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number, is investigated numerically in this study. The velocity distribution and base
pressure changes are analyzed using a numerical compressible turbulence flow model.
Initially, the rib is positioned at 16 mm (1D) from the base of the duct. Later, the rib
position is shifted from 1D to 2D and then to 3D and 4D. The effect of variation of the rib
positions, as well as its height from 1 mm to 3 mm, keeping the width of the rib fixed to
3 mm, is studied. The nozzle pressure ratio varies from 1.5 to 5, and the rib location is 1D
and 2D. The velocity variation in the duct with and without rib placement is also analyzed.
The results revealed comprehensive spread observations from the positive analysis of
base pressure variation in ducts with no ribs and ribs with heights of 1 mm and 2 mm.

Keywords: The base pressure increased significantly with increasing nozzle pressure ratio for both
Supersonic; base pressure; Mach; ribs;  rib heights compared to a smooth duct. It is also deduced that the highest base pressure
passive control is achieved at an aspect ratio of 3:1 when placed at 4D.

1. Introduction

The compressible flow effects dominate high-speed aircraft, rockets, reentry vehicles, projectiles,
external ballistics, etc. During the subsonic and supersonic flow regimes, the flow is compressible,
and the density of the air varies. These variations in density need to be considered when designing
high-speed vehicles. At a very high Mach number, aerodynamic heating becomes a severe problem
that must be addressed. The aerodynamics at high Mach numbers is different from the supersonic
flow. The linearized theory cannot be used at transonic Mach numbers.
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During the evolution of the linearized theory, the second-order terms were neglected as their
order of magnitude was very small compared to the first-order terms. However, this assumption fails
when the Mach number is closer to unity. The transonic flow is studied through the internal flow
method in the present study. Here, the flow from a converging nozzle is suddenly exhausted into a
circular duct of larger diameter. Due to the sudden expansion, the flow is separated while exiting
from the nozzle and forming the wake region at the base. The jet pump action in these flows leads
to base corner flows where the base pressure is low, as shown in Figure 1.
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Fig. 1. A view of the sudden expansion flow from the converging nozzle

The low pressure at the corner causes the base drag flows, and this may account for up to 60 %
of the total drag, which must be considered at the design stage and needs urgent attention to
augment its magnitude and, hence, the optimization of the aerodynamic shape of the aerospace
vehicles. Active and passive control methods are often adopted to increase base pressure [1-4]. Khan
and Rathakrishnan [5] did experimental studies to control the base pressure from over-expanded
nozzles for Mach numbers ranging from 2 to 3. Results show that at these Mach numbers, the
microjet control decreases the pressure for all the Mach numbers and area ratio as the jets are over-
expanded for all the Mach numbers except for Mach 2. With the increase in the Mach number as
well as the area ratio, the reattachment length will increase, and the same results were observed by
Khan and Radhakrishnan [5] when they conducted the experiments for an under-expanded case for
Mach numbers 1.25, 1.3, 1.48, 1.6, 1.8, 2.0.

The experimental studies using internal flow test setup have many distinct advantages compared
to exterior ballistics tests conducted in the ballistics range for Shells, unguided rockets, bombs, and
missiles. An adequate air supply is necessary for tunnels with the test sections so that the wall
interference does not disturb the flow over the model. Support mechanisms like stings used to
support the model are eliminated, which is vital for external flow while performing the internal flow
experimental analysis. The internal flow setup has the added advantage of static pressure, and the
whole temperature of surface body measurement can be performed in the corner of the wake region
and at the inlet section of the expansion portion. The tests conducted in such a way are significant as
they provide theoretical predictions accurately [5-15].

Korst [16] studied the problem of base pressure in transonic and supersonic flow, where the
incoming flow at the base was sonic and supersonic after the wake. Depending upon the interaction
among the adjacent free stream and the dissipative shear flow considering the mass in the wake,
Korst devised a model based on the physics of the transonic and supersonic flow. Anderson and
Williams [17] studied the sudden expansion of air by analyzing the noise produced and the resulting
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base pressure in a cylindrical duct. The base pressure obtained was minimal due to the attached flow
depending upon the duct-to-area ratio of the nozzle. Their results reveal that whenever the base
pressure is minimum, that corresponds to the minimum noise the jet produces.

Khan and Rathakrishnan [18] used microjets as a control mechanism to control the base pressure
for Mach number numbers in the range from 1.25 to 3. Their results show that microjets can lower
Mach numbers and area ratios, and the resulting base pressure assumes very high values. The physics
behind this trend is mainly due to the jet becoming under-expanded at these Mach numbers. It is
well known that the control, either active or passive, becomes effective under a favorable pressure
gradient. In their test, the NPRs considered were such that up to Mach 2, the jets were under, over,
and correctly expanded. However, for Mach (M), more than two of the NPRs tested were over-
expanded. The expansion level may be why the control in the form of microjets was effective at
higher Mach numbers and area ratios.

Vikramaditya et al., [19] investigated the pressure-flow variations experimentally in the base
region of a characteristic missile shape at a free stream subsonic flow of Mach number 0.7. Their
purpose was to characterize the base pressure-flow variations and explain the effect of base cavities
on their performance. They conducted experiments for unsteady pressure measurements at six
azimuthal positions. Significant fluctuations in pressure-flow characteristics were observed laterally
in the azimuthal direction due to the irregularity of the model. The base cavities were realized to
improve the base pressure and decrease the root mean square of the pressure variations. They
showed that the higher-order moments provide a lessening tendency as the length of the base cavity
is augmented.

Jaimon et al., [20] used the L9 orthogonal array to plan experiments and found that the lower
area ratios are more useful in control than the higher area ratios. Analysis of variance and multiple
linear regression analysis were performed to obtain experimental results. Fifteen random test results
were used to predict accuracy and test two linear regression models. Their study revealed that the
linear regression model is enough to predict the base pressure accurately with and without control.
Computational fluid dynamics analysis was performed for further in-depth analysis, and validation of
the experimental results was presented.

The flow field became oscillatory for a particular NPR and L/D ratio combination. The oscillatory
nature of the flow in the duct was observed in both control and without-control cases. Other relevant
research works using active control include [20-27]. Pathan et al., [25] delved into how the level of
expansion affects base pressure and reattachment length. Their results confirmed that conditions
significantly impact pressure and flow behavior. This further emphasizes the need to consider
dynamics when developing strategies for optimizing base pressure.

Mechanisms for Controlling Base Pressure Base pressure plays a role in understanding how
objects behave in high-speed airflow. Researchers have explored methods to regulate and improve
base pressure. These methods include techniques like incorporating ribs and using jet flow
management. The studies by Shaikh et al., [28,29] focused on converters and analyzed flow and
pressure drop uniformity within the monolith. This research offers valuable insights into managing
pressure fluctuations in intricate flow systems. While not directly linked to base pressure, their
findings underscore the significance of optimizing flow properties for better pressure regulation.

Various studies have used Computational Fluid Dynamics (CFD) to study and improve how fluids
move in duct systems and high-speed settings [30-40]. For instance, Pathan et al., [30] looked into
optimizing the length of ducts for flows that suddenly expand. Their findings shed light on how
changes in shape can influence pressure. Similarly, they examined factors impacting thrust and base
pressure inflows, revealing that the design of the nozzle and the level of expansion play roles in
pressure [31]. Khan et al., [37] conducted a CFD study on submarines to reduce resistance. This
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indirectly aids in grasping pressure management through streamlining around submerged objects.
The findings showcase the real-world utility of CFD and endorse using simulation results for
experimental verification. The arrangement of ribs in a duct system can impact base pressure. Aqgilah
et al., [38] explored the use of control to influence flow at speeds by varying the placement of ribs.
Their detailed study showed how rib positioning affects base pressure [38]. This research supports
the idea that passive control techniques, like rib placement, can effectively alter flow patterns and
improve base pressure. The characteristics of flow, including levels of expansion and pressure ratios,
are crucial for controlling base pressure. In a study by Figri et al., [39], the impact of flow on pressure
was examined at sonic Mach numbers. Their findings demonstrated how the configurations of
expansion and cavities influenced base pressure. This research underscores the relationship between
flow characteristics and pressure dynamics, which is vital for creating effective control systems.

Other studies by Shamitha et al., [41,42] focused on how pressure is distributed on speed wedges.
This research provided insights into how pressure varies under conditions and different flow
scenarios. Understanding these dynamics, including base pressure control, is crucial for pressure
distribution management. Similarly, Shaikh et al. investigated how the angle of a cone impacts
pressure distribution on its surface. That indirectly relates to the design and positioning of passive
control features such as ribs. Their findings highlight factors' significance in effectively managing
pressure [43-45].

The control of pressure at the corner of the duct, when the flow exits from the nozzle is achieved
using several methods. Priority is given to the flow regime analysis for different Mach numbers and
duct designs, and significant contributions are made through experimental techniques. However, the
reviewers do not conduct in-depth fluid flow simulation analysis using any numerical method. This
work uses a turbulent numerical model to investigate the effect of the rib locations and their height
when the duct diameter is 16 mm, i.e., the area ratio is fixed at 2.56. Base pressure regulation with
an annular rib creates a disturbance in the field. Hence, a new flow field is analyzed using the velocity
distribution and streamline contours. When the NPR is increased, the flow expands with a certain
level of under-expansion and correct expansion, which has a different flow phenomenon. The
present study is undertaken to understand the behaviors of the flow field in the suddenly expanded
duct and the physics behind these phenomena.

2. Problem Definition

There are numerous critical issues impacting base flows. A few vital parameters are Mach
number, boundary layer type before the separation, and geometry. Numerous studies have explored
the influence of passive control devices, such as ribs. However, a comprehensive understanding of
how rib geometry affects suddenly expanded flows remains elusive. This research aimed to address
the knowledge gap by conducting experimental investigations focused on the specific context of flow
characteristics through suddenly expanded ducts at Mach 1.2. By utilizing the power of passive
control strategies, we can optimize the aerodynamic performance of high-speed vehicles operating
at Mach 1.2, making them more efficient, stable, and capable of achieving their mission objectives.
Continued advancements in this area hold the potential to revolutionize the design and operation of
supersonic vehicles, pushing the boundaries of speed, efficiency, and safety in aerospace
engineering.

The Computational Fluid Dynamics (CFD) software used throughout the procedure was ANSYS
Workbench, which used Fluid Flow (Fluent) analytical methods. The model was created using a
Design Modeller. Figure 2 illustrates a converging nozzle that suddenly expands into a duct with five
ribs. Referring to Radhakrishnan's [46] experimental setup, the dimensions for the convergent-
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divergent nozzle with suddenly extended circular are shown in Table 1. The duct length, L, varies
according to the L/D ratio, which ranges from one to six.
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Fig. 2. A duct with five ribs used in the experimental study [28]

Table 1

The geometries of the validation model

Nozzle Dimension Values

Nozzle inlet diameter 30 mm

Nozzle outlet diameter 10 mm

Duct diameter 22 mm

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

Rib width 3 mm

Rib height Varies from 1mm to 3mm

3. Computational Fluid Dynamics

The CFD process comprises several vital steps that facilitate experimentation and analysis. It
begins with modeling, which defines the system's geometry and governing equations. Subsequently,
meshing is performed to discretize the domain for numerical calculations. Pre-processing involves
setting up simulation parameters and boundary conditions, ensuring an accurate representation of
the real-world system. The solution phase employs computational methods to solve fluid equations
and simulate fluid flow within the nozzle. Finally, post-processing analyzes and visualizes the
simulation results, providing valuable insights that guide experimentation and design decisions. CFD
is widely used for a variety of reasons, including its low cost when compared to physical experiments
and tests for obtaining essential engineering data for design, its high-speed calculation process,
which allows simulations to be completed in a short period, and its ability to simulate real and ideal
conditions over physical processes.

3.1 Governing Equations

The flow through the nozzle is considered turbulent; hence, the k-standard model is applied for
the compressible flow field. The flowing equations most appropriately represent the turbulent flow
field.

Continuity equation for the compressible flow (density p based) with the steady-state condition
in the 2-dimensional cylindrical coordinate system

19(pru) | A(pv) _
r or + 0z =0 (1)
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The time-averaged axial z-momentum equation representing u velocity of flow is given by

0

dp a u 2 . d [0u  ov
—R ()25 2D+ [ G

19(pruu)  19(pvu) _ -
+ = 0z

r 0z r Or

(2)
The radial r-momentum equation for v velocity

1d(pruv) . 19(pvv)
—_ _I_ — —
r 0z r Or

dp a du 2 - 0 [(Ou , oOv (L+ppv
o T “t)a[(za—g(v-"))] g (G -2t

Z

2=+ ) (V.9) (3)

The term ¥ in Eq. (2) and Eq. (3) is given by

- du v v
Vv=—+ -

0z E r (4)
Here, W is viscosity, po is the reference viscosity value in kg/m-s, T is static temperature, and To
is the reference temperature in K. S is Sutherland constant depending upon effective temperature.

The quantity (CL + :—rt) represents the valuable thermo-physical property of fluid where k is the
P t

thermal conductivity in W/m2k, Cp is the specific heat capacity in KJ/kg-K, u; is turbulent viscosity in
kg/m-s, and Pr; is the Prandtl number for turbulent flow.

The K-¢ turbulence model is among the famous models providing economy, robustness, and
sufficient accuracy for many flow situations. The k-¢ turbulence model employed in this work is made
available by the Ansys Fluent software. The turbulent kinetic energy, i.e., K-equation, is given by

9(puk) | 19(pvK) _ 9 [(H + ﬁ) Kl 190 [F(H + ::—;) a—K] —pe+G (5)

0z r or 0z oy oz, ror or

The term gy, is the turbulent Prandtl number for K, ¢ is the turbulent kinetic energy dissipation
rate, and G is the turbulence generation term given by

= (0 2w\ ou 2, o Oup
G - ut <6x] + aXi) an 3 k81] aX] (6)

The kinetic energy of turbulence dissipation, i.e., e-equation, is given by

= ) il (e )T - an R o - ek () )

The term u, = pf,C, k? /< represents turbulent viscosity, the value of Cur C1, Cy, fu, Ok, O¢ are
all arbitrary constants.

3.2 Geometry and Modelling

In this study, the geometry model without passive control, which is a converging-diverging nozzle
with a plain duct, will be used to assess the efficiency of passive control and flow development in
detail due to the existence of ribs. Then, passive control (ribs) is applied to the duct to manipulate its
flow development. The rib form is rectangular, as illustrated in Figure 3.
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Fig. 3. The rectangular-shaped rib

The width of the ribs is kept constant, which is 3mm, but the ribs' height varies. The rib's

dimensions are shown in Table 2 below.

Table 2

The rib's dimensions

Width (mm)
Height (mm)

3 3 3
1 2 3

In this work, the ribs' locations from the base pressure wall varied to 0.5D, 1D, 1.5D, 2D, 3D, and
4D, as shown in Table 3. The ribs' locations were calculated using the equations below

. . w
Ribs Location,RL = D — Y D=16 mm, w=3mm
Table 3
Ribs location and its distance from the base wall
Location 0.5D 1D 1.5D 2D 3D 4D
Distance from the base wall 6.5 mm 14.5 mm 22.5mm 30.5mm 46.5 mm 62.5mm

Figure 4 illustrates an experimental setup featuring a convergent-divergent axisymmetric nozzle
that suddenly expands into a larger cross-sectional area within a circular duct with an annular rib.
The present work dimensions and parameters manipulated in this project are shown in Table 4

below.

1 -

96 -

Fig. 4. Schematic diagram of the nozzle with the enlarged duct

Table 4

Present work dimensions and parameters

Parameters

Original Value

Mach number
Area ratio
Convergent angle
Divergent angle
Inlet diameter
Outlet diameter
Throat diameter
Convergent length
Divergent length
Duct diameter
Duct length

1.2
2.56

15

0.5

21 mm
10 mm
9.9 mm
20 mm
8.6 mm
16 mm
Varies from 1D to 6D
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Next, the area ratio for the model is expressed by the equation below.

n'DIZ, 2
4 __ Dp — 167 —

= 2.56

Area ratio =

4

mb3 ~ D2 102
Dp is the diameter of the duct, and Dn is the diameter of the nozzle.
3.3 Simulation Model

The axisymmetric convergent-divergent nozzle model configurations with annular ribs were

simulated using ANSYS Workbench 2023 Design Modeler. Figure 5 below illustrates an example of
the geometry, with the ribs located at 0.5D and L/D = 1.

o0 1000 00 pemy
]

Fig. 5. Display of nozzle and duct configuration in ANSYS Fluent

3.4 Meshing and Analysis

The Automatic Method is applied to all quads as indicated to start the meshing process. The
element size, 0.3 mm, has been standardized to all C-D nozzle dimensions. The meshing results on

the geometry are demonstrated in Figure 6, and it applies to all L/D variations with the same mesh
density.

Fig. 6. Meshing density for 0.3 mm element sizes
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The initial stage of numerical modelling involves the selection of a suitable mathematical model,
encompassing governing equations, boundary conditions, mesh quality, and a numerical method to
solve the governing equations simultaneously. Next, a numerical method is chosen to solve the
governing equations. Despite the computational method's inability to precisely represent physical
events, it offers valuable insights into flow behavior and has been heavily relied upon for many years.
Therefore, it is imperative to carefully choose features that accurately reflect the behavior of the
flow. This study analyzes the assumptions to achieve a satisfactory compromise with the accurate
physical reality. The assumptions and features discussed in this study are as follows

i. The flow is a steady-state-two-dimensional flow due to the flow being symmetric along the
flow direction.
ii. The velocity flow is considered turbulent because the viscous dissipation effects are
considerable.
iii.  The fluid is compressible, and its viscosity is a function of temperature.
iv.  The flow exits from the duct at ambient atmospheric pressure.

Before commencing the simulation calculation, specific preparations are necessary within the
CFD Simulation Setup. These preparations include the general configurations, models, materials,
boundary conditions, initialization, and calculation. Under the general section, the solver type must
be adjusted to density-based, and the time setting must be established as steady. In the 2D space
category, the axisymmetric option is selected, ensuring that the analysis of the experiment addresses
the resolution of a 2D axisymmetric problem. The energy equation for the energy model is activated.
In the viscous model panel, the k-epsilon model is selected, and the standard variant is chosen.
Standard wall functions are applied for the near-wall treatment. In selecting the material, fluid air is
chosen, with the density set to the ideal gas and the viscosity governed by the Sutherland Law. Other
properties, including specific heat, thermal conductivity, and molecular weight, are set to constant
values. The boundary conditions for the nozzle inlet and the Gauge Total Pressure (GTP) can be found
by deriving the NPR formula below. The GTP for all other zones must be set at 0.

GTP+ Pgtm

NPR =

atm

Next, the solution initialization is set to hybrid initialization, and the number of iterations is set
to 10000.

3.5 Mesh Generation and Independence Check

The meshing of the geometry plays a crucial role in the stability and accuracy of numerical
computation. The result computing time and the results' accuracy depend on the mesh density,
which also means the element's size. The FEA theory states that a Finite Element Model with fine-
meshed elements yields high accuracy, but the process may take more computing time. The fine
mesh may be used only when high accuracy and precision are required. The Finite Element Model
with coarse mesh may simulate the results in a short computing time, but the results obtained may
not be accurate compared to the fine mesh FE model. Choosing the appropriate mesh and element
size is necessary to get the FEA results with high accuracy with minimum possible commuting time.

A quality mesh is the first step in ensuring that the computational fluid dynamics solver generates
the correct solution while using as few processing resources as possible. When defining mesh quality,
the first step is straightforward: if a mesh does not converge or produce a result, it is a bad mesh.
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However, things become more complicated from there, as there are decent and even better meshes.
Perhaps the essential feature is how accurately the CFD solution matches real-world occurrences.

This project involved the refinement of an unstructured rectangular mesh. Grid sizes are adjusted
to provide sufficient accuracy and convergence. The same geometry is utilized to determine mesh
independence. Five alternative element sizes and nodes are simulated. Each element size was
simulated using different NPR values ranging from 1.5 to 5. The element size and its corresponding
number of elements are shown in Table 5.

Table 5

Different element sizes with their properties based on the same geometry model
Element Size Number of Element Number of Nodes

Coarse 1251 1354

Fine 3277 3452

Finest 78167 78988

The mesh independence check's goal is to determine the appropriate element size. Higher NPR
requires more rounds and takes longer to compute. Selecting the proper element size can achieve
higher precision with less computation time. Table 5 shows that the finer the element size, the denser
the mesh. For the finest element sizes, there are more elements and nodes. The percentage
difference between element sizes with the same NPR and design geometry must be less than 20% to
determine the appropriate element size for meshing. In general, 10k iterations are sufficient for the
solutions to converge; however, 20k iterations ensure that the solutions converge with high
correctness.

Table 5 shows various element sizes, the number of elements, and the number of nodes. Figure
7 shows that the chosen grid size is the finest, with approximately 78988 nodes and 78167 elements.
This is because the variation in base pressure ratio between finer and finest grid sizes is less than 5%.
If the element size is reduced while the number of elements increases, the number of iterations
exceeds 10,000, and the computational time increases. As a result, the best element size equals the
ideal grid size.
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Nozzle Pressure Ratio, NPR
Fig. 7. Three different element sizes having converged values
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3.6 Validation of Previous Work

According to Rathakrishnan [46], 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 [46], the result from Figure 8 with NPR (P01/Pa) 2.458 and models with control in
the form of ribs with 3:2 and 3:3 aspect ratios was chosen to be compared to the current work. The
simulation is supported by Radhakrishnan's [46] experimental work, which used five ribs positioned
at equidistant intervals in the duct, as illustrated in Figure 2. The results of base pressure fluctuation
with 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 8 demonstrates the current and earlier studies' base pressure ratio data curves [46]. The
experimental values were denoted by dotted lines, while the simulation results obtained using ANSYS
Fluent were represented by straight lines. The current numerical work had a percentage error of less
than 10% compared to the earlier experimental work. As a result, the current work fell within the
acceptable range. The curves followed the same pattern; each point was close to the next. As a result,
based on the table and graph described before, the validation of the current work was successful.

P,/Pa=2.458

Base Pressure Ratio, Po/Pa

2 3 4 5 6
L/D
ce-@--- 3:3 (Experimental) —@— 3:3 (Simulation)
ceecheeee 3:2 (Experimental) == 3:2 (Simulation)

Fig. 8. Validation of previous work by Rathakrishnan [46]
4. Results and Discussions
This study aims to assess the nozzle flow from a converging-diverging nozzle and the effectiveness
of the ribs of different sizes and locations in a suddenly expanded duct at supersonic Mach number
1.2.
4.1 Selected Pressure Contours: CD Nozzle with Sudden Expansion Duct Having Ribs
The figures in the document reveal critical insights into the behavior of high-speed flows as they

interact with ribs of varying configurations within a suddenly expanded duct. Each configuration
provides unique insights into how passive ribs can manipulate flow dynamics.
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Figure 9 to Figure 11 show pressure contours for ribs with aspect ratios of 3:1, 3:2, and 3:3,
respectively, all located 0.5D from the base wall. At this proximity to the expansion, ribs immediately
influence the flow by inducing shock waves and separation bubbles. The varying aspect ratios
demonstrate how the thickness of the rib can either amplify or dampen these effects. Thicker ribs
(3:1) tend to cause more pronounced flow separation, as evident in Figure 1, leading to larger
recirculation zones, which can be detrimental by increasing pressure drag but are beneficial for
mixing applications. Conversely, thinner ribs (3:3 in Figure 3) might result in less obstruction to the
flow, reducing recirculation and potentially leading to a more streamlined flow post-expansion.

001 0T

Fig. 9. Contours result of L/D 1 and 6 at NPR 2
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Fig. 10. Contours result of L/D 1 and 6 at NPR 2
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Fig. 11. Contours result of L/D 1 and 6 at NPR
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Figure 12 to Figure 14, with ribs of aspect ratio 3:1 at 1D to 2D locations, show how increasing
the distance from the base wall affects the flow. As the rib is placed further away, the flow can
develop more fully before encountering the obstruction. This can reduce the abruptness of flow
separations and improve pressure recovery downstream, as indicated by smoother contours in these
figures. The influence on pressure recovery is critical for efficiency, particularly in propulsion systems
where energy loss minimization is vital.
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Fig. 13. Contours result of Ir_/D'1 and 6 at NPR 2
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Fig. 14. Contours result of L/D 3 and 6 at NPR 2

Figure 15 and Figure 16, where the rib is located even further at 3D and 4D, illustrate an advanced
stage of flow interaction. The duct's length allows for a fully developed turbulent profile before the
flow hits the rib. This can be crucial for applications requiring stable flow conditions at the exit of the
expansion, as the disturbances induced by the ribs are better dissipated.
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Fig.TG. Contours result of L/D 5 and 6 at NPR 2

Figure 17 to Figure 26, where ribs with aspect ratios of 3:2 and 3:3 are tested at distances of 1D
to 4D, continue to explore these dynamics. The increasing aspect ratio at these positions shows how
a wider rib can influence the flow. Particularly in longer ducts (evident in higher figure numbers), the
ribs help control the boundary layer development and flow separation, which is crucial for
maintaining desired flow characteristics over extended distances.

The nozzle pressure ratio (NPR), while constant at 2 for all configurations, plays a crucial role in
defining the overall energy state of the flow entering the duct. Higher NPRs generally increase the
total pressure across the system, which can amplify the effects of ribs in controlling the flow due to
higher energy interactions at the rib boundaries. Each figure provides a detailed examination of how
ribs affect high-speed flow in a duct, showing that the location and size of ribs are crucial for
managing flow separation, pressure recovery, and energy efficiency. The rib parameters must be
aligned with the specific aerodynamic goals, such as minimizing energy losses in propulsion systems
or enhancing mixing in combustion applications.
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Fig. 17. Contours result of L/D 2 and 6 at NPR 2
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Fig. 18. Contours result of L/D 2 and 6 at NPR 2
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Fig. 19. Contours result of L/D 3 and 6 at NPR 2
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Fig. 20. Contours result of L/D 4 and 6 at NPR 2
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Fig. 21. Contours result of L/D 5 and 6 at NPR 2
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123



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 123, Issue 1 (2024) 108-143

o] et
97020404 96672404
8.952e+04 8.
8.202e+04
74520404 7.217e+04
6.7020+04 6
5952404 55830404
52026404 1 4766404 ~—T
4.452¢+04 3.949e+04
37020+04 31320404
29526404 23150404
2.202e+04 1.498e+04
4520404 6816403
7.018e+03 -1.353e+03
826e- 5220+03
7o I
1:548e-
s evadsd 34030404

Pal e

o L

Fig. 26 Contours result of L/D 5 and 6 at NPR 2
4.2 Base Pressure (Pb/Pa) vs Nozzle Pressure Ratio Plot (3:1 RIBS and 3:2 RIBS)

Initially, the base pressure extracted from the Ansys file, gauge pressure, is converted to absolute
pressure by adding ambient atmospheric pressure. Later, this absolute pressure is made non-
dimensional by dividing the absolute pressure with ambient atmospheric pressure.

The Mach number of the present study is M = 1.2, and the NPR at the correct expansion is 4.2.
This study conducted simulations for NPRs 2, 3, 4, 5, and 6. The level of expansion (Pe/Pa) at these
NPRs is 0.83, 1.24, 1.65, 2.06, and 2.5. While scanning the literature, the researchers working in flow
control concluded that the control becomes active or passive effective once the nozzles flow under
a favorable pressure gradient. This means that the nozzles are under-expanded, and the control
employed becomes effective. Hence, there is a need to analyze the results to keep these findings in
mind.

Base pressure distribution with nozzle pressure ratio (NPR) for ribs with aspect ratios 3:1 and 3:2
for various duct lengths is shown in Figure 27. From Figure 27(a) to Figure 27(f), it is evident that the
base pressure values are oscillatory, and there are marginal variations in the base pressure values for
more significant duct lengths. This trend may be due to the small duct lengths, namely L/D =1 and 2,
where the ambient pressure will influence flow in the duct. Figure 27(a) shows that the base pressure
continues to decrease till NPR = 4, and later, there is a progressive increase in the base pressure.
When the rib of 3:1 is employed as passive control, there is an increase in the base from NPR =3
onwards. However, for ribs with a 3:2 aspect ratio, there is an increase in the base pressure right
from NPR = 2. Also, it is seen that the flow pattern for L/D = 1 is quite different from the other L/Ds
from 2 to 6. There are two reasons for this pattern. First is the small duct length, and second is the
locations of the ribs at 0.5D. When flow exits from the nozzle, it faces expansion waves and a
separated shear layer coupled with the strong influence of the atmospheric pressure.

When we look at the base pressure results for other L/Ds from 2 to 6, the decrease in the base
pressure gets arrested at NPR = 3 instead of NPR = 4 for the without-control case, and the rest of the
trends are almost the same with a marginal change in the magnitude of the base pressure.
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Fig. 27. The base pressure ratio variations with NPR rib at 0.5D

Figure 28(a) to 28(e) show the base pressure variation with NPR for two ribs of aspect ratios 3:1
and 3:2 for enlarged duct lengths from 2D to 6D when ribs are placed at 1D locations. As discussed
earlier, in the absence of control, the decreasing trend in the base pressure is reversed from NPR = 3
and above. The same trend is seen here even though the location of the ribs is fixed at 1D. When the
control is employed, it increases base pressure from NPR = 3 and above for ribs with an aspect ratio
of 3:1. However, for ribs with an aspect ratio of 3:2, control does not show its impact at NPR = 2, but
from NPR = 3 and above there is a continuous rise in the base pressure. Similar trends are seen at the
duct length = 2D and 3D. It is also seen that for duct lengths, 4D, 5D, and 6D oscillations in base
pressure are seen due to the combined effect of the rib's location, level of expansion, and the duct
size, which influences the flow inside the duct. For the highest duct length, the base pressure is 20%
more than the ambient pressure. The results show that flow in the nozzle attains critical conditions,
and the flow becomes under-expanded for NPR more than two. These results reiterate that active or
passive control becomes effective whenever the nozzles flow under a favorable pressure gradient.
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Fig. 28. The base pressure ratio variations with NPR for rib at 1D

Figure 29(a) to Figure 29(e) show the base pressure variation with NPR for two ribs of aspect
ratios 3:1 and 3:2 for enlarged duct lengths from 2D to 6D for rib locations of 1.5D. As discussed
earlier, in the absence of control, the decreasing trend in the base pressure is reversed from NPR = 3
and above. Also, it is seen that there is a significant decrease in the base pressure from 0.7 to 0.2,
but with an increase in the NPR and attaining a maximum value of 0.6 at the highest NPR of
simulation. The same trend is seen here even though the location of the ribs is fixed at 1.5 D. When
the control is employed. It increases base pressure from NPR = 3 and above for ribs with an aspect
ratio of 3:1. The figure shows that base pressure values remained in the range from 0.7 to 0.85.
However, for ribs with an aspect ratio of 3:2, control does not show its impact at NPR = 2, but from
NPR =3 and above, there is a continuous rise in the base pressure, and the base pressure values 60%
more than the ambient pressure. Similar trends are seen at the duct length = 3D and 4D, except that
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of marginal variation in the magnitude of the base pressure values. It is also seen that for duct
lengths, 4D, 5D, and 6D oscillations in base pressure are seen due to the combined effect of the rib's
location, level of expansion, and the duct size, which influences the flow inside the duct. For the
highest duct length, the base pressure is 20% more than the ambient pressure. These trends are
attributed to the expansion level, rib sizes, and locations.
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Figure 30(a) to Figure 30(e) presents the base pressure results for two ribs of aspect ratio 3:1 and
3:2 for rib location of 2D for NPRs in the range 2 to 6. Results for L/D = 3 when ribs are located at 2D
are shown in Figure 30(a). The base pressure results for 2D rib location show that for rib with an
aspect ratio of 3:2, there is a progressive increase in the base pressure, whereas, for rib with a 3:1
aspect ratio and in the absence of control, there is a decrease in the base pressure till NPR = 3 for
both the cases and control becomes effective. Base pressure progressively assumes higher values
with increased NPR and, hence, the under-expansion level. The physics behind this trend is that at
NPR = 3, the nozzle is under-expanded, and the level of under-expansion is 1.24 (i.e., Pe/Pa = 1.24).

Regarding ribs with an aspect ratio of 3:2, there is a continuous increase in the base pressure right
from NPR = 2. When the rib height is 2 mm, the exiting flow from the nozzle has no space to create
suction, and the base pressure values at NPR = 6 are twice the ambient atmospheric pressure. Similar
results are shown in Figure 31(b) to Figure 31(e) for duct lengths 4D, 5D, and 6D. It is seen that flow
has attained a steady state, and higher duct lengths are unable to influence the flow field inside the
duct. Hence, safely, we can say that flow in the duct is established and remains attached to the duct.
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Fig. 30. The base pressure ratio variations with NPR for rib at 2D

Base pressure results as a function of NPR, and for ribs, the aspect ratio is 3:1 and 3:2 for 3D
locations of the ribs, as shown in Figure 31(a) to Figure 31(c). These results differ from the previous
case, where the rib was located at 2D. Regarding the rib of aspect ratio 3:2, results show that the
base pressure values are nearly three times the atmospheric pressure at NPR = 6. In contrast, when
ribs were located 2D for the same level of expansion, the base pressure was two times the ambient
pressure. When we look at the base pressure pattern for a rib with an aspect ratio of 3:1, there is a
sudden drop in the base pressure till NPR = 3; later, there is an increase in the base pressure.
However, the variation of the base pressure is not linear. Some waviness in trend is seen; it is more
prominent for the rib of aspect ratio 3:1 instead of rib 3:2. To understand the flow's physics, one must
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analyze the results critically. The duct diameter is 16 mm; hence, the step height is 3mm at the top
and bottom from the axis of symmetry. Because of the small step, the reattachment length seems to
be small. The results show that the reattachment point is around 1 D (i.e., 16 mm) from the base.
After the reattachment point again, the boundary layer will be formed, and through the shear layer,
flow development will take place, and the wall duct pressure recovery will also occur. Under these
circumstances, when the ribs are placed beyond the reattachment point, the vortices created by the
sharp corner will interact with the boundary layer depending upon the height of the ribs. When rib
height is small, for instance, in the case of the aspect ratio 3:1, where the rib height is just 1 mm, it
seems the rib is inside the boundary layer. The viscous forces are concentrated inside the boundary
layer, and the flow is compressible, viscous, and rotational. Because of this situation, the rib is also
located inside the boundary layer, generating vortices from the top two sharp corners, resulting in
the oscillatory nature of the flow. This may be why base pressure oscillates when a rib of 1 mm is
placed at a 3D location.

Similar results are seen for other duct lengths L = 5D and 6D in Figure 31(b) to Figure 31(c). The
increase in the duct length does not impact the base pressure values, which indicates that the flow
has stabilized and is steady and independent of the duct length.
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Fig. 31. The base pressure ratio variations with NPR for rib at 3D
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Figure 32(a) to Figure 32(b) show the findings of the present study when ribs are placed at 4D
locations with aspect ratios of 3:1 and 3:2. The results at 4D locations are different from the base
pressure results when ribs are located at 3D. However, these results are nearly identical to those
when ribs are located from 0.5D to 2D. As discussed earlier, there is a decrease in the base pressure
for the plain duct up to NPR = 3. Later, there is an increase in the base pressure.

Meanwhile, for rib aspect ratio 3:1, there is a linear rise in the base pressure, and base pressure
is nearly equal to the atmospheric pressure, in contrast to the results for rib aspect ratio 3:2 right
from NPR = 2, the starting base pressure values are equal to the atmospheric pressure and with an
increase in the NPR as high as the base pressure values are three bar. The change in the base pressure
values is due to the location of the ribs and the considerable duct length exposed to the ambient
atmosphere. Here, the ambient pressure impacts considerably the flow field inside the enlarged duct.
The reattachment seems to be around 1D or 2D. When ribs are located at 4D and duct lengths are
5D and 6D, the rib location is far from the shear layer, resulting in less interaction with the viscid
layer. For this duct location and length, the influence of the atmospheric pressure may be more
significant than that of the other rib position.

4D Location, LD 5 4D Location, L/D 6

NPR NPR
(a) (b)
Fig. 32. The base pressure ratio variations with NPR for rib at 4D

4.3 Base Pressure (Pb/Pa) vs Nozzle Pressure Ratio Plot (3:3 RIBS)

Base pressure results for various duct lengths from L = 1 to 6D when the rib is placed at 0.5D are
shown in Figure 33(a) to Figure 33(f). The results for L/D = 1 show a different pattern due to the small
duct length and flow field inside the duct being influenced by the ambient atmosphere for NPR =2
to 4 in the absence of ribs. When nozzles are highly under-expanded, the influence of the atmosphere
is reduced, as seen in Figure 34(a). When ribs of aspect ratio 3:3 are employed, it is seen that the
base pressure values are 25% more than the ambient pressure values, and for NPR = 6, base pressure
values are 3.7 bar, which is an outstanding achievement.

The following factors are responsible for such a high base pressure value: the most critical one is
the height of the rib, the secondary vortices at the two sharp corners, which will interact with the
base vortices, weakening the base vortices and resulting in high base pressure values. Similar results
are seen for duct lengths 2D to 6D, except for base pressure results without control. In the case of
the without control case, the marginal oscillations that were there for L/D = 1 are absent as the duct
length is enough for the flow to get attached to the duct wall, and the impact of the ambient pressure
is minimal. However, when the control is employed, there is a considerable increase in the base
pressure, and this pattern sustains all duct lengths right from 1D to 6D.
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Fig. 33. The base pressure ratio variations with NPR for rib at 0.5D

Base pressure findings for various duct lengths for a rib location of 1D are shown in Figure 34(a)
to Figure 34(e). The results show that without a control case, the base pressure decreases till NPR =
3. Later, for NPR = 3 and above, there is a marginal increase in the base pressure. However, when
control is employed, the base pressure has achieved considerable values from NPR 2, which is 25%
higher than the atmospheric pressure. The highest NPR = 6 for this study attains a value of 4.5 times
the ambient pressure. Similar results are seen for other duct lengths 3D, 4D, 5D, and 6D in Figure
34(b) to Figure 34(e). These results reiterate that the reattachment length for this duct diameter
seems to be around 1D. This may be one of the reasons why the base pressure attains a steady state
and values do not change even though duct length is varied from L = 2D to 6D.
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Fig. 34. The base pressure ratio variations with NPR for rib at 1D

When the ribs are located at 1.5D, the base pressure results are shown in Figure 35(a) to Figure
35(e) for with and without control when the rib's aspect ratio is 3:3. As discussed earlier, since the
flow is attached to the enlarged duct wall at around 1D location, any change in the rib placement
towards the downstream the rib is moving away from the reattachment point and also from the
boundary layer which is growing after getting attached with the duct wall. More so, due to the highest
rib height of 3 mm, it may be outside the boundary layer and blocking the main jet exiting from the
converging-diverging nozzle. It is also seen that flow behavior without control remains unaltered for
all the duct lengths as the flow has attained a steady state at L/d = 2; hence, any change in the duct
lengths will not yield any change in the base pressure without control, and same is the situation that
with control also, then there is no change in the base pressure values even though there is a change
in the duct lengths from 2D to 6D.
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Fig. 35. The base pressure ratio variations with NPR for rib at 1.5D

When ribs are located at 2D (i.e., 32 mm), the base pressure results without control case are the
same for all the duct lengths, as expected (Figure 36). However, when the control in rectangular ribs
is placed, there is a 25% increase in the base at NPR = 2. Later, there is a progressive increase in the
base pressure, and as high as 4.5 bar is the base pressure value at NPR = 6. Similar results are seen
for other duct lengths from 3D to 6D without any change in the base pressure values. The reasons
for this trend are the same as discussed earlier.
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Fig. 36. The base pressure ratio variations with NPR for rib at 3D

For Rib placement in 3D, the base pressure results are shown in Figure 37(a) to Figure 37(c) for
duct lengths 4D, 5D, and 6D. As discussed earlier, the control placement is further downstream in
this case, but this shift downstream cannot impact the base pressure values compared to rib locations
0.5D to 2D. Hence, these results further confirm that the gain while changing the placement of ribs
is case-sensitive. Whatever gain we get for rib locations for this duct diameter of 16 mm in the range
from 0.5D to 2D, we may not get the same advantage when rectangular ribs are placed at 3D to 4D
as we are far away from the reattachment point. Control cannot access the flow field inside the duct,
hence the resultant base pressure. Even though this location of the rib has a marginal change in the
base pressure, the magnitude of the increase is nominal. Hence, based on the above discussion, we
can say that the best rib placement seems to be in the range of 1D to 2D.
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Fig. 37. The base pressure ratio variations with NPR for rib at 3D

When ribs are placed at 4D for duct lengths 5D and 6D, the results do not show any significant
changes. However, there is a marginal increase in the base pressure at NPR = 2 and 6 (Figure 38).
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Fig. 38. The base pressure ratio variations with NPR rib at 4D

4.4 Base Pressure (Pb/Pa) vs Nozzle Pressure Ratio Plot (3:1, 3:2 and 3:3 RIBS)

Figure 39(a) to Figure 39(e) show base pressure results as a function of duct lengths (i.e., L/D) for
all three rib sizes (i.e., 3:1, 3:2, and 3:3) for various NPRs in the range from 2 to 6 when ribs are placed
at 0.5D. From the results, it is seen that the base pressure attains a steady state at L/D = 3 for NPR =
2, and for remaining NPRs, it attains a steady state at L/D = 1, and this pattern is for rib aspect ratios
3:1 and 3:2, but rib aspect ratio 3:3 the steady state is attained at L/D = 1 itself. This is because rib
height is 3 mm and blocks the flow, resulting in a sudden rise in the base pressure.
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Fig. 39. The base pressure ratio variations with L/D for rib at 0.5D

Figure 40(a) to 40(e) show the base pressure results for rib placement at 1D at various NPRs for
all the rib sizes simulated in the study. When NPR = 2, as seen in Figure 41(a), shows an unsteadiness
till L/D = 4, later base pressure becomes independent of duct length. At NPR = 2, these results are
expected as the nozzle interacts with NPR, which is needed to attain critical conditions. There is also
some oscillation in base pressure at NPR = 3, where the level of under-expansion is 1.25. This is bound
to happen as the flow passes through the expansion waves. Due to the flow expansion for rib size
3:3, a maximum rise in base pressure is attained at NPR = 6.
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Fig. 40. The base pressure ratio variations with L/D for rib at 1D

For 1.5D rib locations, the base pressure results are shown in Figure 41(a) to Figure 41(e) for
various NPRs. Once again, marginal flow variations are observed at NPR = 2, and the steady state is
achieved from L/D = 4. Meanwhile, for NPR greater than 2, the steady state is achieved at L/D =1, as
seen earlier in Figure 41(a). For NPR, more than two, the base pressure becomes independent of duct
length right from the beginning, and the base pressure values for ribs are very high, with an aspect

ratio of 3:3.
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Fig. 41. The base pressure ratio variations with L/D for rib at 1.5D

Figure 42(a) to 42(e) are shown as a function of duct length at different expansion levels. For this
case, the base pressure is independent of duct length right from the beginning, even at NPR = 2. The
base pressure results clearly show the impact of the ribs' location in 2D. In the earlier cases where
ribs were placed at 0.5D to 1.5D, at NPR 2 and 3, there were some fluctuations in the base pressure
values. However, the same phenomenon is not seen for rib locations at 2D. Figure 42(a) shows that
base pressure at NPR = 6 1.5 times the ambient pressure. It is also seen that with an increase in the
rib's height, there is a considerable increase in the base pressure, but NPR = 6 for ribs with an aspect
ratio of 3:3 is the maximum gain, and as high as around 4.5 bar, the base pressure value.
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Fig. 42. The base pressure ratio variations with L/D for rib at 2D

When ribs are placed at 4D locations, the base pressure results as a function of duct length are
shown in Figure 43(a) to 43(e) for NPRs ranging from 2 to 6. Figure 43(a) shows results for NPR = 2,
indicating that the base pressure results are independent of duct length. However, when we look at
the control effectiveness for three ribs having aspect ratios 3:1, 3:2, and 3:3, it is seen that ribs with
a 3:1 aspect are marginally effective, the send rib having an aspect ratio 3:2 is more effective, and
base pressure for this rib is nearly equal to ambient pressure. However, for ribs with an aspect ratio
of 3.3, the base pressure is 1.6 times the ambient pressure. For NPR = 3, there is an increase in the
base pressure for aspect ratios 3:2 and 3:3, and their values are 1. 3 times and 2.3 times the ambient
pressure, as seen in Figure 43(b).

When we look at the base pressure results at NPR = 4, as shown in Figure 43(c), the base pressure
values for these three ribs of height 1 mm, 2 mm, and 3 mm are 07-, 1.7-, and 3.1 times ambient
pressure. Similarly, there is a progressive increase in the base pressure values at NPR =5, as shown
in Figure 43(d), and their values for the same values of rib heights are 0.85, 2.1, and 4 times the
atmospheric pressure. Likewise, for the highest value of the NPR = 6, as indicated in Figure 43(e), the
base pressure values are 1.2, 2.6, and 4.8 times the back pressure.
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Fig. 43. The base pressure ratio variations with L/D for rib at 4D

5. Conclusion

The base pressure is influenced by factors such as the level of expansion, Mach number, area
ratio, L/D ratio, rib dimensions, and rib location. For suddenly expanded axisymmetric flows, passive
controls in the form of annular ribs have significantly reduced the base pressure compared to a plain
passage. Annular ribs with aspect ratios of 3:1 and 3:2, compared to 3:3, are efficient in lowering
base pressure. At an NPR of 2, the base pressure for ducts with 3:1 and 3:2 ribs is lower than that of
the plain duct, indicating that these configurations are most effective at this NPR. As NPR increases,
the base pressure also increases. However, at NPR 3 and above, the base pressure for the 3:1 and 3:2
ribs exceeds that of the plain duct, suggesting their effectiveness in reducing base pressure
diminishes at higher NPR values. Ribs with an aspect ratio of 3:3 significantly increase base pressure
and introduce mild oscillations to the duct pressure field. This behavior is likely due to the geometric
characteristics of the 3:3 ribs, which obstruct the flow, leading to increased flow separation and
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turbulence. This obstruction prevents efficient expansion and mixing of the jet, resulting in elevated
base pressure levels. These findings highlight the importance of selecting appropriate rib geometries
to optimize aerodynamic performance in ducted systems under different NPR conditions and imply
that there is a threshold for the control rib aspect ratio necessary to achieve maximum suction at the
base along with minimum pressure loss.
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