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at the base can be controlled. This investigation aims to maintain the separated
recirculation flow via a passive control technique, such as quarter-circle ribs, where the
shape varies with the variation in the rib radius. The impact of ribs on the base flow as
a passive flow control mechanism on base pressure at critical Mach number is
explored. Quarter-circular-shaped ribs manage the flow field into an abruptly enlarged
duct from the sonic nozzle. Several variables were examined in the study, including the
effects of rib orientations, rib placements, rib diameters, duct lengths, and rib
locations. The ribs are arranged around the circumference of the duct. The flow from
the converging nozzle at the sonic Mach number expands suddenly. Numerical
research was conducted on ribs at various foundation wall positions. The area ratio is
6.25, and the rib radii considered are 1 to 5 mm, in increments of 1 mm. The NPR ranges
that are simulated are 1.5 to 5. As per the results, a taller rib with a higher NPR tends
to increase base pressure, while a smaller rib with a lower NPR effectively decreases
base pressure. The simulation was performed on a duct with a 25 mm diameter, where
the NPRs were both over- and under-expanded. Here, the ribs range in radius from 3
mm to 5 mm and have an aspect ratio of 1. They raise the NPR from 1.5 to 5 and are
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1. Introduction

Turbulence has been a mystery since the inception of fluid science. Since we cannot avoid
turbulence in the natural and engineered flows surrounding us, we must understand it.
Understanding turbulence is essential for controlling the drag associated with turbulent flows. When
fluids are mixed or an increase in skin friction drag is required, there are flows where turbulence is
desired. In engineering flows, however, turbulence is undesirable and should be controlled to
minimize energy input. Significant financial and ecological consequences are associated with
turbulent drag in engineering and real-world flows involving the use of fossil fuels through various
processes.

The flow exits from a nozzle into a larger area, and due to this sudden increase in the region, the
flow separates at the exit through the dividing streamline and attaches to the enlarged duct wall. The
flow field of a suddenly expanded flow is shown in Figure 1(a) and 1(b). Figure 1 illustrates that the
shear layer exiting the nozzle becomes separated and reattaches to the duct wall. The point at which
the shear layer is reattached is known as the reattachment point, and the distance from the
separation point to the reattachment point is referred to as the reattachment length. From the
reattachment point again, the boundary layer will grow.
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Fig. 1. A view of the suddenly expanded flow field at sonic Mach number

While scanning the literature, the base drag is as high as seventy percent of the total drag. Hence,
even a slight increase in the base pressure will result in a considerable decrease in base drag and an
increase in the range of rockets, missiles, shells, and aircraft bombs. That will result in significant
savings in fossil fuels and reduced global warming. Reducing turbulent drag will also help mitigate
global warming by lowering CO2 emissions from the burning of fossil fuels. Since near-wall turbulent
structures significantly contribute to drag production, efforts should be made to minimize these
organized near-wall structures. Passive and active control methods are the two main categories into
which the techniques used to alter these near-wall structures can be roughly separated. Although it
is simple to use passive techniques like riblets, Gurney flaps, bleed, splitter plates, and super-
hydrophobic surfaces, the drag reduction attained is relatively small. Conversely, a significant
reduction in skin friction drag can be achieved using active control approaches. However, searching
for innovative active control approaches is alluring, even if implementing active control techniques
can be challenging and involves feedback loops.

Nozzle flow-accelerating devices are widely used in various industries and consumer goods,
including fuel injectors, water jets, cutting machines, and paint sprays. A converging nozzle
accelerates subsonic fluid flow to sonic velocities, such as those that do not exceed or equal the speed
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of sound (Mach number, M < 1). At the same time, CD nozzles accelerate gases to supersonic Mach
numbers. They are used in rockets, missiles, and aircraft. Moreover, the shear layer can divide the
base flow into two major zones. The viscous layer will form powerful vortices, which will boost the
total drag force. The total drag force comprises skin friction, wave drag, and base drag. Consequently,
the base pressure influences the base drag. These two parameters are inversely proportional; for
example, the base drag decreases when the base pressure rises and vice versa. When the base drag
of a bluff body is reduced to a desirable value, the device's efficiency also increases. Therefore, the
flow control method is used to manage the flow in the duct. First is the dynamic control method,
which consists of the puffing and suction methods. This method can be adjusted to switch on or off
when needed, which is much more beneficial but requires additional effort and expense. Next, the
passive control method consists of ribs, cavities, splitter plates, and boat tailing, among others. This
study disrupts the base flow, which can be adjusted to manipulate the passive control devices.

2. Literature Review

The base pressure control in suddenly expanded flows has been extensively studied due to its direct
impact on base drag reduction, constituting a significant portion of the total aerodynamic resistance in
high-speed aerospace applications. Flow control strategies are broadly classified into active and
passive techniques. Active control methods, such as microjets, have effectively enhanced base pressure
by altering the flow field near the recirculation zone; however, they require external energy input,
which complicates their implementation in real-world aerospace systems where energy efficiency is a
priority [1]. While active control techniques enable on-demand flow regulation, their dependence on
external energy renders them less practical for many aerospace applications. In contrast, passive
control mechanisms such as splitter plates and ribs modify the aerodynamic flow without requiring
additional energy, making them more viable for practical use. E. Rathakrishnan [2] demonstrated that
splitter plates reduce base drag by changing the recirculation zone. Still, their effectiveness depends
on placement and aspect ratio, which may not always be adaptable to various aerodynamic
configurations.

E. Rathakrishnan [3.4] researched the use of ribs as passive control devices in suddenly expanded
flows, demonstrating that these structures generate secondary vortices that interact with the primary
flow, thereby enhancing base pressure and reducing drag. These studies form the foundational work
on rib-based passive control, but they primarily consider simple rib geometries without examining the
influence of corrugation. The present study builds upon these findings by introducing corrugated ribs,
which further manipulate the flow structure and improve pressure recovery. Vijayaraja et al. [5]
highlighted the significance of rib geometry in determining the effectiveness of passive flow control,
while Sethuraman et al. [6,7] emphasized the role of rib height and placement in minimizing the
recirculation zone. Although these studies provided valuable insights, they did not explore how
different rib geometries affect flow oscillations and shock-boundary layer interactions. The present
study extends this research by systematically analyzing how corrugated ribs influence base pressure
fluctuations, offering a more comprehensive understanding of their aerodynamic impact.

Despite previous research on passive control methods, certain limitations remain unaddressed.
Khan et al. [8-12] discussed various rib designs but did not quantify their effects on vortex shedding,
shock standoff distance, or transient pressure fluctuations. These gaps are addressed in the current
study, which conducts a detailed computational and experimental analysis of the role of corrugated
ribs in regulating base pressure. CFD method has proven to be an essential tool in studying base

89



CFD Letters
Volume 18, Issue 1 (2026) 87-147

pressure control mechanisms [10,11]. Ambareen et al. [12,13] utilized the k-epsilon turbulence model
to analyze the consequence of ribs on base pressure, confirming that CFD simulations can accurately
capture the flow dynamics in suddenly expanded flows. However, their study did not focus on
corrugated ribs or validate the numerical results with experimental data.

The impact of rib geometry on base pressure has also been explored through the finite volume
method (FVM), as demonstrated by Ambareen et al. [14]. While this study established the capability
of FVM in simulating complex flow patterns, it did not investigate the aerodynamic trade-offs
associated with different rib configurations. The present research provides an intense analysis by
comparing multiple rib geometries and evaluating their effects on pressure recovery, turbulence
intensity, and overall aerodynamic efficiency. Beyond rib-based passive control, studies on forward-
facing cavities have shown their potential to reduce drag and mitigate aerodynamic heating [15].
Heubner and Utreja [16] investigated the influence of forward-facing cavities in hypersonic flow,
demonstrating that they alter shock structures and reduce aerodynamic heating. While their findings
contribute to the broader field of flow control, they did not consider passive rib configurations, which
could offer similar benefits without compromising structural integrity.

Lorite et al. [17] explored optimized rear cavity designs for drag reduction, revealing that cavity
geometry i1s crucial in minimizing aerodynamic resistance. Sanmiguel [18] investigated the drag
reduction produced by combining multi-cavity at the recirculation zone of a bluff body. However, their
study focused on blunt-based bodies rather than forward-facing geometries or ribs, which are more
relevant to the present investigation. Their findings suggest that optimizing geometric features can
yield significant aerodynamic benefits, aligning with the study's objective to refine rib design for
superior performance in suddenly expanded flows. Further studies by M. Kavimandan et al. [19] and
Saravanan et al. [20] investigated the aerothermodynamic effects of forward-facing cavities,
highlighting their potential to reduce thermal loads in high-speed aerospace applications. While their
research aligns with the broader goal of enhancing aerodynamic performance, it does not directly
address passive rib-based control methods.

Beyond the extensively studied passive control techniques, other innovative approaches have also
been explored recently. B. Sudarshan [21] investigated the cavity's effect in the flow direction through
a competing high-pressure jet combination at a Mach M = 6. S. Mohandas et al. [22] investigated wave
drag reduction on blunt bodies utilizing spikes with diverse apex geometries, demonstrating that spikes
effectively alter shock formation and reduce aerodynamic drag. However, their study primarily
focused on external flow aerodynamics, whereas the present research examines internal flow
modification through the use of corrugated ribs. Engblom et al. [23] conducted numerical studies and
tests on forward-facing cavity flows at Mach numbers M> 3, providing insights into the complex flow
behavior at extreme Mach numbers. While their study provided foundational knowledge on cavity-
induced pressure regulation, it did not explore passive control methods, such as ribs, which can be
integrated into similar aerodynamic designs.

Huang et al. [24] conducted a parametric investigation into the reduction of heat flux and base drag
using forward-facing cavities on blunt bodies. Their findings emphasized that cavity geometry is
crucial in controlling aerodynamic heating and pressure fluctuations. This aligns with the present
study's objective of optimizing geometric configurations for drag reduction. However, while their
research examined cavity-induced drag reduction, the current study investigates the impact of rib
configurations on base pressure control, addressing a gap in the literature by exploring how rib-induced
vortices influence the recirculation region. Finally, Santos [25] analyzed the aerothermodynamics of
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rounded leading edges in hypersonic flow, accounting for real gas effects, with a focus on heat transfer
and aerodynamic behavior under extreme conditions. While his work is crucial for understanding
shockwave behavior and surface heating, it did not specifically address passive flow control
mechanisms for drag reduction.

Khan et al. [26,27] studied the effect of the base cavity and dimple cavities on the base flows at
low Mach numbers. Sajli et al. [28] numerically investigated the flow field of a non-circular cylinder
at low speeds. Khan et al. [29-30] studied the effect of expansion level, as well as the favorable pressure
gradient, in a suddenly expanded flow at supersonic speeds using microjets. Results show that the
control in the form of tiny jets is effective when the nozzles are under-expanded. These results reiterate
that whether active or passive control methods become effective depends on the nozzles flowing under
the influence of a favorable pressure gradient.

However, while the review highlights the potential of flow control techniques, it does not
extensively focus on the role of ribs, particularly corrugated ribs, in mitigating base drag. This
limitation highlights the need for the present study, which systematically examines the impact of
corrugated ribs on base pressure enhancement at Mach unity.

The current research introduces several novel aspects of base pressure regulation. Firstly,
employing corrugated ribs as a passive control mechanism remains an underexplored area, with limited
studies available in the literature. This work systematically investigates the impact of rib height and
placement on base pressure, providing valuable insights into the optimal design of corrugated ribs for
enhancing base pressure. Secondly, this study employs advanced computational fluid dynamics (CFD)
techniques, including the k-epsilon model, to account for turbulence and the finite volume method
(FVM) to simulate the complex flow dynamics associated with corrugated ribs. The validation of CFD
results against experimental data further enhances the credibility of this research. Lastly, the study
highlights the potential environmental and energy implications of base pressure control, demonstrating
that corrugated ribs could contribute to the development of more energy-efficient aerospace vehicles.
By addressing the shortcomings of previous studies, the present research offers significant
advancements in passive control techniques for supersonic and hypersonic flow applications.

As discussed in the preceding literature review, high-speed flows that adopt active and passive
regulation appear to serve multiple purposes. In earlier studies, researchers focused on wind tunnel
tests. Interestingly, every item in the collection is entirely experimental, utilizing cavities, ribs, or
microjets. Nevertheless, no computational research has been conducted on passive base pressure
management to determine the finer points of flow phenomena that follow flow expansion using ribs.
Considering this interest, ribs with varying width-to-height ratios will be employed in this paper as a
passive control technique using a computational standard turbulence model. The placement and
geometry of the ribs determine the base pressure. So far, researchers have not attempted to control the
base pressure using a quarter-circle rib. Hence, this study aims to assess the effectiveness of passive
control in the form of a quarter-circle rib with various radii at different positions for different expansion
levels, to achieve the mission requirements.

3. Methodology
3.1 Governing Equations

The following hypotheses are taken into consideration:

i.  Turbulent flow is considered because of the turbulent viscous dissipation effects.
ii.  The fluid's viscosity varies with temperature and is compressible.
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iii. At atmospheric pressure, the flow exits the duct.

iv.  While scanning the literature, we found that the k- turbulence model is the most suitable
for internal flow, as it yields reasonably good results compared to other turbulence
models. Sutherland's three-coefficient viscosity model is expressed as follows:

%
' I[I;].ZT(Z:O'I'SI

1'= 1
M= I, TS (1)

The reference viscosity value in kg/m-s is denoted as p'o, where p' represents the viscosity. Ta
denotes static temperature; K represents the temperature of a standard reference, and S’ is the
temperature-dependent Sutherland constant. Three-dimensional continuity equation for
compressible flow. The equation for mass balance is as follows:
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Where the fluid's velocity is denoted by V. The equation for momentum balance is:
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The formulae for total energy are as follows:
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where u;,; is the internal energy and A is the thermal conductivity.

Many internal flow simulations use the k-epsilon turbulence model due to its affordability,
resilience, and sufficient accuracy. The Ansys Fluent program incorporates the k-epsilon (&)
turbulence model used in this research. The K-equation allowed us to calculate the turbulent kinetic
energy.

g(,ok)@ (pVk)=V -Hmf]@k)}pemx (5)

The turbulent kinetic energy dissipation rate is denoted by ¢, the turbulent Prandtl number is o-
k, and the word Mx is the turbulence generation. Precisely, the dissipation (or (-equation)) is
controlled by:
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where p; = pfpcﬂsze denotes turbulent viscosity, and the arbitrary constants are denoted as C_ﬂ =
0.09,C, = 1.44,C, = 1.92, ]TL =1,0,=10and o, = 1.3.

3.2 Validation of the Experimental Results

ANSYS Workbench, a computational fluid dynamics (CFD) program that uses fluid flow (or fluent)
analysis systems, was utilized throughout the procedure. The model was created using a design
modeler. In Figure 2, the converging nozzle abruptly grew into a five-ribbed duct. The convergent
nozzle's enlarged circular duct dimensions are reported in Rathakrishnan's [1] experimental setup.

The L/D ratio, which extends from 1 to 6, determines the duct length, L.
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Fig. 2. A view of the duct used in the study by Rathakrishnan [1]

Table 1

The geometries of the converging nozzle model
for Rathakrishnan's [1] setup

Parameters Dimensions

Nozzle inlet diameter 30 mm

Nozzle outlet diameter 10 mm

Duct diameter 25 mm

Duct length Varies from 1D to 6D
Converging length 20 mm

Rib width 3mm

Rib height Varies from 1mm to 3mm

3.3 The Boundary Condition Set

As mentioned in the first assumption, the overall setup's time was set to steady. The nozzle is
axisymmetric. Density-based solvers were taken into consideration for this simulation. That is as a
result of the compressible flow. The energy equation was selected for the model because the flow is
compressible and contains heat transfer. Next, we have the previously mentioned third premise,
which states that turbulent flow is a velocity. Consequently, the k-e (two-equation) model was
selected. Realisable was chosen for the k-epsilon model. The optimal gas was contemplated as the
fluid for the materials. According to the fourth premise, fluid viscosity depends on temperature.
Sutherland's law was used for the viscosity. The other characteristics, including thermal conductivity,
density, and specific heat, stayed the same.

A duct with annular rectangular cavities was created when each component of the convergent-
divergent axisymmetric nozzle abruptly expanded, as previously named during the geometry building
process. As seen in Table 2, the zone was described according to the chosen geometry.
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Table 2

The boundary conditions, zone name and
geometry affected

Zone Name Geometry Affected

Inlet Duct inlet

Axis X-axis

Outlet Duct outlet

Base Wall Base Wall

Wall Convergent nozzle wall, duct wall
Rib Rib wall

3.4 Validation of Previous Work

According to Rathakrishnan [1], the prior work was performed at aspect ratios of 3:3, 3:2 and 3:1;
an area ratio of 6.25; L/D ranging from 1 to 6; pressure ratios of 1.141, 1.295, 1.550, 1.707 and 2.458;
and nozzle exit Mach numbers of 0.44, 0.62, 0.82, 0.91 and 1.0. However, in a prior publication by
Rathakrishnan [1], the result from Figure 3(b) with Nozzle Pressure Ratio (NPR) (Po1/P2) 2.458 and
models with control in the form of ribs with 3:2 and 3:3 aspect ratios were chosen to be compared
to the current work. The simulation is supported by Rathakrishnan's [1] experimental work, which
used five ribs positioned at equidistant intervals in the duct, as illustrated in Figure 3(a). The results
of base pressure fluctuation with an NPR of 2.458 and L/D ranging from 2 to 6 are obtained. The study
is repeated to validate the numerical results of a model with control over different rib aspect ratios.

Figure 3(a) demonstrates the current and earlier studies' base pressure ratio data curves [31].
The experimental values were denoted by dotted lines, while the simulation results obtained using
ANSYS Fluent were represented by straight lines. The present numerical analysis exhibited a
percentage discrepancy of less than 10% compared to the previous experimental study.
Consequently, the current work met the criteria for acceptability. The curves exhibited a consistent
pattern, with each point closely following the next. As a result, based on the table and graph
described before, the validation of the current work was successful.
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Fig. 3. (a) Validation of previous work by Rathakrishnan [31]

94



CFD Letters
Volume 18, Issue 1 (2026) 87-147

3.5 The Mesh Generation
3.5.1 Meshing and boundary conditions

A crucial part of the CFD process is meshing. By choosing the free-face mesh type, the 2D model
is of the structured mesh type in this case. Elements were assigned sizes according to the length of
each line (edge) when the constructed structured mesh type was used. The lines were utilized to
apply the element size, and elements with identical forms were created using face meshing. The
mesh independence check is done. Figure 3(b) below shows the mesh's element type and size tested
during the mesh independence check.

(if)
Fig. 3. (b) Mesh model (i) Without ribs (ii) With ribs

3.6 Assumptions and Fluid Properties

Assumptions are made to replicate the flow activities in the precise physical environment.
Appropriate mathematical and numerical models are selected to simplify the governing equations.

To solve the governing equations simultaneously, numerical modeling requires choosing the
appropriate mathematical models, including the governing equations, boundary conditions, mesh
guality, and numerical method. Despite its limitations in accurately representing physical
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phenomena, the computational method has been trusted for decades and offers sufficient insight
into flow behaviour. As a result, this calls for careful consideration of elements that closely resemble
the flow behaviour. This study pinpoints the presumptions that jeopardize the precise physical state.
The following are the presumptions and characteristics covered in this study:

i. The flow is assumed to be a steady 2D flow because the geometry is symmetric.

ii. The density of the air is variable.

iii. Since turbulent flow significantly impacts turbulent viscous dissipation at a given flow
velocity, it is considered.

iv. The viscosity of the fluid is dependent on temperature.

v. At the standard atmospheric pressure, the flows leave the duct. At normal ambient
pressure, the flows leave the duct.

Since the flow via the nozzle is considered turbulent, the compressible flow field is represented
by the k-epsilon standard model. The subsequent equations most appropriately characterize the
turbulent flow.

3.7 Mesh Independence Study

Table 3 presents data from a mesh independence study, a crucial step in computational
simulations that ensures the results remain consistent regardless of the mesh refinement level. The
element sizes range from the coarsest to the finest, with corresponding node and element counts for
each mesh configuration. As the mesh becomes finer, the number of nodes and elements increases
significantly, from 2424 nodes and 2595 elements in the coarsest mesh to 1,502,421 nodes and
1,499,178 elements in the finest mesh.

Table 3

Mesh independence study

Element size  Coarsest Coarse Medium1l Medium 2 Fine Finer Finest
Nodes 2595 2649 8778 17046 127086 382505 1502421
Elements 2414 12464 8504 16682 126142 380868 1499178

This study aims to determine the optimal mesh size for accurate simulations without unnecessary
computational expense. The table shows a notable increase in nodes and elements as the mesh is
refined. The coarsest mesh has relatively few nodes and elements, resulting in a lower computational
cost but potentially lower accuracy. Conversely, the finest mesh offers the highest resolution at the
expense of significant computational resources. The medium and fine meshes provide intermediate
levels of refinement, offering a balance between accuracy and efficiency.

Based on the trends in node and element numbers, the finest mesh is likely to produce the most
accurate results (Figure 4). However, continuing to refine the mesh beyond a certain point may offer
diminishing returns in terms of accuracy while significantly increasing computational time. A critical
assessment of this table would suggest that the "Fine" or "Finer" mesh configurations may represent
the best balance between accuracy and computational efficiency. These configurations substantially
increase the number of nodes and elements compared to the medium meshes, without reaching the
computational expense of the finest mesh. If the simulation results do not change significantly
between the fine and finest meshes, further refinement of the finest mesh is unnecessary, as it would
only increase computational time without providing any added benefit. Thus, the fine or finer mesh
sizes are likely the best choices for further simulation.
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1 Mesh Independence Test
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Fig. 4. Results of mesh independence check

In this work, the geometry model without control, featuring a converging nozzle with a plain duct,
will serve as the reference to measure the effectiveness of passive control and flow development in
detail due to the presence of ribs.

Next, a passive control is added to the duct to manipulate the flow development inside, as shown
in Figures 5(a) and 5(b). At two orientations, the rib shape is changed to a quarter-circle shape.

T~ B

(a) (b)

Fig. 5. A view of the nozzle and duct assembly with Ribs orientation

The width-to-height ratios of the ribs are kept fixed at one, but the dimensions are varied. The
rib's dimensions were:

Table 4

The rib's dimensions are based on the
aspect ratio

Rib Aspect Ratio Width (mm) Height (mm)

1 1 1
2 2
3 3
4 4
5 5

The nozzle diameter-to-duct diameter ratio is known as the area ratio. Here is how to calculate
the duct diameter:
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Area ratio = (dd)z = (2)2 = 6.25 (7)

dn 10

In this work, the duct diameter is maintained at 25 mm. The base pressure wall altered rib
placements from 0.5D to 3D. The rib positions were determined using the following Eq. (8):

Cavity Location, CL = xD—g (8)

So, the rib locations are as follows:

Table 5
The locations of the rib
Rib Width (mm) Rib Location (dimensionless) Rib Location (mm)

1mm 0.5D 12mm
1D 25.5mm
1.5D 37mm
2D 49.5mm
3D 74.5mm
2mm 0.5D 11.5mm
1D 25mm
1.5D 36.5mm
2D 49mm
3D 74mm
3mm 0.5D 11lmm
1D 24.5mm
1.5D 36mm
2D 48.5mm
3D 73.5mm
4mm 0.5D 10.5mm
1D 24mm
1.5D 35.5mm
2D 48mm
3D 73mm
Smm 0.5D 10mm
1D 23.5mm
1.5D 35mm
2D 47.5mm
3D 72.5mm

The other parameters manipulated in this project are shown in Table 6 below.

Table 6

The manipulated parameters

Nozzle Pressure Ratio (NPR) 1.5,2,3,4and5

Duct Length (mm) 1D, 2D, 3D, 4D, 5D and 6D

To summarize, the dimensions of the current work were changed accordingly.
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Table 7

The present work dimensions
Mach number Sonic
Area Ratio 6.25

Convergent angle (Bc)  26.6°

Nozzle inlet diameter 30mm

Nozzle outlet diameter 10mm

Convergent length, Ic 20mm

Duct diameter, D 25mm

Duct length, L Varies from 25mm to 150mm

4, Results and Discussions

This research investigates the impact of quarter-circle ribs on the base flow and the subsequent
development of the larger duct. When the rib's straight portion faces the base region, a
nomenclature is assigned. 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.

During the simulations, the ribs were oriented in two different directions. The first was when the
straight side of the rib was towards 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 noted when analyzing the data. When the flow exits the nozzle, it expands freely. It reattaches to
the enlarged duct at a location different from the ideal one for an intense vortex at the base, due to
the additional relief provided to the flow. Because of this procedure, the impact of NPR on base
pressure becomes negligible in large areas.

Before delving into the base pressure findings resulting from the ribs, it would be more beneficial
to comprehend the flow mechanics involved in the shear layer exhaustion process in a larger duct.
When Mach M < 1, the boundary layer divides and reattaches itself to the duct as it exits the tip. The
divided region will have one or more vortices, since the initial vortex will be close to the base and
reasonably strong. We designate the centre vortex as this vortex. This device, which functions as a
pump, will move fluids from the base region to the primary jet on the edge of the shear layer. Due to
this forcing action, a low-pressure zone will exist in the recirculation area. Pushing action, however,
is too irregular given that this vortex spread is recognized as cyclical. This irregular pattern results in
discrepancies in the base pressure. It is discovered that these changes in base pressure are negligible.

We consider mean base pressure values in our data analysis. The vortex cyclicity may cause the
entire flow pattern in the enlarged image to fluctuate. Under specific geometrical and inertia
conditions, these oscillations can become extremely severe. The area ratio, Mach number,
reattachment length, and degree of expansion are the primary factors that affect the strength of the
core vortex at the base, which fluctuates.

4.1 Base Pressure Vs. Nozzle Pressure Ratio for Rib Location 1d and Rib Orientation 1

Figure 6 shows the rib orientation 1.
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Fig. 6. Rib orientation 1

Figures 7(a) to 7(e) show base pressure results for various duct lengths and rib radius with and
without control as a function of NPR. As the introductory remarks mention, the results for duct size
L = 2D are presented in Figure 7(a). Despite the flow being significantly under-expanded, the falling
trend persists because of the enormous area ratio in the absence of control. In these conditions,
applying passive controls as a quarter-circle with a radius of 1 to 3 mm causes the base pressure to
decrease up to NPR =3 and increase to NPR greater than 3.5.

On the other hand, the base pressure rises significantly when the rib's radius is 4 or 5 mm. The
highest rise in base pressure for a 5 mm radius is 40% greater than the back pressure, while the base
pressure approaches the ambient pressure with a 4 mm rib radius. The surrounding pressure will
influence the duct flow, and the L/D ratio is two.

The base pressure resulting from the duct length 3D is shown in Figure 7(b). The results for rib
radius 4 mm and 5 mm are the same for duct length 2D. However, there is a change in the trends for
lower rib radii of 1 to 3 mm due to increased duct length. A decreasing trend is reversed at NPR = 2.5,
and the base pressure increases for the remaining NPRs.

The same results are seen in Figure 7(c) for L = 4D, where there are again control marks in a
decline of base pressure for rib radius 1 mm and 2 mm; however, for rib radius 3 mm, control results
in a growth of base pressure for NPR = 4 & above. There is no alteration in the pressure at the base
region for rib radii 4 mm and 5 mm. They are identical, as observed for lower duct lengths. The
changes in lower rib radii may be due to the changes in the vortex and shock wave strengths.

For a duct length of 5D, the findings of this study are presented in Figure 7(d). Once again, the
results for larger rib radii are the same as those seen earlier. However, for rib radii of 1 mm and 2
mm, the control leads to a marginal increase in base pressure values, and from NPR = 2.5, a
decreasing trend is observed for reaming NPRs. However, the rib radius, 3mm from NPR, shows a
slight rise in base pressure from 2.5 onwards. These trends in the results are attributed to the duct's
wave structure, and the atmosphere's effect is minimal.

For the duct length of 150 mm, the findings of the base pressure are displayed in Figure 7(e) for
various rib radii. As shown in earlier figures, base pressure values are identical for radii 4 mm and 5
mm, except for rib radii 1mm, 2 mm, and 3 mm. For this duct length, when the rib radius is 2 mm,
there is an increase in pressure from NPR = 3. From the above discussion, we may conclude that there
are no definite trends in the results; hence, one needs to analyze on a case-by-case basis.
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Fig. 7. Base pressure vs. NPR for various rib sizes when located at 1D

4.2 Base Pressure vs. NPR for Rib Location 1d and Rib Orientation 2

Figure 8 shows rib orientation 2.

Fig. 8. Rib orientation 2

Base pressure results for rib orientation 2 for various duct lengths and rib radius as nozzle
pressure ratios are exhibited in Figures 9(a) to 9(e). In orientation, the shear layer sees a curved part
of the rib where the slope changes slowly. This section discusses the results of orientation 1 for
various rib radii and locations.
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Fig. 9. Base pressure vs. NPR for various rib radii when rib location 1D

Figure 9(a) shows results for duct length 2D as a function of NPR for the same range of the rib
radius. The maximum gain in base pressure for orientation one is not achieved when the viscous layer
interacts with the curved surface, where the slope changes gradually, and vortex strength is also
modest. These results were expected. For lower rib radius in the 1 mm to 3 mm range, the control
impact is visible from NPR = 2.5, 3, and 4, respectively.

Figures 9(b) and 9(c) show similar base pressure results for alteration with NPR for numerous rib
radii for duct lengths 3D, 4D, 5D, and 6D. There is no change in the results due to the smoothness of
the ribs, which will result in Mach wave formation where the wave may be close to being isentropic,
and this process will be limited in the vicinity of the ribs.

4.3 Base Pressure Vs. Nozzle Pressure Ratio for Rib Orientation 1 at Different Rib Size and Locations
Figure 10 shows rib orientation 1. In this section, the base pressure results are presented for
orientation 1, where the flow exits the nozzle and faces the straight part of the rib. It is a quarter of

acircle, where one side is straight and is given the nomenclature of orientation 1, whereas the curved
part facing the flow is named orientation 2.
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Fig. 10. Rib orientation 1

The base pressure deviation with various expansion levels for duct length 1D is illustrated in
Figure 11(a) for different rib radii, ranging from 3 to 5 mm, located at 0.5D, with and without control.
For this minimum duct length without control case, the base pressure behavior differs from that of
the other duct sizes, and it is related to the duct size and the impact of ambient pressure. In the
presence of the ribs, the decreasing behavior in the base pressure is reversed at NPRs 2, 3, and 4 for
rib radii of 3, 4, and 5 mm. Another factor affecting the flow is the location of the passive control near
the nozzle exit. The dividing streamline has not stabilized for this location and is trying to settle down.

Figure 11(b) shows base pressure variation with NPR for 0.5D and 1D rib positions for rib radii 3,
4, and 5 mm for a duct size of 2D. For a maximum radius of the ribs of 5 mm at locations 0.5D and
1D, the outcome shows that the base pressure is nearly equal to the ambient pressure. However, for
1D rib placement, the base pressure is 30% above atmospheric pressure. Nevertheless, when the rib
radius is in the range of 3 mm to 4 mm, the findings show that for the 1D position of the rib, the
normalized base pressure values are equal to ambient pressure and 20% less than ambient pressure.

L/D = 1 AND RIB LOCATION = 0.5D FROM THE BASE WALL
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Fig. 11. Base pressure vs. NPR for various rib sizes and locations for L = 2D

However, for the 0.5D rib location, these values are 20% and 40% less than the freestream
pressure. It is observed that the effectiveness of the ribs' control increases as they are placed farther
away from the base recirculation region. Still, we cannot derive any convincing conclusions as the
duct length is too short, and ambient pressure will play a significant role.

Base Pressure results for a 3 mm radius rib placed at 0.5D to 2D for duct length L = 3D are
described in Figure 12(a). It is established that once the rib is placed at 0.5D, which is very close to
the base region, the base pressure decreases up to NPR = 4. Afterward, there is a reversal in the
trend, followed by a 20% increase in the base pressure. When the rib is located at 1D, the decreasing
trend reverses at NPR = 2.5, but further development occurs in the NPR, where Pe/Pa < 1. There is
no substantial increase in the base pressure. Likewise, when the ribs were located at 1.5D and 2D,
the reduction in the base pressure was marginal. Here is a growth in the base pressure from NPR =3
and above. This trend is associated with the rib location; at the 0.5D location, they are entirely
different and the physics for this trend is that at this location, the viscous layer is just leaving the
nozzle and getting divided between the primary jet flow and the separated region, at the same time
there is a rib which generates weak waves and vortices and interacts with the strong vortex at the
base corner of the recirculation zone. This interaction is so excessive that it decreases the base
pressure, but control results in a marginal rise in the base pressure for highly under-expanded nozzle
flow. For the other three rib locations, declining trends in the base pressure are reduced
considerably.

Base Pressure results for a 4 mm radius rib placed at 0.5D to 2D for a duct size of L = 3D are
displayed in Figure 12(b). In this case, all the variables are the same, except there is an increase in
the rib radius, and the impact of an increase in the rib radius is visible from the figure. For the 0.5D
rib location, the reversal in the decrease occurs at NPR = 3 instead of 4, and the base pressure level
has also changed for a rib radius of 4 mm. It is up by 40% instead of 20%, which is essentially double.
Similar results are seen for other locations of the ribs. For 1.5D and 2D rib locations at NPR = 5, the

108



CFD Letters
Volume 18, Issue 1 (2026) 87-147

base pressure is 20% higher than the ambient pressure. All these changes are caused by an increased
rib radius, which interacts with the base flows.
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Fig. 12. Base pressure vs. NPR for various rib locations for duct length L = 3D

For the largest rib radius of 5 mm, the results of this investigation are illustrated in Figure 13 for
various levels of expansion and rib locations for the duct dimension 3D. It is found that for 0.5D rib
location, with an increase in the rib radius from 3 mm to 5mm, there is a negligible decay in the initial
base pressure values; however, the reverse trend remained at NPR = 3, but at higher NPRs, the base
pressure is 20% more than free stream pressure. Similarly, for other rib locations, there is a
progressive increase in base pressure for all rib placements, and at the highest NPRs, it increases base
pressure by 20%, 40%, and 60% more than ambient pressure.

Base pressure results for 3 mm radius ribs for various rib locations for duct size L = 4D are
displayed in Figure 13(a). For 0.5D rib location, the results are similar to those for duct length 2D and
3D. For this duct length, the declining trend also reverses at NPR = 4, and the base pressure estimates
are nearly identical. For other locations, a reversal in the trend occurs from NPR = 3, as indicated by
1D, 1.5D, 2D, and 3D. For this case, an additional rib position is 3D; for this position, there is a slight
growth in the base pressure. Additionally, the highest increase in base pressure for rib locations is
0.5D, 1D, and 1.5D. Then, the growth in base pressure is marginal for both 2D and 3D positions of the
ribs over the same range of NPRs.

Figure 13(b) depicts a similar outcome of the base pressure for a 4 mm rib radius at various rib
locations for duct length 4D. Only a marginal decrease in the initial amounts of the base pressure and
a 20 % rise in the base pressure when NPR = 3.

Figure 13(c) presents base pressure results for a 5 mm radius for rib positions 0.5D to 3D for duct
length L =4D. These results are similar, showing a total growth in base pressure at these rib sizes and
locations. However, the degree of the rise in the base pressure is diminished for rib locations 2D and
3D. This may be due to the shape of the rib, its location, interactions with waves formed, and the
lower influence of ambient pressure.
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Fig. 13. Base pressure vs. NPR for various rib locations for duct length L = 4D

Figure 14(a) presents base pressure results for a 3 mm radius for rib settings 0.5D to 3D for duct
length L =5D. These results are comparable to those observed for lower duct lengths. There is a total
growth in the base pressure at these rib sizes and locations. However, the degree of the rise in the
base pressure is diminished for rib locations 1.5D, 2D, and 3D. That may be due to the shape of the
rib, its location, its interactions with waves formed, and the lower influence of ambient pressure.

Figure 14(b) presents the findings of this study for rib radius 4 mm duct length L = 5D for five rib
locations. There is an insignificant rise in the base pressure quantities, as the influence of the ambient
pressure is reduced due to the increased duct length and the increase in duct dimension.

Figure 14(c) presents the findings of this study for rib radius 5 mm duct length L = 5D for five rib
locations. Here, for this case, the rib radius is the extreme of the present findings, with substantial
growth in the base pressure; however, the pattern is nearly the same as was seen for the shorter
duct segment, namely L = 4D. Due to the increase in duct dimension, there is a minor increase in base
pressure, as the influence of back pressure is reduced by the larger duct size of 5D.
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Fig. 14. Base pressure vs. NPR for various rib locations for duct length L = 5D

Figure 15(a) presents base pressure results for a 3 mm radius for rib positions 0.5D to 3D for duct
length L = 6D. These results are similar to those observed for lower duct lengths—a growth in base
pressure for all rib sizes and positions. However, the increase in base pressure is diminished for rib
positions from 1.5D to 3D. This may be due to the size and shape of the rib, its placement, interactions
with waves in the recirculation zone, and the absence of ambient pressure's influence.

Figure 15(b) presents the findings of this study for rib radius 4 mm duct length L = 6D for five rib
locations. Due to the maximum duct length, there is an insignificant rise in the base pressure
magnitudes, as the influence of ambient pressure is negligible when the duct size is increased.

Figure 15(c) presents the findings of this study for rib radius 5 mm duct length L = 6D for five rib
locations. The rib radius is the highest in the current research for this case. A considerable increase
in the base pressure is observed; however, the flow behavior remains nearly the same for lower duct
sizes, namely L = 4D and 5D. Due to the increase in duct span, there is an insignificant rise in base
pressure magnitude, as the influence of ambient pressure is negligible due to the increased duct
length of 6D.
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Fig. 15. Base pressure vs. NPR for various rib locations for duct length L = 6D
4.4 Base Pressure vs. NPR for Rib Orientation 2 at Different Rib Locations

Figure 16 shows rib orientation 2. In this section, the base pressure results are presented for
orientation 2, where the flow exits the nozzle and faces the curved part of the rib. It is a quarter of
the circle, where one side is straight and is given nomenclature as orientation 1, whereas the curved
part facing the flow is named orientation 2. This section discusses the results of orientation 2 for
various rib radii and locations.

T~ 4

Fig. 16. Rib orientation 2

Figure 17(a) shows base pressure results at various NPRs for rib radius 3 mm, 4 mm, and 5 mm
for duct length L = 1D while the rib is at 0.5D. When we compare the results with the reference of
orientation 1, it is found that the base pressure pattern remains identical. However, the scale of the
base pressure is reduced marginally. This reduction in the base pressure magnitude is attributed to
the shape of the rib, which is a quarter circle with a smooth variation in rib height, resulting in a weak
vortex and, consequently, reduced base pressure values. For a rib radius of 5 mm, the base pressure
attained the ambient pressure values, whereas, for rib radii 3 mm and 4 mm, the base pressure values
are 15% and 20%, respectively, less than the free stream pressure.

The base pressure results for the 2D duct segment at 0.5D and 1D rib positions, with rib radii of
3, 4, and 5 mm, are presented in Figure 17(b). The early base pressure is marginally lower than that
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of orientation 1 for all rib locations and radii. The figure shows that for a 1D rib location with a 5 mm
radius, the base pressure is 30% more than the ambient pressure. Base pressure values for rib radius
and location 5 mm, 4mm, and 0.5D and 1D merge at NPR = 4. It is seen that when ribs are placed at
1D, they perform better for the same radius ribs when located at 0.5D. Control effectiveness for rib
radii of 3 mm and 4 mm, when placed at 0.5D and a 3 mm radius located at 1D, is nominal, and the
control cannot reduce the suction created in the base area. Another cause for this trend is that the

duct segment is small, the flow is unattached to the duct, and the flow field of the duct is open to
ambient pressure.
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Fig. 17. Base pressure vs. NPR for various rib locations for duct length L= 2D
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Figure 18(a) shows base pressure results for rib radius 3 mm and rib positions 0.5D and 1D for
duct length 2D. Since the duct diameter is 25 mm, which is significantly high, passive control is
ineffective. Up to NPR = 4, the presence of rib base pressure declines. However, a declining trend in
the base pressure is no longer from NPR = 4, where under-expansion is 2 (i.e., Pe/Pa = 2.0).

Figure 18(b) shows base pressure results for rib radius 4 mm and rib positions 0.5D and 1D for
duct length 2D. Due to the increase in the rib radius, there is a substantial change in the flow. In the
previous case, the decreasing tendency continued to NPR = 4. However, the decline in the base
pressure is reversed when the nozzle achieves critical conditions. The base pressure value is equal to
the back pressure for a 4 mm rib radius and a 1D rib location, whereas for a 0.5D rib, it is 30% less
than the ambient pressure.

Base Pressure results for duct length 2D and rib radius 5 mm at rib placed 0.5D & 1D are illustrated
in Figure 18(c). Due to the growth in the rib radius, the base pressure has increased considerably, and
for 0.5D and 1D rib locations, the values are 1 and 1.4, respectively.
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Fig. 18. Base pressure vs. NPR for various rib locations for duct length L= 2D

Base Pressure results for duct length 3D and rib radius 3 mm at rib settings 0.5D to 2D are shown
in Figure 19(a). As discussed earlier, the lowest radius of the rib is 3 mm, which cannot influence the
base flow. The trend is similar to the lower duct length.

Figure 19(b) shows the results for a rib radius of 4 mm and various rib locations for a duct length
of 3D. The decreasing base pressure phenomenon, which occurs until NPR = 4, is reversed at NPR =
2. However, base pressure values for control locations 0.5D and 1D are still less than those without
control values. However, the increasing trends start from NPR = 2.5 and 3.5 for 1D and 0.5D rib
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locations. For rib placement of 1.5D and 2D, there is growth in the base pressure, but the difference
in the magnitude of these two rib placements is marginal. The main factors that control the base
pressure are the rib radius and expansion level. The rib location becomes critical when it is placed
near the reattachment point.

When the rib radius is 5 mm and the duct length is 3D, the findings of this study are presented in
Figure 19(c) for different rib positions. Only for rib position 0.5D, the control results in a decline in
the base pressure. For NPR values of 3 and above, a growth in the base pressure is observed, with
values near ambient pressure. For other rib locations, once the nozzle attains critical conditions,
there is a progressive rise in base pressure. For the highest NPR at these four locations, the base

pressure values are close to atmospheric pressure, with 10%, 40%, and 60% more than atmospheric
pressure.
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Fig. 19. Base pressure vs. NPR for various rib locations for duct length L = 3D

Base Pressure results for rib radius of 3 mm and duct length L = 4D are shown in Figure 20(a). For
the more significant duct segment of 4D, the decreasing trend has shifted to NPR = 4.2, with
insignificant growth in base pressure at NPR = 5. When examining the results for other locations of
the ribs, it is found that there is no effect of rib location in this case. There are a few relevant factors:
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rib radius and duct length. The ambient pressure's small influence has made the base pressure
independent of rib locations.

Base Pressure results for a rib radius = 4 mm and duct length L = 4D are shown in Figure 20(b). At
an increased duct dimension of 4D and a rib radius of 4 mm, the decreasing trend has shifted to NPR
= 3, and there is a sizable rise in base pressure at NPR = 2 and above. When we examine the results
for the other three locations of the ribs, namely 1.5D, 2D, and 3D, it is found that there is no effect
of rib location in this case. Whatever gain it has achieved for rib location 1.5D remains unchanged for
the other two rib locations. There are a few relevant factors: rib radius and duct length. The ambient
pressure's small influence has made the base pressure independent of rib positions.

Base Pressure results for a rib radius of 5 mm and duct length L = 4D are shown in Figure 20(c).
At an increased duct segment of 4D and rib radius of 5 mm, the decreasing trend has shifted for NPR
= 2, with a significant rise in base pressure when NPR = 2 and above. When we look at the results for
the other two locations of the ribs, namely 2D and 3D, it is found that there is no effect on the rib
location in this case. Whatever gain it has achieved for rib location 2D does not change for the other
rib location of 3D. As the rib radius is 5 mm, there is a declining trend in the base pressure for a rib
when placed at 0.5D and NPR = 3 onwards, there is a growth in the base pressure. For the 1D rib
position, an increasing trend in base pressure is observed for NPR = 2 and above once the flow from
the nozzle reaches critical conditions. However, when we compare the base pressure findings for rib
locations 1D and 1.5D, it is evident that the 1D rib location exhibits an uninterrupted rise in base
pressure. However, the base pressure values for the 1.5D rib location are less than those for the rib
location at 1D. Despite the increasing trend for base pressure for 1.5D rib location, the increased
gradient has diminished. There are several relevant factors: rib radius, position, and duct length. For
this duct length, the ribs create excessive interactions of waves, shear layer, and vortices, resulting
in a pattern in the base pressure.
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Fig. 20. Base pressure vs. NPR for various rib locations for duct length L = 4D

Base Pressure results for rib radius of 3 mm and duct length L = 5D are shown in Figure 21(a). Due
to the increased duct segment of 5D, the decreasing trend has shifted to NPR = 4.2, representing an
insignificant rise in base pressure at NPR = 5. These results are similar to those of duct length L = 4D.
When examining the results for other rib locations (i.e., 1.5D, 2D, 3D), it is found that there is no
effect of rib location in this case. There is little change in the base pressure, even though the ribs are
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placed at 1.5D, 2D, and 3D. Whatever gain is attained at the rib location of 1.5D, there is not much
change in the base pressure data. It appears that there is a counter-effect at the rib locations of 2D
and 3D—mass from the base and reverse flow from the boundary layer result in such conditions.

Base Pressure results for a rib radius of 4 mm and duct length L = 5D are shown in Figure 21(b).
Due to the increased duct length of 5D and rib radius of 4 mm, the decreasing trend has shifted to
NPR =3 for 0.5D rib locations. Base pressure is significantly rising at NPR = 2 and above for ribs located
at 1D and 1.5D. When we examine the results for the other two locations of the ribs, namely 2D and
3D, it is found that there is no effect on the rib location in this case. Whatever gain it has achieved
for rib location 1.5D remains unchanged for the other two rib locations. The factors responsible for
this trend are the rib radius and duct length. The ambient pressure cannot influence the flow inside
the duct, nor can the base pressure be independent of rib positions.

Base Pressure results for a rib radius of 5 mm and duct length L = 4D are shown in Figure 21(c).
Due to the more significant duct segment of 5D and a rib radius of 5 mm, the decreasing trend has
shifted to NPR = 2, resulting in a substantial growth in base pressure for NPR = 2 and higher. When
we look at the results for the other two locations of the ribs, namely 2D and 3D, it is observed that
there is no effect on the rib location in this case. Whatever gain it has achieved for rib location 2D
does not change for the other rib location of 3D. The gain accomplished for rib location 2D remained,
and the 3D rib location did not impact the base pressure. As the rib radius is 5 mm, a decreasing trend
inthe base pressure is observed for a rib when placed at 0.5D. However, at NPR =3 onwards, a growth
in the base pressure is noted. At the 1D rib location, an increasing trend in base pressure is observed
from NPR = 2 and above once the flow from the nozzle reaches critical conditions. However, when
we compare the base pressure results for rib locations 1D and 1.5D, it is seen that for the 1D rib
location, there is a steady rise in the base pressure. However, the base pressure values for the 1.5D
rib location are less than those for the rib location at 1D. Despite the increasing trend in the 1.5D rib
site base pressure, the gradient has decreased significantly. Several key factors contribute to this
pattern in the base pressure, including the rib radius, position, and duct length. The ribs create
vortices along this duct length, and the waveforms inside the duct, combined with the shear layer
and vortices, result in a specific pattern in the base pressure.
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Fig. 21. Base pressure vs. NPR for various rib locations for duct length L = 5D

Base Pressure results for rib radius of 3 mm and duct length L = 6D are shown in Figure 22(a). Due
to the increased duct segment of 6D, the decreasing trend has shifted to NPR = 4 for the 0.5D ribs
location, and there is a marginal rise in base pressure at NPR = 5. We observe a peculiar behavior for
the rib location of 1D, where there is an abrupt drop in the base pressure. It continues steadily from

125



CFD Letters
Volume 18, Issue 1 (2026) 87-147

NPR = 3 and 4, and later, there is a considerable rise in the base pressure. When we examine the
results for other locations of the ribs (i.e., 1.5D, 2D, 3D), it is found that these results are on a similar
line to that seen for lower duct length, and there is no effect of rib location in this case. There is no
alteration in the base pressure even though the rib locations are changed from 1.5D to 2D and from
2D to 3D. The base pressure values remain almost the same for whatever gain is acquired at the rib
location of 1.5D. It appears that there is an opposite flow from the shear layer region at the rib
locations of 2D and 3D—mass from the base and reverse flow from the boundary layer contribute to
such conditions.

Base Pressure results at a rib radius of 4 mm and duct length L = 6D are shown in Figure 22(b).
Due to the increased duct length of 6D and rib radius of 4 mm, the decreasing trend has shifted to
NPR =3 for 0.5D rib locations. Base pressure is significantly rising at NPR = 2 and above for ribs located
at 1D and 1.5D. When we examine the results for the other three locations of the ribs, namely 1.5D,
2D, and 3D, it is found that there is no effect on the rib location. Whatever gain it has achieved for
rib location 1.5D remains almost intact. The factors responsible for this trend are the rib radius,
locations, and duct size. The ambient pressure does not impact the flow inside the enlarged duct,
and the base pressure is independent of the rib positions.

Base Pressure results for a rib radius of 5 mm and duct length L = 6D are shown in Figure 22(c).
For an increased duct dimension of 6D and a rib radius of 5 mm, the decreasing trend has shifted to
NPR =2, and there is a sizable increase in base pressure at NPR = 2 and above. When we examine the
results for the other two locations of the ribs, namely 2D and 3D, it is found that there is no effect on
the rib location within this range of parameters. Whatever increase in the base attained for rib
location 2D does not change for the rib location of 3D. As the rib radius is 5 mm, a decaying trend in
the base pressure is observed for a rib when placed at 0.5D; however, at NPR = 3 onwards, a growth
in the base pressure is noted. For 1D rib location, an increasing trend in base pressure is observed
from NPR = 2 and above, once the flow from the nozzle attains critical conditions. However, when
we compare the base pressure results for rib locations 1D and 1.5D, it is seen that for the 1D rib
location, there is a continuous rise in the base pressure. However, the base pressure values for the
1.5D rib location are less than those for the rib location at 1D. These results restate that the stream
has attained a steady state and is fully developed. Despite the increasing trend for base pressure for
1.5D rib location, the increased gradient has been reduced. Several key factors contribute to this
pattern in the base pressure, including the rib radius, position, and duct length. The ribs create
vortices along this duct length, and the waveforms inside the duct, combined with the shear layer
and vortices, result in a specific pattern in the base pressure.
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Fig. 22. Base pressure vs. NPR for various rib locations for duct length L = 6D
4.5 Sample of Contours

In this chapter, only a few samples of contour are discussed. Other contours were not considered
for discussion in this paper as they exhibit a similar trend to the contour discussed below.

4.5.1 Velocity contours for rib orientation 1

Figure 23 shows the velocity contour of fluid flow along a converging expansion into a circular
duct with a rib size of 3 mm at the nearest location from the base wall. The contour plots' colours
represent the magnitude of the fluid flow's velocity. Blue indicates the low-velocity region, green and
yellow represent the moderate-velocity region, and red indicates the high-velocity region. At lower
NPR, the flow is relatively slow throughout the duct. The high-velocity region is concentrated
downstream of the nozzle exit, gradually expanding into a lower-velocity field. Starting from NPR 3,
the effect of the rib becomes noticeable, and the recirculation zone at the rib downstream is more
defined. At the highest NPR 5, the recirculation and wake region behind the rib is very prominent and
shows strong interaction with a high-velocity jet. As the NPR increases, the velocity of the flow also
increases. The rib causes flow separation at higher NPR and creates a wake region. Higher NPR
produced a stronger jet with less spreading compared to lower NPR. The presence of ribs modifies
the flow field in terms of velocity due to the obstruction created towards the flow reattachment
downstream.
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Fig. 23. Velocity contours for the model with a 3 mm rib at orientation one and 1D location

Figure 24 is the same model but with a bigger rib size of 5 mm. As the NPR increases, the flow
accelerates more significantly. The rib does influence the velocity distribution even at the lowest NPR.
The flow is forced to accelerate due to the reduced cross-sectional area between the ribs. As the NPR
increases, the velocity is highly energized and distributed across the duct. The velocity further
increases, and the high-velocity region extends downstream even further. Starting from NPR 3, the
contour shows more uniform areas and has better mixing. This phenomenon shows less flow
separation and recirculation.
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Fig. 24. Velocity contours for the model with a 5mm rib at orientation one and 1D location

Figure 25 shows the model with a 3 mm rib at the furthest location from the base wall. As the
NPR increases from 1.5 to 5, the velocity in the duct also increases. The expansion of the high-velocity
regions can be seen through colour changes from yellow to red. The flow pattern remains similar
across different NPRs, with the primary difference being the magnitude in the high-velocity regions.

Higher NPR values indicate more efficient pressure conversion into kinetic energy, resulting in the
high-velocity areas.

Rib Size = 3mm, Rib Location = 3 D from base wall & L/D 4
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Fig. 25. Velocity contours for the model with a 3mm rib at orientation one and 4D location

Figure 26 shows the model with the most significant rib size (5 mm) and the furthest location
from the base wall. For NPR 1.5, the flow is subsonic as the flow decelerates downstream of the rib.
At NPR 2 and 3, the flow expansion becomes more pronounced, and the pressure drop becomes
significant downstream of the rib. The flow becomes supersonic for NPR values of 4 and above,
exhibiting more substantial expansion and higher velocities downstream of the rib. The flow
dynamics differ for subsonic and supersonic flows.

Rib Size = 5mm, Rib Location = 3 D from base wall & L/D 4
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Fig. 26. Velocity contours for the model with a 5mm rib at orientation one and 4D location

4.5.2 Pressure contours for rib orientation 1

Figures 27 to 30 show the pressure contours for the model with different rib sizes and locations.
The red regions represent areas of higher pressure, while the blue areas represent areas of lower
pressure. The presence of the rib can cause flow separation and reattachment, which in turn
influence the pressure distribution and jet formation. The larger the rib size, the more the flow
reattachment point and pressure downstream of the rib will be affected. Then, the further the rib
location, the higher the pressure value before the rib placement will be than the rib placement nearer
to the base wall.
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Fig. 27. Pressure contours for the model with a 3mm rib at orientation one and 1D location
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Fig. 28. Pressure contours for the model with a 5mm rib at orientation one and 1D location

133



CFD Letters
Volume 18, Issue 1 (2026) 87-147

Rib Size = 3mm, Rib Location = 0.5 D from base wall & L/D 4

NPR =1.5 NPR =2

b ) N . I
Pl ——

NPR =5
Fig. 29. Pressure contours for the model with a 3mm rib at orientation one and 4D location
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Fig. 30. Pressure contours for the model with a 5mm rib at orientation one and 4D location

4.5.3 Streamline for rib orientation 1

Figures 31 to 34 show the streamline pattern of the model. The streamlines indicate the velocity
flow. The explanation is the same as discussed earlier.

Rib Size = 3mm, Rib Location = 0.5 D from base wall & L/D 1
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Fig. 31. Streamlines for the model with a 3mm rib at orientation one and 1D location
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Fig. 32. Streamline for the model with a 5mm rib at orientation one and 1D location

Rib Size = 3mm, Rib Location = 0.5 D from base wall & L/D 4
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Fig. 33. Streamlines for the model with a 3mm rib at orientation one and 4D location
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Fig. 34. Streamlines for the model with a 5mm rib at orientation one and 4D location

4.5.4 Velocity contours for rib orientation 2

Figures 35 and 36 show the velocity contour for a model with different rib sizes at the nearest
location from the base wall.
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Fig. 35. Velocity contours for the model with a 3mm rib at orientation two and 1D location

Rib Size = 5mm, Rib Location = 0.5 D from base wall & L/D 1
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Fig. 36. Velocity contours for the model with a 5mm rib at orientation two and 1D Location

Figure 37 and Figure 38 show the rib location at the furthest location from the base wall. The
difference between these figures and previous figures is only in rib orientation. As the NPR increases,
the high-velocity region within the nozzle expands. The velocity gradient also becomes steeper as it
approaches the base wall. The presence of rib curvature influences the flow distribution and alters
the velocity contours as the NPR varies.

Rib Size = 3mm, Rib Location = 3D from base wall & L/D 4
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Fig. 37. Velocity contours for the model with a 3mm rib at orientation two and 4D location
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Fig. 38. Velocity contours for the model with a 5mm rib at orientation two and 4D location

4.5.5 Pressure contours for rib orientation 2

Figures 39 to 42 show the pressure contours for various NPRs with a 5 mm rib radius. The contour
shows a high-pressure zone closer to the nozzle exit at lower NPR values. The high-pressure zones,
indicated by steeper pressure gradients, show less jet expansion. For higher NPR, the higher-pressure
zones extend further from the nozzle—a gradual transition from high to low pressure results in a
more significant jet expansion.

Rib Size = 3mm, Rib Location = 0.5 D from base wall & L/D 1

140



CFD Letters
Volume 18, Issue 1 (2026) 87-147

NPR =5
Fig. 39. Pressure contours for the model with a 3mm rib at orientation two and 1D Location
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Fig. 40. Pressure contours for the model with a 5mm rib at orientation two and 1D location
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Fig. 41. Pressure contours for the model with a 3mm rib at orientation two and 4D location

Rib Size = 5mm, Rib Location = 1D from base wall & L/D 4
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Fig. 42. Pressure contours for the model with a 5 mm rib at orientation two and 4D location

4.5.6 Streamline for rib orientation 2

Figures 43 to 46 represent the same variable, the velocity of a fluid, but they illustrate it
differently in terms of flow and streamlines.

Rib Size = 3mm, Rib Location = 0.5 D from base wall & L/D 1

It L

=

NPR =5

Fig. 43. Streamline for the model with a 3mm rib at orientation two and 1D location
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Rib Size = 5mm, Rib Location = 0.5 D from base wall & L/D 1

NPR=5
Fig. 44. Streamline for the model with a 5mm rib at orientation two and 1D location

Rib Size = 3mm, Rib Location = 3D from base wall & L/D 4
NPR=1.5 NPR =2
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Fig. 45. Streamline for the model with a 3mm rib at orientation two and 4D location

Rib Size = 5mm, Rib Location = 1D from base wall & L/D 4

i —

NPR=5

Fig. 46. Streamline for the model with a 5mm rib at orientation two and 4D location.
5. Conclusion

In conclusion, the rib radii affect the strength of the vortex and shock wave. The interaction of
the shear layer with the curved wall of ribs, where slopes change gradually, results in modest vortex
strength, leading to a lower impact on base pressure compared to other orientations in which the
flat wall faces the base wall. For ribs with lower radii, the rib curvature has a significant influence on
the efficacy of passive control at NPRs 2.5, 3, and 4. Ribs with flat surfaces facing the base wall
resulted in a consistent increase in base pressure. These results across various duct lengths suggest
limited Mach wave formation and minimizing variations in base pressure. The rib design
characteristics, especially curvature, are essential in optimizing flow control within duct systems. The
rib orientation affects shear layer interaction, which is crucial for designing effective control
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measures to manipulate base pressure. Then, comparing the rib location from the base wall reveals
significant insights into flow control mechanisms and aerodynamic behavior by examining the
influence of rib size, placement, and duct length on base pressure in the flow system. The more
prominent ribs generally lead to increased base pressure, with this effect becoming more
pronounced as the rib radius increases. The location of ribs relative to the base region and the nozzle
exit plays a crucial role in determining their effectiveness in altering base pressure. The presence of
ribs can also reverse the declining trend in base pressure at specific NPRs. Optimizing rib design and
placement for desired base pressure modifications is essential for enhancing the performance and
efficiency of various engineering application systems.

6. Scope for Future Work

Based on this study, it is recommended that future studies focus on lower area ratios. It is
expected that at lower area ratios, the passive control will be more effective. Also, one can study at
supersonic Mach numbers. It is also suggested that one study used a hybrid regulation of the base
pressure and combined two passive controls, such as ribs and cavities.
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