoming more streamlined. The recirculation zone
weakens, and the low-velocity region near the duct walls shrinks. The
transition from red to green and blue areas indicates the flow stabilizes,
with reduced turbulence and improved velocity uniformity across the
duct. The velocity contours in the 2.0D location (Fig. 8d) reveal further
flow stabilization. The high-velocity jet continues to dominate the center
of the duct, but the surrounding low-speed regions become more uni-
form. The recirculation zone diminishes, and the velocity distribution
becomes more balanced, suggesting improved flow recovery and
reduced energy loss.

Lastly, the velocity contours demonstrate near-complete flow
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stabilization at the 3.0D location (Fig. 8e). The high-velocity core re-
mains well-defined, but the surrounding flow achieves a more uniform
distribution. The recirculation zone is minimal, indicating efficient
mixing and energy recovery. The flow at this stage is well-organized,
with reduced turbulence and improved overall velocity uniformity
across the duct. Overall, the velocity contours for orientation one control
demonstrate that the d-shaped control initially induces significant flow
separation and turbulence near the nozzle exit. However, velocity re-
covery improves as the flow progresses downstream, the recirculation
zone shrinks, and the flow stabilizes. This suggests that while the control
device initially disrupts the flow, it ultimately enhances flow uniformity
and efficiency along the duct.
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Fig. 10. Base Pressure Vs. NPR for numerous tube sizes.

6.1.3. Streamline formation contours

The streamline contours for orientation one control illustrate the
flow behavior and streamline formation as the high-speed flow exits the
convergent nozzle and expands into the abruptly expanded duct. The
streamlines reveal the stream patterns, including recirculation zones,
flow separation, and reattachment points, across five downstream lo-
cations: (a) L/D=0.5(b)L/D=1(c)L/D=1.5(d) L/D = 2.0 and (e) L/
D = 3.0, where D represents the duct diameter. These streamline for-
mations provide insight into how the d-shaped control affects the flow
dynamics in the duct.

At the 0.5D location (Fig. 9a), the streamline contours show a sig-
nificant disturbance in the flow immediately downstream of the nozzle
exit. The high-speed jet exiting the nozzle interacts with the d-shaped
control, causing flow separation and the formation of a strong recircu-
lation zone on both sides of the control device. This recirculation is
characterized by swirling streamlines, indicating the presence of
vortices due to the sudden expansion and the obstruction created by the
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control. The central core of the flow remains streamlined, but the sur-
rounding flow exhibits chaotic behavior, leading to increased turbulence
and energy loss. At the 1.0D location (Fig. 9b), the recirculation zone
expands further downstream, with the streamlines continuing to exhibit
swirling patterns near the duct walls. The high-speed jet maintains its
core structure along the duct centerline while the flow near the walls
remains disturbed. The streamlines show the formation of secondary
vortices, indicating ongoing flow instability and incomplete pressure
recovery at this stage. The communication involving the high-speed jet
and the recirculating flow further enhances mixing but increases flow
resistance. Streamlining patterns reveal partial flow stabilization by the
1.5D location (Fig. 9¢). The central core of the flow becomes more
organized, with fewer disturbances along the centerline. However, the
recirculation zones near the duct walls persist, though their intensity
decreases compared to upstream locations. The streamlines align more
uniformly, indicating that the flow is gradually adapting to the
expanded duct geometry and the presence of the d-shaped control. At
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Fig. 11. Base Pressure Vs. NPR for numerous duct sizes.

the 2.0D location (Fig. 9d), the streamline contours exhibit further sta-
bilization, with the recirculation zones diminishing in size and intensity.
The high-speed jet along the centerline remains well-defined, while the
surrounding flow achieves a more streamlined structure. The formation
of vortices reduces, indicating improved pressure recovery and reduced
energy loss. The flow near the duct walls becomes more organized,
suggesting that the influence of the d-shaped control is gradually
diminishing downstream.

Ultimately, the streamline contours demonstrate near-complete flow
stabilization at the 3.0D location (Fig. 9¢). The central high-speed jet
remains intact, with the surrounding flow achieving a more uniform
distribution. The recirculation zones are minimal, and the streamlines
align more closely with the duct walls, indicating efficient flow recovery
and reduced turbulence. The flow at this stage is well-organized and less
chaotic, suggesting that the control’s impact has been effectively inte-
grated into the overall flow structure. Overall, the streamline contours
for orientation one control reveal that while the d-shaped control

14

initially induces significant flow separation and turbulence about the
nozzle outlet, the flow gradually stabilizes as it progresses downstream.
The recirculation zones shrink, the flow becomes more streamlined, and
the overall aerodynamic efficiency improves, indicating the effective
role of the control device in managing high-speed flow expansion in the
duct.

6.1.4. Base pressure results when rib is located at L/D = 0.5

The base pressure findings at various expansion levels for duct L/D
ratios ranging from 1 to 6 are shown in Fig. 10((a) to (f)) when the
passive control is set at L/D = 0.5. Centered on the findings, it is evident
that the base pressure for each NPR is trending downward. The stream
from the converging nozzle liquidated into the expanded duct may
connect with a reattachment distance different than the ideal for a
strong vortex at the base when the relief effect caused by the increase in
the area ratio exceeds a certain threshold. Because of this mechanism,
the impact of NPR on base pressure becomes negligible at larger area
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Fig. 12. Base Pressure Vs. NPR for numerous duct sizes.
ratios. effect, there is a slight rise in base pressure at rib heights of 2 mm at large
It is observed that the passive control with a d-shaped rib causes the NPRs. Therefore, we may conclude that passive control is insufficient for
base pressure to decrease for all of the NPRs in the current study once the 1 mm and 2 mm rib heights. Other duct lengths, specifically L/D = 2, 3,
stream from the converging nozzle is choked. However, when rib 2 mm 4, 5, and 6, show similar results, with slight differences brought on by
is used to control the base pressure up to NPR = 3, the base pressure variations in the L/D Ratio and the impact of back pressure.
continues to decrease; however, from NPR greater than three, there is a
slight increase in the base pressure, and its maximum value is 30% lesser 6.1.5. Base pressure results when rib is located at L/D = 1
than the freestream pressure (Fig. 10(a)). When the rib is located at L/D = 1, the base pressure findings are
The base pressure consequences gradually rise once the nozzle is shown in Fig. 11((a) to (e)) for NPRs in the range from 1.5 to 5 and for L/
choked when we examine the base pressure caused by a 3 mm rib height. D ratios in the range from 1 to 6. For duct L/D = 2, the results are
The nozzle flow must cross the advantageous pressure gradient (i.e., presented in Fig. 11(a), and the figure shows that a 1 mm rib is inef-
under-expanded nozzle) for the control to be successful. The base fective. It may be due to the higher inertia level of the primary jet. Once
pressure value for NPR = 5 is 40% higher than the ambient pressure. The the flow gets separated, there is little interaction between the secondary
flow is still growing in the expanded duct for this rib site. Because the vortices produced by the rib, the dividing streamlines, and the primary
location of the ribs is near the base recirculation region, we cannot vortex positioned in the base region. Again, the boundary layer will be
remark on the findings. Because secondary vortices cannot have any formed during this process, blocking the flow towards the base region.
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Fig. 13. Base Pressure Vs. NPR for numerous ducts.

For rib height 2 mm, once the flow is choked, the downward trend of the
base pressure gets halted, and at the highest value of the NPR, the base
pressure accomplishes a value very close to the back pressure. When we
see the results for the 3 mm height of the rib, it is seen that right from the
NPR = 1.5, there is a growing trend in the base pressure, and at NPR = 5,
the base pressure ratio is nearly two. This rise in the base pressure is
attributable to the more considerable rib height, strong vortices, and
backflow towards the base region.

Analogous results are obtained for other duct segments, namely L/D
=3, 4, and 5, as observed for L/D = 2. Base Pressure results for L/D = 6
are displayed in Fig. 11(e), and these results are entirely different from
lower duct lengths, namely L/D = 2 to 5, where the rib with 1 mm height
was inefficient, and the base pressure with and without control is nearly
the same. For this particular duct size, control is effective for all the
values of NPRs, and control results in a 30 % increase in the base
pressure. This pattern in the base pressure values may be ascribed to the
considerable duct length and the freestream pressure being unable to
influence the control effectiveness of the rib, as the reattachment loca-
tion might be L/D = 3 to 4. Hence, this pattern is expected.

6.1.6. Base pressure results when rib is located at L/D = 1.5

The base pressure results for different duct sizes and NPRs in the
current investigation are displayed in Fig. 12((a) to (e)) when the rib was
positioned at L/D = 1.5. As shown in Fig. 12(a), with L/D = 1, the
control efficiency of 1 mm and 2 mm is the same. However, the base
pressure ratio reached 2.5 for a 3 mm rib (Fig. 12(a)). In contrast to
earlier occurrences, this might be because the rib site is now closed to
reattachment. When the (L/D) = 3D, the base pressure values for the 1
mm rib fluctuate significantly. This was ineffective when the under-
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expansion intensity was high, and the base pressure ratio values
equaled the ambient pressure. The base pressure ratio for this flow and
geometric parameters equals unity (Fig. 12(b)). The basal pressure
values for 2-mm and 3-mm rib heights remain unchanged. Fig. 12(c)
shows similar results for L/D = 4. The base pressure results for 3 mm rib
show no change when we examine the data for L/D = 5 and 6; for 1 mm
rib, the base pressure is independent of NPR. However, for 2 mm ribs,
the tendency is downward until NPR = 4.5; beyond that, the base
pressure rises for NPRs larger than 4.5. Although the nozzle is flowing
under the effect of the encouraging pressure gradient, these outcomes
confirm that the control is insufficient when the area of the enlarged
duct exceeds a specific range (Fig. 12(d) to (e)).

6.1.7. Base pressure results when rib is located at L/D = 2

For NPRs in the extent of 1.5 to 5 for duct segment L = 3D to 6D,
Fig. 13((a) to (d)) displays the base pressure results for rib position at L/
D = 2. A 1 mm rib cannot significantly alter the duct’s flow field, as
shown in Fig. 13(a). The base pressure, with and without control, is
almost constant, except for a slight variation at NPRs 4 to 5. The base
pressure ratio for 2 mm and 3 mm ribs stayed at 1.2 and 2.45, respec-
tively, as determined for rib position L/D = 1.5. The reattachment
location will be at L/D = 3 and 4, and backpressure will affect the flow
within the duct, according to the flow’s mechanics.

The results of this study for 1 mm rib differ for both duct sizes when
we examine the data for L/D = 5 and 6. The base pressure ratios for 1
mm ribs have changed significantly; the declining trends in the base
pressure have been reviewed even though the base pressure ratios for 2
mm and 3 mm ribs remain unchanged. In contrast to those without rib
cases, base pressure ratios are higher for 1 mm ribs. The unusual base
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pressure ratio behavior can be attributed to the duct length, which is
quite significant. Suction is produced again in these conditions, although
it was not present for lower duct lengths, specifically L/D = 3 and 4.

6.2. Control with rib orientation 2

Fig. 14 shows the orientation of the rib as 2. In this arrangement, the
flat part of the rib faces the base region, and the curved part is down-
stream or at the aft of the rib. In the previous case, as displayed in Fig. 6,
the curved part of the rib faces the base region, and the vertically flat
part is downstream. In this study, the ribs were kept at two different
orientations to ascertain the effectiveness of the ribs in both cases.

6.2.1. Pressure contours
The pressure contours in the figure depict the effects of the d-shaped

Fig. 14. Converging Nozzle and Duct with d-shape Rib.
control at orientation 2 for high-speed flow through an abruptly
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Fig. 15. Pressure contours for 3 mm location at orientation two control (a) L/D = 0.5 (b) L/D =1 (c) L/D = 1.5 (d) L/D = 2.0 and (e) L/D = 3.0.
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expanded duct connected to a convergent nozzle. The figure showcases
the pressure distribution at five downstream locations from the nozzle
exit: L/Ds = 0.5, 1.0, 1.5, 2.0, and 3.0, where L/D represents the slen-
derness ratio of the tube. The color gradient shows the pressure dis-
parities, with red indicating high-pressure zones and blue signifying
low-pressure zones. These contours provide a detailed understanding
of how the orientation two control influences flow separation, pressure
recovery, and overall flow stability within the duct.

At the L/D = 0.5 location (Fig. 15a), the pressure contour reveals a
prominent high-pressure zone adjacent to the nozzle exit, as denoted by
the red region. This elevated pressure results from the interaction be-
tween the high-speed jet exiting the CD nozzle and the d-shaped control,
obstructing the expansion and creating a strong recirculation zone. The
low-pressure region (blue area) downstream signifies significant flow
separation and turbulence, leading to energy loss and instability in the
flow field. In the 1.0D location (Fig. 15b), the high-pressure zone close to
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the nozzle exit reduces, and the pressure gradient becomes more evenly
distributed along the duct. The recirculation zone downstream expands
while the pressure recovers as the flow readjusts to the new duct ge-
ometry. The transition from red to green and blue regions indicates
partial flow stabilization, with turbulence persisting near the control
device. At the 1.5D location (Fig. 15c), the pressure distribution shows
further improvement, with the high-pressure zone near the nozzle exit
continuing to diminish. The recirculation zone weakens, and the pres-
sure gradient becomes less steep. More uniform green and light blue
regions indicate that the flow stabilizes, with reduced turbulence and
better pressure recovery along the duct length. The pressure contours
exhibit further stabilization in the 2.0D location (Fig. 15d). The high-
pressure zone near the nozzle exit becomes less pronounced, and the
flow downstream becomes more streamlined. The recirculation zone
continues to shrink, and the pressure recovery improves, as evidenced
by the broader green region extending along the duct. That suggests that
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the influence of the d-shaped control is gradually diminishing, allowing
for more efficient flow management.

Finally, the pressure distribution achieves near-complete stabiliza-
tion at the 3.0D location (Fig. 15¢). The high-pressure zone close to the
nozzle exit disappears, and the pressure gradient across the duct be-
comes uniform. The recirculation zone behind the control device is
minimal, indicating efficient pressure recovery and reduced energy loss.
The flow at this stage is well-organized and less turbulent, suggesting
that the control’s impact has been effectively integrated into the overall
flow structure. Overall, the pressure contours for orientation two control
demonstrate that the d-shaped control initially induces significant flow
separation and turbulence about the nozzle exit. However, as the flow
progresses downstream, pressure recovery improves, the recirculation
zone shrinks, and the flow stabilizes. That indicates that orientation two

control effectively manages high-speed flow expansion in a suddenly
expanded duct, enhancing overall aerodynamic performance.

6.2.2. Velocity contours

The velocity curves for the orientation two control illustrate the ef-
fects of the d-shaped control on high-speed flow through the duct
downstream of a convergent nozzle. These contours are presented for
five downstream locations from the nozzle exit: /D = 0.5, 1.0, 1.5, 2.0,
and 3.0, where L/D is the length-to-diameter ratio of the tube. The color
gradient signifies the velocity magnitude, with red indicating high-speed
regions and blue denoting low-speed zones. The analysis of these con-
tours provides insight into the flow characteristics, including velocity
gradients, flow separation, and recirculation patterns induced by the d-
shaped control.
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Fig. 18. Base Pressure Variation with NPR for various duct lengths.

At the 0.5D location (Fig. 16a), the velocity contours reveal a high-
speed jet exiting the nozzle, represented by the red zone along the
central axis. The interaction between the high-speed jet and the d-sha-
ped control induces a strong recirculation zone downstream, evidenced
by the surrounding low-velocity blue region. The sudden expansion
causes the flow to separate, leading to significant turbulence and energy
loss. This recirculation results in poor flow recovery and non-uniform
velocity distribution across the duct. At the 1.0D location (Fig. 16b),
the high-velocity core continues to dominate the flow along the duct’s
centerline, but the recirculation zone expands further downstream. The
velocity gradient becomes more prominent, with the high-speed jet
interacting more extensively with the low-speed recirculating flow near
the duct walls. This interaction increases turbulence intensity and en-
hances mixing between the core jet and the surrounding flow.

The velocity contours indicate partial flow recovery by the 1.5D
location (Fig. 16¢). The high-speed core remains prominent but becomes
more streamlined while the recirculation zone weakens. The transition
from red to green and blue regions suggests a more balanced velocity
distribution, with reduced turbulence and more stable flow conditions.
The velocity gradient near the walls decreases, indicating improved
mixing and flow uniformity across the duct cross-section. The flow
shows significant stabilization at the 2.0D location (Fig. 16d). The high-
velocity jet remains confined to the centerline, while the surrounding
low-speed regions become more uniform. The recirculation zone con-
tinues to shrink, and the velocity distribution appears more balanced.
The reduction in flow separation suggests that the influence of the d-
shaped control weakens as the flow progresses downstream, leading to
improved pressure recovery and reduced energy loss.

Ultimately, the velocity contours exhibit near-complete flow stabi-
lization at the 3.0D location (Fig. 16e). The high-speed core remains
well-defined along the centerline, while the surrounding flow achieves a
more uniform velocity distribution. The recirculation zone is minimal,
indicating efficient mixing and energy recovery. The flow at this stage is
well-organized and less turbulent, suggesting that the control’s impact
has been effectively integrated into the overall flow structure. Overall,
the velocity contours for the orientation two control demonstrate that
while the d-shaped control initially induces significant flow separation
and turbulence near the nozzle exit, the flow gradually stabilizes as it
moves downstream. The high-speed jet becomes more streamlined, the
recirculation zone diminishes, and the velocity distribution across the
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duct becomes more uniform. That indicates that orientation two control
effectively enhances flow stability and energy recovery in the suddenly
expanded duct.

6.2.3. Streamline formation contours

The streamline contours for orientation two control illustrate the
flow behavior as the high-speed flow exits the convergent nozzle and
expands into an abruptly expanded duct. These contours depict the
streamline formation and flow patterns at five downstream locations at
L/Ds = 0.5, 1.0, 1.5, 2.0, and 3.0, where D represents the nozzle exit
diameter. The streamlines visualize flow separation, recirculation zones,
and reattachment points, providing insights into how the d-shaped
control affects the flow field in orientation 2.

At the 0.5D location (Fig. 17a), the streamline contours show sig-
nificant flow separation immediately downstream of the nozzle exit. The
high-speed jet exiting the nozzle interacts with the d-shaped control,
causing the flow to diverge and form recirculation zones on either side of
the central core. These zones are characterized by swirling streamlines,
indicating the presence of vortices due to the sudden expansion and
obstruction created by the control. The central core maintains high ve-
locity while the surrounding flow remains turbulent and unorganized.
At the 1.0D location (Fig. 17b), the recirculation zones expand further
downstream, with the streamlines showing complex swirling patterns
near the duct walls. The high-speed jet continues along the duct
centerline while the flow near the walls remains disturbed. The inter-
action between the high-speed jet and the recirculating flow intensifies
turbulence, leading to increased flow resistance and energy loss. The
streamlines near the duct walls remain chaotic, indicating incomplete
pressure recovery.

Streamline patterns suggest partial flow stabilization when the L/D =
1.5 location (Fig. 17c). The high-speed jet core becomes more organized
while the recirculation zones near the walls diminish. The streamlines
align more uniformly, reflecting reduced turbulence and improved flow
recovery. The transition from chaotic to organized flow indicates that
the flow is gradually adapting to the expanded duct geometry and the
presence of the d-shaped control. The streamline contours exhibit
further stabilization at the 2.0D location (Fig. 17d), with reduced
recirculation zones and more streamlined flow paths. The high-speed jet
along the centerline remains prominent, while the surrounding flow
achieves a more uniform structure. The streamlines near the duct walls
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Fig. 19. Base Pressure Vs. NPR for numerous ducts.

become smoother, indicating improved pressure recovery and reduced
energy loss. The formation of vortices weakens, suggesting that the in-
fluence of the d-shaped control is gradually diminishing downstream.
Lastly, the streamline contours show near-complete flow stabiliza-
tion at the 3.0D location (Fig. 17e). The high-speed jet remains well-
defined along the duct centerline, while the surrounding flow achieves
a more uniform velocity distribution. The recirculation zones are mini-
mal, and the streamlines align closely with the duct walls, indicating
efficient flow recovery and reduced turbulence. The flow at this stage is
well-organized, suggesting that the control’s impact has been effectively
integrated into the overall flow structure. Overall, the streamline con-
tours for orientation two control demonstrate that while the d-shaped
control initially induces significant flow separation and turbulence near
the nozzle exit, the flow gradually stabilizes downstream. The recircu-
lation zones shrink, the streamlines become more organized, and the
overall aerodynamic efficiency improves. That highlights the
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effectiveness of the orientation two control in enhancing flow stability
and energy recovery in the suddenly expanded duct.

6.2.4. Base pressure results when rib is located at L/D = 0.5

Fig. 18((a) to (f)) show the base pressure findings for rib setting at L/
D = 0.5 for NPRs in the vary between from 1.5 to 5 for duct lengths L/D
=1 to 6 for three rib radius 0.5 mm, and 1.5 mm. The base pressure
results for this rib location will differ from the other rib locations since
this location is closer to the base recirculation region. Flow exits from
the nozzle and is not yet stabilized. Moreover, the duct length L = 1D is
exposed to ambient conditions, which will control the magnitude of the
pressure in the recirculation zone. Therefore, the authors feel that it is
not advisable to take a call for the design of aerospace vehicles. As seen
from Fig. 19(a) for the 0.5 mm rib radius, the decreasing pattern of the
base pressure continues for the entire range of the NPRs. Nevertheless,
despite the decreasing trend, base pressure values are still nearly fifty
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Fig. 20. Base Pressure Vs. NPR for numerous ducts.

percent higher than for cases without control. Hence, if the users are
required to increase the base pressure marginally, say by 20 to 30%,
regarding values in the non-existence of the rib, then this geometry may
be the right choice.

When we look at the base pressure findings for a 1 mm radius, the
trend declines until NPR =3. Once the level of the under-expansion ratio
is 1.5, the declining course of the base pressure is reversed for NPR
greater than 3, and the base pressure ratio value is 0.8. The base pressure
is deficient by 20 %. Meanwhile, for a 1.5 mm radius, the base pressure
increases progressively once the nozzle reaches the critical condition.
This rib attains a base pressure ratio of 1.5, which means that using this
rib, one can achieve a base pressure value of 50% more than ambient
atmospheric pressure. When we explore the base pressure results for
higher duct-to-length ratios like L/Ds = 2, 3, 4, 5D, and 6, they show
similar negligible variations in the base pressure owing to the influence
of duct dimension, rib location, and back pressure.
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6.2.5. Base pressure results when rib is located at L/D = 1

For different NPRs and duct lengths, Fig. 19((a) to (e)) displays the
base pressure findings for rib positions at 1D For rib radii 0.5 mm and 1
mm, the base pressure with and without control overlaps until NPR =
2.5. The basal pressure rises by 22 to 40 percent for the study’s highest
NPRs. The base pressure ratio for the 1.5 mm rib radius was as high as
2.1, and there was no trend of the base pressure diminishing; right from
the study’s smallest NPR, there is a positive trend of the base pressure
growing. Until L/D = 5, the pattern observed for L/D = 1 appears to
persist. The results for L/D = 6 are different from all other L/D values,
though, for a rib radius of 0.5 mm, where the rib works for the full range
of the NPRs that were examined. The results show the effect of rib po-
sition for this rib radius, and base pressure is a noticeable enhancement.
The results are the same for the other rib radius. As a result, these
findings are case-sensitive. The base pressure changes significantly for
the lowest rib radius, whereas the results for the other two radiuses
remain the same.
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Fig. 21. Base Pressure Vs. NPR for numerous ducts.

6.2.6. Base pressure results when rib is located at L/D = 1.5

Fig. 20((a) to (e)) exhibits the findings of this analysis for duct
lengths L = 2D to 6D and the NPRs from 1.5 to 5, with a further shift in
the rib position towards the downstream at L/D = 1.5. Passive control is
ineffective for the lowest rib radius until the nozzle reaches critical
condition, which occurs at about NPR = 2. Subsequently, an increase in
NPR directs to an intensification in base pressure, according to the base
pressure outcomes for L/D = 2. Nonetheless, with the maximum value of
the NPR = 5, this increase is around 25%. A progressive increase in base
pressure occurs when the rib radius is 1 mm immediately after NPR =
1.5. At NPR = 4, the base pressure ratio is 1.0; at NPR = 5, it is 1.2.
Fig. 20(a) shows that the maximum rib radius of 1.5 mm raises the base
and begins with a base pressure ratio of 1 to 2.5. Fig. 20 shows similar
results for L/D = 3, 4, and 5 ((b) to (d)).

For L/D = 6, the base pressure results follow an analogous pattern, as
observed when the rib is located at L/D = 1. These results can be
attributed to the considerable duct length. For this combination of rib
radius, rib position, and expansion levels, the field is developed so that
the rib becomes effective for the entire range of the NPRs.

6.2.7. Base pressure results when rib is located at L/D = 2

When the passive control in the form of the d-shaped rib is placed at
L/D = 2, the base pressure results as a function of the nozzle pressure
ratio for duct lengths L = 3D, 4D, 5D, and 6D are shown in Fig. 21((a) to
(d)). The base pressure shows a downward trend up to the minimum rib
radius and when the control is absent. On the other hand, as the NPR
values rise, the control efficacy also rises, suggesting that the under-
expansion level increases in tandem with it. These results confirm that
control becomes active, passive, or successful when the nozzles
encounter a favorable pressure gradient. As shown in Fig. 21(a), the base
pressure ratio remains unchanged for a rib radius of 1 mm, but when
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NPR = 5, it slightly changes for a rib radius of 1.5 mm. Findings for the
subsequent duct length L/D = 4 are comparable. That was expected
since L/D = 3 is the projected reattachment point. The duct length-to-
diameter ratios are also 3 to 4. Therefore, the stream area of the duct
will also be influenced by these two duct backpressure lengths.

For ducts, L/D = 5 and 6, the base pressure for the smallest rib radius
of 0.5 mm has a different pattern than the lower L/D ratios, namely 3
and 4. A decreasing trend in the base pressure is seen for both 0.5 mm rib
radii and without any control. Nevertheless, control continues to be
effective for all the NPRs of the current analysis, and for the other two
rib radii, there are no variations for these two ducts, L/D = 5 and 6.

6.2.8. Base pressure results when rib is located at L/D = 3

When the rib is located at L/D = 3, the base pressure ensuing from
this study for various NPRs and L/D = 4, 5, and 6 are shown in Fig. 22
((a) to (0)). Fig. 22(a) shows the findings of this study for L/D = 4, as
seen earlier, for the lowest radius of the study up to NPR = 2, and the
control is not adequate. Once the nozzle attains critical conditions, there
is a continuous improvement in the control effectiveness, and for the
other two radii, the control does not result in any increase. It remains the
same as was seen for the previous rib locations. Hence, these results
reaffirm that rib location and geometry are successful up to specific
values. Later, any geometry or location change will not yield any
beneficial results. Similar results are seen for L/D = 5 and 6, as seen in
graphs 22 ((b) to (c)). It is found that there is a substantial change in the
base pressure pattern for the smallest rib radius, and for the continuing
rib radius, the base pressure results remain unchanged. These results
reiterate that they are case-sensitive and must be analyzed case-to-case.
These results can not be generalized.
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6.3. Comparison of base pressure results with the existing literature

Fig. 23((a) to (b)) show a comparison of the base pressure for various
shapes of the ribs (e.g., a rectangular rib, a quarter circle rib, and a d-
shaped rib) for L/D = 1 and 3, keeping a rib aspect ratio of 3:3. From
these figures it is seen that in the absence of rib, there is a continuous
decrease in the base pressure even though the nozzle has attained the
critical conditions at NPR = 2, for NPRs beyond two the nozzle, is under
the influence of favorable pressure gradient (i.e. nozzle is under-
expanded). This declining trend in the base pressure is also against the
general trends researchers have found while dealing with the control of
the flow, either active or passive; in both situations, the control mech-
anism becomes effective once the nozzles are flowing under the influ-
ence of the favorable pressure gradient, nozzles are under-expanded (i.
e., Po/P, >1) It is imperative to understand the physics underlying this
trend to understand its declining base pressure trend. It can be stated
that the flow from the nozzle discharged into the expanded duct tends to
connect with a reattachment length other than the ideal for a strong
vortex at the base when the relief effect caused by the rise in the area
ratio is over a specific limit. This mechanism renders the NPR effect on
base pressure negligible for a higher area ratio. Therefore, the declining
trend in the base pressure is primarily due to the higher duct diameter.
However, from the literature, it is found that the decreasing trends in the
base pressure are reversed for lower duct diameter. From Fig. 23((a) and
(b)), it is seen that the d-shaped rib is very effective in raising the base
pressure, whereas the other two ribs with a rectangular and quarter-
circle are marginally effective. Therefore, a d-shaped rib seems to be
the best choice for lowering the base suction and the base drag.

7. Conclusions

Because of the above discussion, we may conclude that the base
pressure is decisive for NPR, area ratio, L/D ratio, rib location, and rib
geometry. When the rib is kept at orientation 1, the curved part is to-
wards the base region for various rib locations from 0.5D, 1D, 1.5D, 2D,
and 3D For all the duct lengths up to L =1 D to 5D, 1 mm and 2 mm ribs
are ineffective; 3 mm rib is adequate, and the maximum base pressure
ratio achieved is 1.4. However, for L/D = 6, the pattern for 1 mm and 2
mm is different due to the large duct and backpressure being unable to
impact the flow. There is a significant change in the base pressure for a 3
mm rib. The maximum base pressure achieved remains constant. It does
not change at other rib locations. Some variations exist for 1 mm and 2
mm ribs, and control effectiveness is lost whenever the duct L/D ratio is
5 or 6. Similar results and patterns are seen for rib locations of L/D = 1.5,
2, and 3.

For orientation two, the base pressure results are almost on similar
lines. For the lowest rib location, L/D = 0.5, as the rib is near the base
region and flow has not developed completely, the enormous achieve-
ment in the base pressure is accomplished for the rib location at L/D = 1.
For other rib locations, changes in the base pressure are seen for 1 mm,
and 2 mm ribs are marginal only, and some peculiar trend is seen more
so for 1 mm as this rib dimension is most vulnerable for the rib locations.
It is also seen that the decreasing trend in base pressure revisits when-
ever duct L/D is in the range of 5 to 6. This trend reiterates the influence
of area ratio, where an increase in NPR is ineffective, and control does
not influence the flow field despite nozzles flowing under the influence
of a favorable pressure gradient. The magnitude of the base pressure for
a 3 mm rib is marginally more for this orientation. It may be due to the
shape of the rib facing the region. In this case, it is a flat surface, whereas
in the former case, the base flow sees a curved surface; hence, that is the
main reason for the slight variation in the base pressure magnitude. The
passive control of base pressure and rib locations’ impact on various
duct lengths and expansion levels is demonstrated. One selects the ribs’
geometry and location based on the user’s requirement.

In this study, we have selected a few geometry and rib location cases
to demonstrate that the d-shaped rib has the potential to control the base
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pressure compared to other rib shapes. However, due to the shortage of
time, we could not do the simulation at a small interval for nozzle
pressure ratio (NPR), rib location, and rib dimensions. If it is done at tiny
intervals, for NPRs, rib geometry and rib placements inside the duct will
yield some interesting results. Later, based on this data, we can derive
some correlations that will be very useful for the future design of
rockets, missiles, and launch vehicles.
Brief future work discussions should include the following:

a. Investigating the interaction between rib geometry and nozzle
pressure ratio (NPR) better to understand their combined effect on
base pressure regulation.

Response: This study is limited to the sonic Mach number. In future
studies, we can simulate various Mach numbers and the area ratio to
give a complete picture of the passive control efficacy and its de-
pendency on NPR, L/D ratio, and various rib geometries.

b. Exploring the impact of rib shapes other than d-shaped configura-
tions to generalize findings across different geometries.

Response: As of now, we can compare the influence of rib shapes
on base pressure and their dependency on Mach number, L/D ratio,
and NPR.

c. Conducting three-dimensional simulations or experiments to capture
more complex flow phenomena that may not be fully represented in
a two-dimensional analysis (e.g., https://doi.org/10.1063/
5.0220149).
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