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Passive control of suddenly
expanded flow and temperature
distribution along the duct at
critical Mach number

Shahid Tamboli*, Sayed Ahmed Imran Bellary?**, Roslinda Abdullah?, Renita Sharon Monis*,
Sher Afghan Khan?, Vijaykumar S. Jatti®, Ajit Madhukarrao Kate®, Yogesh Ramesh Ingole? &
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Abrupt relief increases at the blunt base are common in aerospace because a recirculation zone
decreases pressure and increases drag. This study investigates the control of base pressure at Mach
1.0 by using quarter-ribs placed at various points within an axisymmetric duct. CFD simulations with
ANSYS Fluent identified the optimal rib size, position, and nozzle pressure ratio (NPR) for either
maximizing or minimizing base pressure. Air flows from a converging nozzle into a 16 mm diameter
duct, with lengths ranging from L/D =1 to 6, rib radii from 1 mm to 2.5 mm, and placements from
L/D=0.5 to 2.0. Results demonstrate that ribs significantly impact base pressure by interacting with
the shear layer and duct wall. This interaction affects flow reattachment and pressure differences,
which depend on the size and location of the ribs. Ribs at 0.5D and 1D slightly increase base pressure,
while those at 1.5D and 2D are more effective. Larger rib radii enhance shear layer reattachment,
further boosting pressure. Temperature analysis reveals a rise immediately behind the rib, attributed
to the increased flow area, followed by a subsequent drop. These findings enable the optimization of
passive control strategies in high-speed aerodynamics, thereby improving system reliability, reducing
costs, increasing fuel efficiency, and supporting environmental goals.

Keywords Base pressure ratio, Passive control, Ribs, Expansion level, Computational fluid dynamics, L/D
ratio

The study of turbulent base flows is a captivating area due to its wide-ranging applications in industry, defense,
and space exploration. It primarily investigates the intricate behavior of blunt-based projectiles, fuselages,
and shells, which frequently operate under low or sub-atmospheric pressures. The turbulent boundary layer
continues to grow downstream as the base flows merge at the duct wall, causing the shear layer to separate from
the backward-facing step!.

At the Mach number where the flow reaches sonic conditions, the flow behavior around the base becomes
complex and chaotic?. For a blunt base, the flow involves separation and reattachment zones, forming a shear
layer that generates strong vortices in the wake. These vortices help decrease overall drag. The total drag on an
aerodynamic object includes base drag, wave drag, and skin friction. At subsonic speeds, base drag and skin
friction are the primary factors, while at sonic and supersonic speeds, wave drag becomes more significant.

Base pressure plays a crucial role in the aerodynamic stability and efficiency of rockets, missiles, and
supersonic vehicles. Raising the base pressure in the separated flow region can improve performance by
decreasing overall drag. However, viscous effects contribute to skin friction drag, and shock waves generate
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wave drag—both inherent challenges of these missions that are hard to eliminate®. Over time, researchers have
developed active and passive control techniques to address these issues. Active control involves stationary
actuators that modify airflow by adding or removing air from components, such as slats or flaps. This process
requires energy for base pressure management and enables real-time adjustments®°. A significant disadvantage
is high energy consumption, which can impact the vehicle’s weight and overall performance. Conversely, passive
control modifies the flow through geometric changes—such as cavities, ribs, spikes, boat tails, and splitter
plates®>—offering a more straightforward and more reliable solution by altering the geometry within the duct.
These methods are especially beneficial for aerospace vehicles, such as rockets, missiles, and bombs, as they can
improve performance without requiring additional energy input.

Passive strategies, such as ribs, offer a more straightforward and more cost-effective approach to increasing
base pressure without requiring active feedback; however, active control methods, like jet injection, can further
enhance pressure recovery. Vermeersch and Bouteiller (2014) note that base drag accounts for approximately
60% to 70% of total drag at transonic speeds, yet the physical mechanisms underlying base drag remain poorly
understood®”’.

The study uses computational fluid dynamics (CFD) simulations to analyze internal flow control systems that
enable passive flow regulation. These internal configurations eliminate the need for external support structures,
allowing the precise measurement of static pressure and surface temperature at the expansion entry and wake
zone®. This method improves the control and optimization of base pressure. Additionally, conducting CFD
analysis before wind tunnel tests helps to limit the number of testing options. Since wind tunnel experiments
are costly, CFD effectively identifies critical cases, reducing the overall number of tests needed for validation.

This study examines the effect of passive control using quarter-circular ribs on base pressure at an area ratio
of 2.56 and sonic Mach numbers. These ribs modify the flow near the base, effectively influencing base pressure.
Optimizing their geometry is crucial, as raising the base pressure and lowering base drag can significantly
enhance aerodynamic performance.

Before analyzing the data, it is essential to thoroughly understand the mechanisms underlying the sudden
rise in the flow field. The complex axisymmetric expansion flow includes phenomena such as flow separation,
recirculation, and reattachment. As shown in Fig. 1(a), a dividing streamline and surface separate the flow into
a central zone and a recirculation region. The reattachment point is where the dividing streamline contacts
the wall. Passive control techniques are employed to disrupt this flow, leading to increased base pressure and
decreased base drag®.
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Fig. 1. (a) Sudden Expansion Phenomenon®. (b)Sudden Expansion Flow Field°.

Scientific Reports |

(2026) 16:712 | https://doi.org/10.1038/s41598-025-30273-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Sudden expansion flows are widely examined in external ballistics and aerodynamics. The shear layer forms
at the nozzle lip, initially separates, and then reattaches to the duct wall at some downstream point, as illustrated
in Fig. 1(b). The reattachment length is the distance from the nozzle exit to where this reattachment occurs.

The Nozzle Pressure Ratio (NPR) is the ratio of the stagnation pressure in the settling chamber to the exit
pressure. It influences how much the flow expands at the nozzle exit®. As the NPR increases, the flow leaving the
nozzle expands to different extents. At first, it encounters both adverse and favorable pressure gradients.

The flow past a projectile illustrates external flow, where surfaces do not confine the fluid. Conversely, internal
flow happens inside fully enclosed pipes. Wick (1953) observed that internal flow from a nozzle into a duct with
a sudden area increase faces obstacles. Notably, at the entry point—particularly for sonic or supersonic flow—the
entrance significantly influences the flow due to shock wave formation and boundary layer separation'®!!.

Subsonic flow, in contrast, is influenced by inlet conditions such as pressure gradients and flow separation
at the duct entrance'>!3. When the inlet flow is supersonic or sonic, upstream conditions determine the corner
pressure, which in turn affects the overall pressure distribution and flow stability within the duct!*'>. These
principles illustrate the intricate relationships between surface roughness, flow conditions, and drag components
in high-speed aerodynamics'®!”. Understanding these interactions is crucial for optimizing the design and
performance of aerodynamic bodies across various applications. It aids in developing strategies to reduce drag,
improve fuel efficiency, and enhance overall aerodynamic performance!®'.

Bashir et al.?° conducted a numerical study of turbulence models, focusing on turbulent strength at low
Reynolds numbers. Their work contributed to selecting the appropriate turbulence models for accurate flow
simulations. Baig et al.>! investigated the regulation of base flows using small jets, demonstrating the effectiveness
of dynamic control methods in managing base pressure and reducing drag. Rehman and Khan?? examined the
control of base pressure with small jets, providing insights into designing and implementing active flow control
techniques. Faheem et al.” studied the mean flow features of a supersonic triple-jet setup, thereby advancing
understanding of complex jet interactions in high-speed flows. Sajali et al.** conducted a numerical study of the
flow around a non-circular cylinder, providing data relevant to flow control around bluff bodies. Khan et al.?
investigated the passive control of base drag in compressible subsonic flow using multiple cavities, emphasizing
the effectiveness of cavity configurations in reducing drag. Bellary et al.?® performed numerical models of base
pressure regulation in a rapid growth in the relief of the tube at M = 1.6 with 1/4th -circular ribs. Their findings
helped optimize rib designs for better flow control.

In another study, Bellary et al.?” examined the computational aspects of thrust produced by converging-
diverging nozzles at various diverging angles. Their findings provided valuable insights into optimizing nozzle
designs for high-speed applications. Makwana et al.® performed a study on the passive flow control at Mach
unity from a converging nozzle using a D-shaped rib. They presumed that the base pressure is a definitive factor
in determining the NPR, as well as the relief to the flow, tube size, rib spot, and rib shape.Rathakrishnan29
experimentally examined flow from a converging nozzle with a sudden expansion at different primary pressure
ratios, involving three rectangular ribs with aspect ratios of 3:1, 3:2, and 3:3. He placed five rectangular ribs
along the duct at 1D intervals. Results showed that a lower aspect ratio of 3:1 decreases the base pressure, while
a higher aspect ratio of 3:3 increases it. These experimental results initially served as benchmarks, and CFD
was used to replicate similar findings. After validating the CFD results, the author suggested that five ribs are
unnecessary; instead, a single rib can produce similar effects without impacting the base pressure. Consequently,
the researchers concluded that similar outcomes could be achieved by placing a single rib of different sizes at
various locations. Later, a quarter rib was used to regulate the base pressure and, in turn, the base drag. This
study presents the passive control of base pressure for a 16 mm diameter tube at sonic Mach M = 1.0, using
quarter ribs.

Methodology: finite volume method
Governing equations
The ensuing theories are taken into deliberation:

i. Turbulent flow is studied in the context of turbulent viscous degeneracy.
ii. The fluid’s viscosity fluctuates with temperature, and air density also varies with the Mach number.
iii. At the exit of the duct, ambient pressure exists.
iv. The numerical method used in the study was Reynolds-Averaged Navier-Stokes (RANS) with the k-¢ tur-
bulence model to simulate the internal flow; thus, applying it to this situation, Sutherland’s 3-coeflicient

viscosity model is given below:
b (T Tt S W
Homle\ T, ) Taxs

The reference viscosity value in kg/m-s is denoted by, where indicates viscosity. Ta stands for still temperature,
K is the temperature of a standard position, and ’ is the temperature-dependent Sutherland constant. The three-
dimensional continuity equation for compressible flow is as follows:

The steady continuity equation is as follows:

v - (pV)ZO @)

Where the flow velocity is represented by V.
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The expression for momentum conservation is:

v - (pVV)-i—Vp:V- |:2,u<VV>S]+V-(TRe) (3)
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Where (V V) = (V V) — % (V . V) I, (V V) ===, and T —Rge is the turbulent stress

o

tensor.
The general expression for overall energy is as follows:
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Where win: is the internal energy, and A is the thermal conductivity.

The k-epsilon turbulence model is suitable for internal flow due to its affordability, resilience, and sufficient
accuracy. The Ansys Fluent module within the Ansys Workbench 2024/R2 software suite incorporates the
k-epsilon () turbulence model used in the present study. The K-equation permits us to compute the turbulent
kinetic energy.

Ok
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The turbulent KE degeneracy rate is denoted by, the turbulent Prandtl number is -, and M_ is the turbulence
creation. Indeed, the degeneracy is managed by,

Ph =t ) (i) v an(ueny o

ot

where 11, = p fu C k* /¢ denotes turbulent viscosity, and the random constants are denoted as C,, = 0.09,

Ci=1.44, Co=1.92, fu=1, 0, =1.0,and 0 . = 1.3.

Geometry and modelling

The simulation used a finite volume method with Workbench 2024/R2 software to explicitly analyze the flow
in the nozzle. The model, shown in Fig. 2(a), has geometries detailed in Table 1 and was created using a Design
Modeler for two orientations, as shown in Figs. 1 and 2. 1 and 2. 2(b) and 2(c), with specified boundary conditions.

Meshing and boundary conditions

A high-quality mesh—characterized by good aspect ratios, smooth cell transitions, and the absence of skewed
or distorted elements—is essential for accurate and efficient simulations. In this case, using the free-face mesh
type results in a structured 2D model. CFD meshing involves dividing the computational domain into discrete
cells or elements. Proper, refined face meshing was implemented, as illustrated in Fig. 3, with a grid size carefully
chosen to ensure convergence and reliable results. The mesh density was set to effectively capture key flow
features, such as boundary layers, shock waves, and vortices, while minimizing excessive computational costs. A
mesh independence study confirmed grid independence and mesh quality. The 2D model utilized a rectangular
structured mesh, with element sizes determined by edge lengths due to the free-face mesh Table 2.

Assumptions and fluid properties
Assumptions help replicate flow activities accurately in a specific physical setup. Appropriate mathematical and
numerical models are selected to simplify the governing equations.

Numerical modeling involves solving the governing equations simultaneously, which requires selecting
appropriate mathematical models and accounting for factors such as boundary conditions, mesh quality, and the
choice of numerical methods. While these methods have limitations in accurately capturing physical phenomena,
they have proven reliable over decades and offer valuable insights into flow behavior. Therefore, choosing
elements that closely mimic flow dynamics is crucial. This study highlights assumptions that could undermine
the accuracy of the physical representation, including the specific assumptions and features discussed here.

i. The flow is considered steady and two-dimensional due to the system’s symmetric geometry.
ii. Air density varies.
iii. Because turbulent flow significantly affects viscous dissipation at a specific flow velocity, it is included in the
analysis.
iv. 'The fluid’s viscosity varies with temperature.
v. Under standard atmospheric conditions, the flows exit the duct. Likewise, at typical ambient pressure, the
flows also leave the duct.

Since the nozzle flow is considered turbulent, the compressible flow is modeled using the standard k-epsilon
model. The equations provided below accurately depict this turbulent behavior.
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Fig. 2. Nozzle and Duct Assembly with Rib Orientations. (a) Nozzle and Duct assembly with Dimensions, (b)
Rib Disposition 1, (¢) Rib Exposition 2.

Nozzle inlet diameter 30 mm

Nozzle exit diameter 10 mm

Nozzle Converging segment | 20 mm

Duct Diameter 16 mm

Pipe Length Varies from 1D to 6D

Radius of the Rib 1 mm, 1.5 mm, 2 mm, 2.5 mm
Rib Locations 0.5D, 1D, 1.5D, 2D

Table 1. Configuration of the Model.

Numerical and experimental results validation

The study started by replicating Rathakrishnan’s experiment, which involved five evenly spaced ribs within a
duct, as shown in Fig. 4, to validate the approach. This also helped deepen the understanding of the flow physics
inside the duct. Rathakrishnan’s observations on how base pressure varies with different NPR and L/D ratios,
detailed in Table 3, provided a benchmark for comparison. Both flow setups—one with ribs (controlled) and one
without (uncontrolled)—were simulated to confirm the accuracy of the numerical results.

A comparison between the CFD results and Rathakrishnan’s (29) earlier experimental results was conducted
using a controlled model with ribs having an aspect ratio of 3:1. It was observed that a duct with five ribs of
this aspect ratio showed good agreement, as illustrated in Figs. 5(a) to (d). The error percentage was under 5%,
demonstrating the method’s reliability. Although isentropic flow theory suggests that sonic conditions should
occur at a primary pressure ratio of 1.89 at the nozzle exit, real flows are inherently viscous and non-isentropic,
causing slight deviations that are considered acceptable. Moreover, the complex behavior of compressible flows
at sonic Mach numbers—characterized by shock waves and nonlinear effects—may result in minor variations in
base pressure. Factors such as backflow and boundary layer interactions at different L/D ratios can also influence
these variations.
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(a) Without Rib.

(b) Mesh Closed view Without Rib.

(c) With Rib for Orientation 1.

Fig. 3. Mesh Model for Mesh Independence Test.

Mesh independence study
The Mesh Independence Study (MIS) aims to determine the optimal mesh size for achieving accurate numerical
simulations while maintaining computational efficiency. It examined various mesh configurations, from coarse
to fine, with increasing numbers of nodes and elements, as shown in Table 4. The coarsest mesh had the fewest
nodes and elements, which reduced computational costs but introduced numerical diffusion and less precise
base pressure predictions. This resulted in an inadequate capture of flow separation and recirculation regions,
impacting the accuracy of the passive control analysis.

As the mesh was refined to a medium level, the number of nodes and elements increased, enhancing the
resolution of flow structures. Base pressure predictions stabilized, exhibiting less variation than on the coarser
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(d) Mesh Closed view With Rib for Orientation 1.

(e) With Rib for Orientation 2.

(f) Mesh Closed view With Rib for Orientation 2.

Fig. 3. (continued)

mesh. Flow separation and reattachment areas became clearer, offering a better understanding of the passive
control mechanism while maintaining manageable computational costs.

Further refinement led to a fine and finer mesh, where velocity and pressure gradients were more accurately
resolved. Base pressure predictions approached converged values with minimal variation compared to the
medium mesh, ensuring reliable results. Flow structures, shock interactions, and turbulence effects were well
captured, contributing to improved simulation accuracy.
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Zone Geometry

Velocity Inlet | Nozzle Inlet

Wall Convergent Nozzle Wall

Base Wall Duct Inlet

Axis r— Axis (Axisymmetric Line)
Rib Rib Wall

Pressure Outlet | Duct Outlet

Table 2. Boundary conditions in the Model.
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Fig. 4. Simulation Model of Rathakrishnans Experimental Study (Rathakrishnan, 29).
Parameters Dimensions
Nozzle Inlet Diameter 30 mm
Nozzle Diameter at exit 10 mm
Converging Nozzle Length | 20 mm
Diameter of the pipe 25 mm
Duct size Differs from 1D to 6D
Width of Rib 3 mm
Height of Rib 1 mm
Table 3. Geometrical parameters of the validation Model.
NPR 1.141 NPR 1.295
1.05 1.00
1.00 0.95
£ 0%0 £ o5
£ 085 —e—NUM = (vbar\ —a—NUM
0.80 —e—EXP —a—EXP
0.75 0.75
0.70 0.70
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Fig. 5. Validation of the Results at Specific NPR from E. Rathakrishnan (29).
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ElementSize | Coarsest | Coarse | Medium 1 | Medium 2 | Fine Finer Finest
Nodes 1569 2446 8843 17,922 136,918 | 395,736 | 1,762,543
Elements 1425 2278 8540 17,553 135,947 | 394,110 | 1,759,112

Table 4. Mesh independence Test.

Mesh Independence Study
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0
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Fig. 6. Results of Mesh Check.

The finest mesh had the most nodes and elements, yet its results were nearly identical to the fine mesh,
confirming mesh independence. No significant.

Improvement in accuracy was observed, but the computational cost increased drastically.

The MIS results indicated that after a specific level of mesh refinement, the base pressure stabilized, meaning
that further refinement did not significantly alter the results. The optimal mesh was selected to balance accuracy
and computational expense, typically favoring the finer mesh, as illustrated in Fig. 6.

Results and discussion

Before analyzing the data, it is crucial to understand the cause of the sudden increase in the flow field. In
subsonic flows, the nozzle exit boundary layer develops as a free shear layer and eventually contacts the duct wall
downstream. The reattachment point is where the flow reattaches, and the reattachment length is the distance
from the base to this point. One or more vortices form between the reattachment point, the base, and the edge
of the free shear layer. The primary vortex, which is the strongest, is located closest to the base and draws fluid
from the base into the main flow on the other side of the shear layer. This process creates low pressure at the
base. Since vortex shedding occurs periodically, the pumping also becomes periodic, causing fluctuations in base
pressure. These fluctuations are usually small and can be approximated by a mean value. The periodic vortex
motion causes the flow inside the duct to oscillate, sometimes quite severely, depending on the geometry and
flow conditions.

The flow Mach number and reattachment affect the strength of the primary vortex, significantly influencing
suction at the base and causing flow oscillations within the duct. As a result, waves significantly impact vortex
strength in any case, since the base pressure and oscillations are closely linked to the primary vortex. If the duct
features annular grooves, more vortices are shed at the rib, and these smaller vortices can boost the base pressure
by enhancing mixing. Passive control techniques disrupt this flow, resulting in increased base pressure and a
decrease in base drag.

Analysis for rib orientation 1

Figure 7 shows the setup of the converging nozzle in orientation one, along with the duct. The quarter rib is
positioned so its curved face faces the flow from the converging nozzle. After passing through the nozzle, the
shear layer enters a circular duct with a diameter of 16 mm. The following section presents the study’s results,
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Fig. 7. Quarter Circular Rib in Orientation 1.
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—&—L/D=1 1.5mm

~8—1 /D=1 2.0mm

—&—L/D=1 2.5mm

Fig. 8. Base Pressure Ratio Vs. NPR at Several rib radii for rib location L/D =0.5.

focusing on how control placement at various locations and duct lengths—ranging from L=1D to 6D—affects
performance. The expansion level varies from over-expanded to correctly expanded and under-expanded. The
aim is to assess the impact of the control mechanism on base pressure and the effectiveness of the rib under
different conditions.

Base pressure analysis for L/D = 1, orientation 1

Figure 8 presents the base pressure outcomes from this study when the rib is placed 8 mm or more on or
after the base, as a function of NPR for various rib sizes. It shows that without control, the downward trend is
reversed at NPR=3, indicating that the nozzle is under-expanded. There is a minor rise in the base pressure
for NPRs greater than 3. This trend is expected due to small duct diameters, where the reattachment length
is shorter than in larger ducts. When control, by quarter rib circle, is applied to a rib with a 1 mm radius, the
decreasing tendency in base pressure reverses at NPR=2. Increasing the NPR further causes a steady rise in the
base pressure, and at the highest NPR tested, the base pressure nearly equals ambient pressure. Therefore, if the
goal is to match the base pressure to atmospheric pressure, this rib size is sufficient for the mission. Increasing
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the radius of the rib from 1.5 mm to 2 mm and 2.5 mm results in a significant rise in base pressure. Ultimately,
the decision can be made based on the specific requirements of the user.

Base pressure analysis for L/D =2, orientation 1

Figure 9 presents the results of this study, illustrating the effects of different rib sizes and positions. In the no-
control scenario, the base pressure drops until NPR=3, then rises again for higher NPR values. The data set
includes two rib sizes: 1.5 mm and 2.5 mm radii, positioned at L/D values of 0.5, 1.0, and 1.5. As expected, the
1.5 mm radius ribs at these positions yield base pressure ratios of 1.3, 1.49, and 1.5. For the larger 2.5 mm ribs,
the ratios are 2.5, 2.8, and 2.8. Results indicate that at L/D =1 and 1.5, the base pressure ratios are nearly identical.
These findings suggest that the reattachment point occurs around L/D = 1; therefore, placing the control near this
location is most effective, as secondary vortices from the rib edges interact with the dividing streamline and base
vortices. This interaction helps redirect some mass toward the base region, thereby increasing the base pressure.

Base pressure analysis for L/D = 3, orientationl

Figure 10 presents the results of this study for NPRs from 1.5 to 5, with rib radii of 1.5 mm and 2.5 mm at L/D
ratios of 0.5, 1.0, 1.5, and 2.0. It shows that when the rib is at L/D =0.5, the base pressure ratio is about 1.4. For
all other rib positions, there is little change in the base pressure, and the ratio stays around 1.5. These findings
confirm that placing the rib beyond L/D =1 does not affect the base pressure in this duct diameter. It is known
that passive flow management using a rib placed beyond the reattachment point can significantly alter the base
pressure. Any change in base pressure involves the interface between the vortices from the rib’s edges, the base
vortex, and the dividing streamline.

Base pressure analysis for L/D =4, orientation 1

Figure 11 presents the base pressure results versus NPR for duct L/D =4, examining three rib positions at
L/D=0.5, 1.0, 1.5, and 2.0, with rib radii of 1.5 mm and 2.5 mm. The outcomes are similar to those for the
previous duct length of L/D =3. It is evident that for shorter duct lengths, especially those with L/D ratios of 1,
2, and 3, atmospheric pressure has a noticeable effect. However, when the duct span increases sufficiently, the
impact of atmospheric pressure becomes negligible. As previously mentioned, rib positions beyond L/D =1 have
little to no effect on the base pressure.

Base pressure analysis for L/D = 5, orientation 1
Figure 12 illustrates the relationship between the base pressure and the nozzle pressure ratio (NPR), which
ranges from 1.5 to 5, for an extended duct length (L/D=5) and rib radii of 1.5 and 2.5. The ribs are placed at

3.5 ) .
=== \\ithout Rib
== /D=0.51.5mm
3
IL/D=0.5 2.5mm
L/D=1.0| 1.5mm
2.5
e /D=1.0 2.5mm
=@=L/D=1.51.5mm
2
s ——L/D=1.5 2.5mm =
S
[«
) = —
1 —
0
1.5 2 2.5 3 3.5 4 4.5 5 55
NPR
Fig. 9. Base Pressure Ratio Vs. NPR for Numerous rib radii and locations, L/D = 2.0.
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L/D=0.5, 1.0, 1.5, and 2.0. In both scenarios, only the duct length has been increased from L/D =4 to 5. At this
length, the base pressure ratios at rib positions L/D=1, 1.5, and 2.0 are the same for both rib radii of 1.5 mm
and 2.0 mm. This similarity is primarily due to the longer duct length, which reduces the impact of rib positions.

Base pressure analysis for L/D =6, orientation 1

Similar results are observed at a duct length of L/D =6, as illustrated in Fig. 13. As previously discussed, the duct
length significantly influences the outcomes. Once a specific length is reached, the system attains a steady state,
and changes beyond that do not affect the base pressure outcomes. For a 16 mm duct diameter, a small rib radius
r=1.5 mm is adequate to fulfill user needs.

Pressure contours at 1D Location, orientation 1

Figure 14(a) illustrates the pressure contour for a duct length L/D =2, with the rib positioned at L/D=1 and a
nozzle pressure ratio of 3. The nozzle is under-expanded at this NPR. The pressure drops in the duct and behind
the rib as the wall pressure declines due to the development of a recirculation zone.

Figure 14(b) illustrates the pressure contour for a duct with an L/D ratio of 2, featuring a rib at L/D=1 and
a nozzle pressure ratio of 5. As the NPR increases, under-expansion intensifies, leading to a further decrease in
pressure both inside the duct and past the rib. That occurs because wall pressure drops as a recirculation zone
develops.

Figure 14(c) illustrates the pressure contour for a duct with a length-to-diameter ratio (L/D) of 3, featuring a
rib at L/D =1 and a nozzle pressure ratio of 3. Since the nozzle is under-expanded, pressure assumptions lead to
lower pressure values within the duct and downstream of the rib, as the wall pressure drops due to the formation
of a recirculation zone.

Figure 14(d) illustrates the pressure contour at a duct length L/D =3, with the rib positioned at L/D=1 and
a nozzle pressure ratio of 5. As the NPR increases further, the under-expansion intensifies. Consequently, the
pressure drops even further within the duct and beyond the rib, driven by the reduction in wall pressure caused
by the establishment of a recirculation region downstream of the rib.

Velocity contours at 1D Location, orientation 1

Figure 15(a) displays the velocity contour for L/D =2, rib radius 2.5 mm, and rib position at L/D=1, with a
nozzle pressure ratio (NPR) of 3. From the figure, it is clear that the velocity increases downstream of the rib and
then decreases further downstream.

3.5
=== \\ithout Rib
== /D=0.5 1.5mm
3
== /D=0.5 2.5mm
= [/D=1.0 1.5mm
25 = /D=1.0 2.5mm
=@=[/D=1.5 1.5mm
s 2 ——1/D=15 2.5mm
o
8 L/D=2.0 1.5mm
1.5 /D=2.0
1 —
0
1.5 2 2.5 3 3.5 4 4.5 5 55
NPR
Fig. 12. Base Pressure Ratio Vs. NPR for Several rib radii and location L/D =5.0.
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Fig. 14. (a) Pressure contour for L/D =2, 2.5 mm rib, at 1D location and NPR =3. (b) Pressure contour for
L/D=2, 2.5 mm rib, at 1D location and NPR =5. (¢) Pressure contour for L/D =3, 2.5 mm rib, at 1D location
and NPR =3. Figure 14.
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Fig. 14. (continued)

Figure 15(b) presents the velocity contour for L/D =2, with a rib radius of 2.5 mm and positioned at L/D =1,
at NPR=5. The figure clearly shows an increase in velocity downstream of the rib. Additionally, a Mach disk
forms near the rib at this NPR, while the velocity decreases further downstream.

Figure 15(c) presents the velocity contour at L/D =3, with a rib radius of 2.5 mm and positioned at L/D =1,
for a nozzle pressure ratio (NPR) of 3. The figure clearly shows an increase in velocity downstream of the rib. The
longer duct length causes a Mach disk to form just beyond the rib. Further downstream, the velocity decreases.

Figure 15(d) displays the velocity contour for L/D =3, rib radius of 2.5 mm, and rib location at L/D =1 under
anozzle pressure ratio (NPR) of 5. The figure clearly shows an increase in velocity downstream of the rib, driven
by the longer duct length and the NPR increase from 3 to 5, with a Mach disk forming just beyond this rib
location. Further downstream, the velocity slightly decreases.
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Fig. 15. (a) Velocity contour for L/D =2, 2.5 mm rib, at 1D location and NPR =3. (b) Velocity contour for
L/D=2, 2.5 mm rib, at 1D location and NPR=5. 15(c) Velocity contour for L/D =3, 2.5 mm rib, at 1D location
and NPR =3. (d) Velocity contour for L/D =3, 2.5 mm rib, at 1D location and NPR=5.
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Streamline contours at 1D Location, orientation 1
Figure 16(a) illustrates a streamline contour with a duct length-to-diameter ratio of 2, a rib radius of 2.5 mm,
and the rib positioned at L/D =1. The diagram clearly shows two recirculation zones: one just after the exit and
another near the rib. However, these recirculation zones are smaller compared to the area where the flow exits
the nozzle.

Figure 16(b) displays a streamline contour with a duct length-to-diameter ratio of 2, a rib radius of 2.5 mm,
and the rib positioned at L/D =1. From the figure, it’s evident that immediately after the exit and near the rib,
two recirculation zones exist. However, the recirculation zone immediately following the rib is smaller than at
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Fig. 15. (continued)

the nozzle exit. This size reduction is due to the increase in NPR, which causes the flow to expand over a longer
distance.

Figure 16(c) presents the streamline contours for a duct slightly longer than in the previous case. The figure
shows that the recirculation zone is almost entirely gone, primarily due to the increased duct length. However,
the circulation bubble in the base region remains unchanged.

Figure 16(d) illustrates the streamline contours for a duct length of L/D =3 and NPR =5. The figure indicates
that the recirculation zone is nearly eliminated here, primarily due to the influence of duct length. The circulation
bubble remains typical in the base region. As NPR increases, the recirculation bubble diminishes further, leading
to reductions in the recirculation zone in that area. That may be ascribed to the extent of under-expansion.

Temperature contours at 1D Location, orientation 1

Figure 17(a) displays the temperature contour for duct length L/D =2, NPR =3, with the rib located at L/D=1.
The figure shows that the main jet diffuses over a short distance and then undergoes temperature recovery.
Additionally, a low-temperature region appears near the rib due to the abrupt flow relief downstream.
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Figure 17(b) shows similar results, with all parameters unchanged except for the nozzle pressure ratio (NPR),
which has risen from 3 to 5. This increase in NPR is evident in the contour, particularly downstream of the rib.

Figure 17(c) displays the temperature contour for a duct size L/D=3, a rib radius r=2.5 mm, and rib
placement at L/D =1 under a nozzle pressure ratio of NPR =3. Initially, the temperature drops in the main jet.
At the rib’s position, a D-shaped recirculation zone develops as the rib initially obstructs the flow, leading to an
increase in flow area downstream.

Figure 17(d) illustrates the temperature contour for a duct with L/D=3, a rib radius r=2.5 mm, and the
rib positioned at L/D=1 when the nozzle pressure ratio (NPR) is 5. As the NPR increases initially, the main
jet’s temperature drops. At the rib’s location, a D-shaped recirculation zone develops and grows larger due to
increased expansion, since the rib initially obstructs the flow and causes the downstream flow to expand.

Figure 17(e) displays the temperature contour for a duct with an L/D ratio of 4, a rib radius r=2.5 mm, and
the rib positioned at L/D =1, under a nozzle pressure ratio of 3 (NPR=3). At first, the main jet’s temperature
decreases. At the rib’s position, a moon-shaped recirculation zone develops as the rib initially obstructs the flow,
causing the downstream region to experience an increase in cross-sectional area.

Figure 17(f) displays the temperature contour for a duct with L/D =4, a rib radius of 2.5 mm, positioned at
L/D =1, under a nozzle pressure ratio of five (NPR =5). Initially, the temperature decreases in the main jet. At the
rib location, a D-shaped recirculation zone forms as the rib initially obstructs the flow, causing the downstream
flow to expand in area and resulting in a temperature drop.

Figure 17(g) shows the temperature distribution for a duct with an L/D ratio of 5, a rib radius r=2.5 mm, and
the control positioned at L/D =1 at a nozzle pressure ratio of 3 (NPR =3). Initially, the temperature of the main
jet decreases. A moon-shaped recirculation zone forms near the rib, initially blocking the flow and leading to an
increase in the flow area downstream.

Figure 17(h) displays the temperature contour for a duct length-to-diameter ratio (L/D) of 5, with a rib radius
of 2.5 mm placed at L/D =1, at a nozzle pressure ratio (NPR) of 5. The main jet first experiences a temperature
decrease. At the rib position, a moon-shaped recirculation zone develops as the rib obstructs the flow initially,
causing an increase in flow area downstream.

Figure 17(i) displays the temperature contour for a duct with an L/D ratio of 6, a rib radius of r=2.5 mm,
and a control located at L/D =1, under a nozzle pressure ratio of 3 (NPR = 3). Initially, the main jet’s temperature
decreases. At the ribs location, a moon-shaped recirculation zone develops because the rib initially obstructs the
flow, causing an increase in the downstream flow area and leading to a lower temperature.

Figure 17(j) displays the temperature contour for a duct with L/D =6, a rib radius r=2.5 mm, and the control
positioned at L/D =1, at a nozzle pressure ratio of 5 (NPR=5). Initially, the main jets temperature decreases. A
moon-shaped recirculation zone develops at the rib location as the rib initially obstructs the flow. Downstream,
the flow area increases, and with the higher NPR, the temperature decreases even more.

Turbulence kinetic energy contours at 1D Location, orientation 1

Figure 18(a) presents the turbulence kinetic energy contours for a duct with a length L/D of 2, featuring a rib
radius of 2.5 mm positioned at L/D =1, operating at a nozzle pressure ratio of 3 (NPR=3). When the flow exits
the nozzle and enters the enlarged duct at the corner, turbulence energy levels are at their lowest; however, the
energy increases and peaks just downstream of the rib, forming a moon-shaped concentration.
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Fig. 16. (a) Streamline contour for L/D =2, 2.5 mm rib, at 1D location and NPR=3. (b) Streamline contour for
L/D=2, 2.5 mm rib, at 1D location and NPR =5. (¢) Streamline contour for L/D =3, 2.5 mm rib, at 1D location
and NPR = 3. (d) Streamline contour for L/D =3, 2.5 mm rib, at 1D location and NPR=5.

Figure 18(b) illustrates the turbulence kinetic energy contour within a duct of length L/D =2, featuring a rib
radius of 2.5 mm positioned at L/D =1, at a nozzle pressure ratio of five (NPR =5). Upon exiting the nozzle and
entering the widened duct at the corner, the turbulence kinetic energy levels are at their lowest. Subsequently, the
energy levels increase, reaching a peak immediately downstream of the rib. This concentrated turbulence forms
a moon-shaped pattern, which continues to expand as the NPR increases from 3 to 5.

Figure 18(c) illustrates the turbulence kinetic energy contour for a duct with a length-to-diameter ratio (L/D)
of 3 and a rib radius of 2.5 mm, positioned at L/D = 1 under a nozzle pressure ratio of 3 (NPR = 3). The turbulence
levels are lowest as the flow exits the nozzle and enters the enlarged duct at the corner. Subsequently, the energy
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Fig. 16. (continued)

increases and peaks just downstream of the rib, forming a moon-shaped concentration. This shape evolves as
the duct length increases.

Figure 18(d) displays the turbulence kinetic energy contours for a duct with length L/D =3 and a rib radius
of 2.5 mm, positioned at L/D =1 at a nozzle pressure ratio of five (NPR =5). As the flow enters the enlarged duct
at the corner after exiting the nozzle, the turbulence kinetic energy levels are at their lowest. Subsequently, the
energy increases, reaching its peak immediately downstream of the rib. This high-energy area forms a moon-
shaped zone, which expands as the NPR increases from 3 to 5.

Figure 18(e) illustrates the turbulence kinetic energy contours for a duct with a length-to-diameter ratio
(L/D) of 4 and a rib radius of 2.5 mm. The rib is positioned at L/D =1, under a nozzle pressure ratio (NPR)
of 3. When the flow exits the nozzle and enters the duct at the corner, the turbulence levels are at their lowest.
As the flow progresses, the energy increases, peaking just downstream of the rib and forming a moon-shaped
concentration. The duct length causes a detectable change in the shape of these turbulence structures.
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Fig. 17. (a) Temperature contour for L/D=2, 2.5 mm rib, at 1D location and NPR =3. (b) Temperature
contour for L/D =2, 2.5 mm rib, at 1D location and NPR =5. (¢) Temperature contour for L/D =3, 2.5 mm rib,
at 1D location and NPR =3. (d) Temperature contour for L/D =3, 2.5 mm rib, at 1D location and NPR=5. (e)
Temperature contour for L/D =4, 2.5 mm rib, at 1D location and NPR =3. (f) Temperature contour for L/D =4,
2.5 mm rib, at 1D location and NPR =5. (g) Temperature contour for L/D =5, 2.5 mm rib, at 1D location and
NPR =3 (h) Temperature contour for L/D =5, 2.5 mm rib, at 1D location and NPR=5. (i) Temperature contour
for L/D=6, 2.5 mm rib, at 1D location and NPR =3. (j)Temperature contour for L/D=6, 2.5 mm rib, at 1D
location and NPR =5.

Figure 18(f) displays the turbulence kinetic energy contour for a duct length of L/D =2 with a rib radius of
2.5 mm, positioned at L/D =1, at a nozzle pressure ratio of five (NPR=5). When the flow exits the nozzle and
enters the enlarged duct at the corner, it exhibits the lowest levels of turbulence kinetic energy. Subsequently,
the energy level rises and peaks just downstream of the rib. It concentrates into a moon-shaped form, which
continues to expand as NPR increases from 3 to 5 and as the duct length grows.

Figure 18(g) shows the turbulence kinetic energy contour for a duct length L/D=5, with a rib radius of
2.5 mm, when the rib is placed at L/D =1 at a nozzle pressure ratio of three (i.e., NPR=3). When the flow nozzle
enters the enlarged duct after exiting at the corner, it initially has the lowest levels of turbulence kinetic energy.
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Fig. 17. (continued)

This is followed by a subsequent increase in energy that peaks immediately after the rib in the downstream
direction. The formation of the moon-shaped object is visible, and downstream, there is a decrease in energy
levels. Here, the duct length plays a crucial role.

Figure 18(h) shows the turbulence kinetic energy contour for a duct length L/D =5, with a rib radius of
2.5 mm, when the rib is located at L/D=1 at a nozzle pressure ratio of five (i.e., NPR=5). When the flow exits
the nozzle and enters the enlarged duct at the corner, it has the lowest values of turbulence kinetic energy levels.
Later, the energy level increases and reaches its highest point just after the rib in the downstream direction. It
becomes concentrated into a moon-shaped object, which continues to expand as the NPR increases from 3 to
5. The formation of the moon-shaped object is fading as the duct length increases. Here, the duct length plays a
crucial role.

Figure 18(i) presents the turbulence kinetic energy contour for a duct length of L/D =5, with a rib radius
of 2.5 mm, positioned at L/D=1 at a nozzle pressure ratio of 3 (NPR=3). When the flow exits the nozzle and
reaches the corner of the enlarged duct, it exhibits the lowest levels of turbulence kinetic energy. Subsequently,
the energy increases, peaking just after the rib in the downstream direction. The formation of a moon-shaped
pattern is evident, followed by a decrease in energy levels downstream. In this context, the length of the duct has
a significant influence on the results.
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Fig. 17. (continued)
Figure 18(j) displays the turbulence kinetic energy contour for a duct length L/D =5, with a rib radius of
2.5 mm, positioned at L/D =1 under a nozzle pressure ratio of five (NPR=5). When the flow enters the enlarged
duct after exiting the nozzle at the corner, the turbulence energy levels are at their lowest. As the flow progresses,
the energy increases, reaching its peak immediately after the rib downstream. This energy concentrates into a
moon-shaped form, which expands as the NPR increases from 3 to 5. The prominence of this moon-shaped
formation diminishes with increasing duct length, highlighting its significant influence on the flow behavior.
Analysis for rib orientation 2
Figure 19 shows the ribs orientation, with the flow exiting the nozzle striking the flat side of the rib. In contrast,
the previous scenario involved the shear layer interacting with the rib’s curved surface. Consequently, the base
pressure is likely higher than in the last case. This section focuses on orientation 2 of the rib, and all results will
be presented based on this orientation.
Base pressure analysis for L/D = 1, orientation 2
Figure 20 displays the base pressure outcomes for orientation 2, where the flat face of the rib is oriented to face
the shear layer. This data covers NPRs from 1.5 to 5 and includes rib radii of 1 mm, 1.5 mm, 2 mm, and 2.5 mm
within a 16 mm duct. Overall, the data shows a downward trend; however, from NPR =3 onward, this decline
halts, and the base pressure ratio starts to increase, reaching 0.5 even without control measures. For quarter-rib
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Fig. 17. (continued)

radii of 1 mm, 1.5 mm, 2 mm, and 2.5 mm, the pattern closely resembles the uncontrolled case; however, the
maximum base pressure ratios are 1.0, 1.45, 1.95, and 2.55, respectively. These findings imply that a rib with a
1 mm radius is enough to elevate the base pressure to atmospheric levels. Ultimately, these results serve as a
technological demonstration, enabling users to make informed decisions based on their specific mission needs.

Base pressure analysis for L/D =2, orientation 2
The results of this investigation for an enlarged duct length of 32 mm are shown in Fig. 21. It covers NPRs
from 1.5 to 5, with rib radii of 1.5 mm and 2.5 mm, and the control positioned at L/D ratios of 0.5, 1.0, and 1.5.
The control-free results align with earlier findings. Regarding the base pressure ratio, the data can be grouped
into two categories based on rib radius, regardless of rib placement. The figure shows that for a 2.5 mm radius,
the base pressure ratios at L/D ratios 0.5, 1.0, and 1.5 are 2.5, 2.95, and 3.09, respectively. For a 1.5 mm radius,
placement at L/D=0.5, 1, and 1.5 yields ratios of 1.4, 1.6, and 1.7, respectively. These results are for academic use,
with final choices depending on the user’s specific mission needs.

Figure 22 shows the results for a 48 mm duct diameter, analyzing different expansion levels and rib radii of
1.5 mm and 2.5 mm. The ribs are positioned at L/D ratios of 0.5, 1.0, 1.5, and 2.0. The observed patterns resemble
those from earlier base pressure results. For a 2.5 mm rib radius at various L/D ratios, the base pressure ratios
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Fig. 17. (continued)

are 2.5, 2.9, 3.0, and 3.0, respectively. In contrast, with the smaller 1.5 mm radius, the ratios are 1.4, 1.6, 1.7, and
1.7. That indicates that the smallest rib radius effectively reduces both base suction and base drag. Furthermore,
the shorter reattachment length in smaller ducts reduces the control efficacy of the ribs, explaining this trend.

Base pressure analysis for L/D = 3, orientation 2

Base pressure analysis for L/D =4, orientation 2

Figure 23 shows results similar to those with a smaller duct size, specifically the base pressure ratio at a duct length
of 64 m while keeping all other parameters constant. Extending the duct improves flow stability, decreasing the
small oscillations seen at shorter lengths, which disappear as the duct length grows.

Base pressure analysis for L/D = 5, orientation 2

Figure 24 shows the results of this study, where the duct length increases from 64 mm to 80 mm. All other
parameters stay the same, except for the longer duct. This extension slightly raises the base pressure ratio. The
longer duct affects the internal flow and the base pressure ratios, especially at lower nozzle pressure ratios. For
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Fig. 18. (a) Turbulence Kinetic Energy contour for L/D =2, 2.5 mm rib, at 1D location & NPR=3. (b)
Turbulence Kinetic Energy contour for L/D =2, 2.5 mm rib, at 1D location and NPR =5. (¢)Turbulence Kinetic
Energy contour for L/D =3, 2.5 mm rib, at 1D location and NPR =3. (d) Turbulence Kinetic Energy contour

for L/D=3, 2.5 mm rib, at 1D location and NPR=5. (e) Turbulence Kinetic Energy contour for L/D =4,

2.5 mm rib, at 1D location and NPR = 3. (f) Turbulence Kinetic Energy contour for L/D =4, 2.5 mm rib, at 1D
location and NPR=5. (g) Turbulence Kinetic Energy contour for L/D =5, 2.5 mm rib, at L/D=1, NPR=3. (h)
Turbulence Kinetic Energy contour for L/D =5, 2.5 mm rib, L/D =1.0, NPR=5. (i) Turbulence Kinetic Energy
contour for L/D =6, 2.5 mm rib, at 1D location and NPR =3. (j) Turbulence Kinetic Energy for L/D=6, 2.5 mm
rib, at 1D location and NPR=5.

shorter ducts, ambient pressure greatly influences both the base pressure ratio and the flow inside. When the
L/D ratio reaches three or more, the oscillations seen in shorter ducts disappear. This pattern occurs because the
reattachment point typically appears at an L/D ratio of approximately 1.
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Fig. 18. (continued)

Base pressure analysis for L/D =6, orientation 2

Figure 25 presents the base pressure consequences for the longest duct segment (L/D =6). Because all inertial
and geometric parameters are maintained, prolonging the duct influences the flow development inside it. That
can lead to a smoother flow pattern and fewer oscillations during the flow formation process.

Pressure contours at 1D Location, orientation 2
Figure 26(a) depicts the pressure contour for a 32 mm duct with a rib radius of 2.5 mm at NPR =3, employing
passive control at L/D=1. The figure highlights the flow expansion after exiting into the enlarged duct.
Additionally, a low-pressure recirculation zone forms immediately downstream of the rib, resulting from the
abrupt change in flow.

Figure 26(b) illustrates the pressure contour as the nozzle pressure ratio rises from 3 to 5, signifying a greater
degree of under-expansion. This higher NPR causes the flow within the duct to expand further, as depicted in
the figure.
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Fig. 18. (continued)

Figure 26(c) illustrates the pressure contour with an increased duct length from 32 mm to 48 mm, while
maintaining NPR at 3, a rib radius of r=2.5 mm, and positioning the rib at L/D=1. This figure illustrates the
effect of the longer duct, which allows the flow to expand for a longer duration, resulting in lower pressure values.

Figure 26(d) displays the pressure contour at a higher NPR value of 5. Since all other parameters remain
unchanged except for the increased NPR, the flow downstream of the rib can expand freely, as illustrated in the
figure.

Velocity contours at 1D Location, orientation 2
Figure 27(a) shows the velocity contour for a 32 mm duct with a 2.5 mm rib radius, with control applied at
L/D=1. There is a sharp increase in velocity near the rib, leading to the formation of a Mach disk. Further
downstream, the velocity decreases as the flow expands.

Figure 27(b) displays the velocity contours for a similar case to that in Fig. 27(a), where the NPR was three.
In this instance, the NPR has increased from 3 to 5. As a result of the higher NPR, a larger Mach disk forms and
persists over a longer distance.

Figure 27(c) shows similar results, with all parameters unchanged except for the duct length. The increased
duct length causes the flow to expand over a more extended portion of the duct.
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Fig. 18. (continued)

Figure 27(d) presents results similar to those in Fig. 27(b), with all variables unchanged except for a longer
duct length. This increased length causes the flow inside the duct to expand further, reducing the velocity.

Streamline contours at 1D Location, orientation 2
Figure 28(a) illustrates the streamline for a duct with a diameter of 32 mm, a rib radius r=2.5 mm, and positioned
at L/D =1, which corresponds to the nozzle pressure ratio. The figure shows that just after exiting the converging
nozzle, the streamlines begin to expand and form a compression front near the rib. Additionally, recirculation
zones appear at the two corners, where the flow circulates and generates suction.
Figure 28(b) displays results similar to those in the previous figure’s streamline contour. As the nozzle
pressure ratio rises and inertia levels increase, the Mach disc formation near the rib becomes more pronounced.
Figure 28(c) displays the streamline contour for a longer duct length, from L/D=2 to 3. With all other
parameters held constant, increasing the duct length helps the flow sustain itself and expand more within the
duct.
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Fig. 18. (continued)

Figure 28(d) illustrates the streamline contour results with a longer duct length and a higher nozzle pressure
ratio. The increased flow inertia causes the Mach disk to become stronger, and its effects extend further
downstream.

Temperature contours at 1D Location, orientation 2
Figure 29(a) illustrates the temperature distribution for a duct length of 32 mm and a rib radius of 2.5 mm,
maintained at L/D =1 with a nozzle pressure ratio (NPR) of 3. It shows that after exiting the nozzle, the flow
expands into a larger area, leading to lower temperatures near the duct wall. Just beyond the rib, a D-shaped low-
temperature zone appears, which was anticipated due to the favorable pressure conditions affecting the nozzle.
Figure 29(b) displays results similar to those in Fig. 29(a). The main difference is that NPR has risen from 3
to 5, indicating a higher degree of under-expansion at the nozzle. This under-expansion is clearly evident in the
more pronounced low-temperature formation that occurs downstream of the rib.
Figure 29(c) shows similar results to those seen in Fig. 29(a), except that the duct length is increased from
L/D =2 to 3. This increased length of the rib will allow for further reduction in the temperature.
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Fig. 19. Quarter Circular Rib in Orientation 2.
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Fig. 20. Base Pressure Ratio Vs. NPR at Several rib radii and locations for L/D=0.5.

Figure 29(d) displays the temperature contour for a longer duct length of 48 mm. With the higher NPR of
2.5, the level of expansion has increased. Consequently, the NPR in the low-temperature region has risen as
expected.

Turbulence kinetic energy contours at 1D Location, orientation 2

Figure 30(a) displays the turbulence kinetic energy contour for a 32 mm long duct with a 2.5 mm rib radius,
positioned at L/D =1, at a nozzle pressure ratio (NPR) of 3. From the image, it is clear that turbulence kinetic
energy remains low within the converging nozzle. As the flow exits, small pockets of low turbulence energy
appear at the two corners of the exit. Further downstream, turbulence kinetic energy gradually increases. Just
after the rib, a ring of turbulence kinetic energy forms, which then disperses as it moves further along.

Figure 30(b) presents results similar to those in Fig. 30(a). The main difference is that in this case, the nozzle
pressure ratio (NPR) increases from 3 to 5. This higher NPR causes further flow expansion, resulting in greater
diffusion of turbulent kinetic energy, which is consistent with the expected behavior.

Figure 30(c) depicts the turbulence kinetic energy contour for a duct length of 48 mm, with a rib radius of
2.5 mm positioned at L/D =1, at a nozzle pressure ratio NPR=3. The figure clearly shows that increasing the
duct length causes further diffusion of the turbulent kinetic energy, although the size of the turbulent energy
ring remains the same.

Figure 30(d) displays the turbulent kinetic energy results for a longer duct length and an increased nozzle
pressure ratio from NPR=3 to 5. The figure shows that the initially minor ring of turbulence kinetic energy has
expanded further as the NPR has increased.
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Conclusions
This study examines the passive technique of monitoring base pressure at sonic Mach numbers with an area
ratio of 2.56, using quarter ribs. It analyzes how rib size, placement, nozzle pressure ratio (NPR), and rib
orientation affect the outcomes. Results show that adding ribs significantly impacts shear layer interactions,
leading to changes in base pressure depending on rib size, location, and angle. A rib with a 1 mm radius can
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Fig. 25. Base Pressure Variation Vs. NPR for Many rib radii and locations for L/D =6.0.

boost base pressure by 120%, matching the back pressure. A 2 mm rib can raise it by 140%, making it suitable for
applications needing a base pressure 65% higher than ambient. Furthermore, passive control is highly effective
in decreasing suction in the recirculation zone when a 2.5 mm rib is placed at 1.5D or 2D.

Analysis of pressure, velocity, temperature, streamlines, and turbulent kinetic energy indicates that longer
ducts and higher nozzle pressure cause the flow to expand more, leading to greater energy diffusion.

Additionally, the position of the rib significantly impacts how the base pressure recovers. A notable increase
in base pressure occurs at 1D for both orientations; however, the maximum recovery is observed at 1.5D in
orientation two, with the recovery remaining nearly unchanged at 2D. Orientation 2 significantly enhances
pressure recovery by adjusting the rib orientation to allow flow to interact with the flat surface, resulting in a
marked change in base pressure. This adjustment results in a base pressure increase of 12.7% for the 2.5 mm rib,
7.7% for the 2 mm rib, 16% for the 1.5 mm rib, and 9.1% for the 1 mm rib.

The study further confirms that changing the duct length doesn't significantly affect base pressure trends,
emphasizing that the key factors influencing flow behavior are the rib’s geometry and its interaction with the
shear layer. Nevertheless, at L=0.5D, flow oscillations occur because of its proximity to the nozzle exit, where
the shear layer transitions before reattaching stably. Ultimately, these findings underscore the importance of
selecting the optimal parameter combination to achieve specific mission objectives.

Future studies can focus on enhancing accuracy by implementing advanced turbulence models to more
accurately predict flow separation and vortex dynamics. Moreover, exploring hybrid control strategies that
combine passive methods with active techniques, such as micro-jets or plasma actuators, could further enhance
pressure recovery and reduce drag, leading to more efficient aerodynamic systems. Machine learning techniques
can be utilized to optimize rib configurations and predict base pressure variations under different conditions.
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Fig. 26. (a) Pressure contour for L/D =2, 2.5 mm rib, at 1D location and NPR =3. (b) Pressure contour for
L/D=2,2.5 mm rib, at 1D location and NPR=5. (c) Pressure contour for L/D =3, 2.5 mm rib, at 1D location
and NPR =3. (d) Pressure contour for L/D =3, 2.5 mm rib, at 1D location and NPR=5.
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Fig. 26. (continued)

Scientific Reports | (2026) 16:712 | https://doi.org/10.1038/s41598-025-30273-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Velocity Ansys
Contour 2 el
460.0
4312
402.5
373.7
345.0
316.2
287.5

- 258.7
230.0
201.2
1725
1437

- 115.0
86.2

57.5

28.7 I .
0.0 X
[m sl\_1 ] [) oot nml ™)

0008 0018

Velocity Ansys
Contour 2 el

556.9
522.1
487.3
4524
417.6
382.8
348.0
313.2
2784
2436
208.8
174.0
- 139.2
104.4
69.6

348 I °
0.0 X

[m s*-1] o 001 o )

0008 0075

Fig. 27. (a) Velocity contour for L/D =2, 2.5 mm rib, at 1D location and NPR=3. (b) Velocity contour for
L/D=2, 2.5 mm rib, at 1D location and NPR=5. (c) Velocity contour for L/D =3, 2.5 mm rib, at 1D location
and NPR =3. (d) Velocity contour for L/D =3, 2.5 mm rib, at 1D location and NPR=5.
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Fig. 28. (a) Streamline contour for L/D =2, 2.5 mm rib, at 1D location and NPR =3. (b) Streamline contour for
L/D=2,2.5 mm rib, at 1D location and NPR=5. (c) Streamline contour for L/D =3, 2.5 mm rib, at 1D location
and NPR =3. (d) Streamline contour for L/D =3, 2.5 mm rib, at 1D location and NPR=5.
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Fig. 28. (continued)
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Fig. 29. (a)Temperature contour for L/D =2, 2.5 mm rib, at 1D location and NPR=3. (b) Temperature contour
for L/D=2, 2.5 mm rib, at 1D location and NPR=5. (c) Temperature contour for L/D =3, 2.5 mm rib, at 1D
location and NPR =3. (d) Temperature contour for L/D =3, 2.5 mm rib, at 1D location and NPR=5.
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Fig. 29. (continued)
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Fig. 30. (a) Turbulence Kinetic Energycontour for L/D=2, 2.5 mm rib, at L/D =1, NPR=3. (b) Turbulence
Kinetic Energy for L/D =2, 2.5 mm rib, at 1D location and NPR=5. (c) Turbulence Kinetic Energyfor L/D =3,
2.5 mm rib, at 1D location and NPR = 3. (d) Turbulence Kinetic Energy for L/D =3, 2.5 mm rib, at 1D location
and NPR=5.
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Fig. 30. (continued)

Data availability
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