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ARTICLE INFO ABSTRACT
Article history: The primary purpose of this research is to investigate the effectiveness of rib as a passive
Received 20 May 2024 control to control the flow development around the circular duct at different levels of

Received in revised form 16 October 2024 expansion using Computational Fluid Dynamics (CFD). The nozzle pressure ratio (NPR),
Accepted 25 October 2024 rib size, and rib orientation were considered in this research. The L/D ratio is from 3 to
Available online 10 November 2024 5; the simulated NPRs were 1.5, 2, 3, 4, and 5. The rib was designed with a quarter circular
shape to see the method's effectiveness. The focus was on the duct’s base pressure and
wall pressure. The results show that the rib size and orientation strongly influenced the
base pressure. The base pressure for the model with rib keeps increasing while the base
pressure for the model with plain duct shows opposite results as the NPR increases. The

Keywords: base wall's pressure was not affected by nozzle pressure ratio only. Still, other
Base pressure; passive control; characteristics, such as rib size and orientation, are significant in manipulating the result.
Computational Fluid Dynamics (CFD) However, the rib does not adversely impact the flow in the duct.

1. Introduction

A nozzle is a device that converts high-pressure fluids into high-speed jets. Nozzles are
categorized into three different types. First is the converging nozzle, in which the cross-section of the
nozzle decreases from the entrance to the exit. Second, the diverging nozzle has an increasing cross-
section from the entrance to the exit. Third, the converging-diverging (C-D) nozzle combines the two
nozzles stated earlier. It is also known as the De Laval nozzle. The throat is the most minor cross-
section portion of the C-D nozzle. These nozzles are widely used in manufacturing and consumer
goods such as gasoline injectors, water jet cutting machines, etc.

The speed of sound in a fluid medium determines the relative speed. The speed of sound can be
different according to the fluid medium's pressure and density changes. The Mach number is the
speed of an object divided by the speed of sound in a fluid. Subsonic conditions occur for Mach
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numbers less than one. When the object's speed approaches the speed of sound, the Mach number
is nearly equal to one, M = 1. If the object's speed is greater than the speed of sound, it is called
supersonic conditions. Converging nozzles accelerate subsonic fluid flow to sonic velocities, which
are less than or equal to the speed of sound (Mach number, M<1). On the other hand, C-D nozzles
are used to accelerate gases to extremely high velocities, such as those exceeding the speed of sound
(Mach number, M=1), to extract the maximum thrust required to power an aircraft.

The shear layer divides the base flow into two major zones. The shear layer will generate powerful
vortices, increasing the overall drag force. Drag force is the aerodynamic force that resists the motion
of an object through the air. The force is formed when a solid body interacts and comes into contact
with a fluid. When there is no fluid present, there is no drag. The net drag force is made up of skin
friction drag, wave drag, and base drag. Skin friction drag is caused by the physical contact of fluid
with the surface of an object, which is called viscosity. Due to solid-fluid interaction, the degree of
skin friction drag is affected by the solid and the fluid properties. Rough surfaces have higher skin
friction than smooth surfaces. Next, the base drag is caused by the negative pressure originating
behind a projectile base. The upstream boundary layer highly impacted the drag. To be precise, the
boundary layer is the region of flow where velocity gradients and frictional effects are significant.
When the boundary layer separates, it creates a considerable wake that changes the flow
downstream of the point of separation. The drag force arises when the boundary layer splits due to
flow separation and the presence of the vortex.

Furthermore, shock waves along the surface cause wave drag as an object approaches the speed
of sound. The shock waves modify the static pressure and cause total pressure loss. Wave drag is
connected to the development of shock waves. The magnitude of the wave drag is proportional to
the Mach number of the flow. As a result, shock waves are nothing more than air disruption caused
by rapid airflow rates. The base pressure influences the base drag. These two factors are inversely
related to one other. When the base pressure rises, the base drag falls, and vice versa. The efficiency
of a device improves when the base drag of a bluff body is reduced to the desired level. There is a
noticeable difference in the drag form between the subsonic and supersonic flow. In subsonic flow,
only skin friction and base drag are present. Skin friction and base drag exist in supersonic flow, and
wave drag is introduced.

Based on the scenario of the forced flow of the fluid, two types of fluid flow can be determined.
External flow is the flow of an unbounded fluid over a surface, such as a pipe. The second type of
flow is internal flow, which can be described as the flow that is bounded by a solid surface, such as
flow in a duct or pipe. Nusselt [1] derives the base pressure for high-velocity gas flow by abrupt
expansion from three cases of entrance flow regime. When the entrance flow is subsonic, he claims
that the base pressure is the same as the entrance pressure. When the entrance flow is supersonic,
the base pressure will equal, greater, or less than the entry pressure. When the entrance flow is unity,
the expansion waves do not affect any area.

Two types of internal flow in a pipe entirely confined by solid surface conditions of flow present
when internal flow past a sudden increase in a compressible fluid was described by Wick [2]. First,
the flow is influenced upstream. When the flow at the entry is sonic or supersonic, the flow will be
altered. However, when the flow is subsonic, it will be impacted by flow beyond the entry. The
pressure at the corner is determined by upstream conditions when the flow in the entrance section
is sonic or supersonic.

Moreover, the differences and similarities between these two types of flow were characterized
by Wick [2]. There are three significant differences between the internal and external flows. First,
only in internal flow can wall shear stresses act on the wake and the reattached boundary layer.
Second, the pressure gradients of the paralleled wall sections change as the internal flow of the
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sudden expansion changes. Third, the jet boundary will meet at Mach lines, with the expansion waves
originating opposite the internal flow corner. However, one similarity between these flows is that
both have a wake region. Wick [2] further discusses the impact of the boundary layer on sonic flow.
He stated that the boundary layer provided a source of fluid for the corner flow and an insulating
layer that affected the pumping effectiveness of the jet. The base corner of the base pressure is the
total of two mass supplies; the boundary layer flows around the corner, and the backflow in the
boundary layer is along the extended section wall. The pressure in the expansion's corner was
connected to the type of boundary layer and the thickness of upstream growth.

Pandey and Rathakrishnan [3] highlighted the expansion flow in the over and under-expanded
cases. Both occurrences occur at supersonic speeds. An expansion fan forms at the convergent-
divergent nozzle outlet when the flow is under-expanded. Because reattachment occurs early, the
length of the reattachment will be reduced. Second, an oblique shock wave will form at the nozzle
exit due to over-expanded flow. The reattachment will take longer because the shock prevents the
reattachment from occurring. In both circumstances, vortices will appear inside the region between
the base and the reattachment point. These vortices will create suction. The suction force's strength
is proportional to the length of the reattachment. It can be concluded that the shorter the
reattachment length, the higher the strength of the vortices.

Active and passive control are the two approaches to adjusting the base pressure. Base drag can
be reduced effectively by controlling base pressure. The eagerness to control the base pressure on
abruptly extended flows has inspired many studies, such as Pesce et al., [4], Al-Daraje and Alderoubi
[5], and Zhou et al., [6]. Passive control approaches have always captured the interest of researchers
since, compared to active control, they offer the desired outcome without the need for any specific
apparatus. There is a lot of data obtainable in the literature about abruptly expanded flow issues by
Gao and Liu [7], Lietal., [8], Lu et al., [9], and Yan et al., [10] showing the procedures that govern the
base flows. Passive controls often involve geometric adjustments to the expanded duct, such as
cavities and ribs, and modify the jet control to alter the shear layer's stability characteristics and
function as flow control. Passive controls are typically less expensive and easier to build. Cavities such
as base and ventilated cavities are among the most often used flow control technologies for flow
regulation in abruptly increased flows, and they may boost base pressure based on what the system
needs. Pandey and Rathakrishnan [3] studied the flow through an axisymmetric duct with annular
cavities spaced at certain distances. They discovered that adding cavity circulation reduces the
oscillatory nature of the flow in the enlarged duct, allowing it to increase smoothly from the low
pressure to the ambient pressure at which the jet was discharged. Rathakrishnan et al., [11]
expanded the analysis to include multiple aspect ratios. They reported that the cavity in the expanded
duct had a considerable impact, with the effect being more substantial for longer ducts than shorter
ones.

Pandey and Rathakrishnan [12] conducted similar studies for highly subsonic to supersonic flows.
They discovered a supplementary circulation to prevent the flow from oscillating due to cavities. This
influence was more noticeable in subsonic than supersonic flow regimes. They also found that the
enlarged conduit area ratio extensively affects base pressure and flow development. Pathan et al.,
[13] also produced a similar observation.

Vikramaditya et al., [14] conducted an experimental study to investigate the impact of the base
cavity on pressure changes in the base section of a conventional missile system with a high Mach
number of 0.7. The primary objective of the investigation was to identify pressure changes and the
main factors that drive them. Because the flow is substantially non-uniform, they discovered that the
base pressure variation features varied significantly throughout the azimuthal direction due to model
asymmetry. They also found that the introduction of the base cavity results in a long-term
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improvement in base pressure. Khan et al., [15] explored the advantages of adopting numerous
cavities to reduce base drag in compressible subsonic flow. By minimizing base drag, the innumerable
holes can regulate the base pressure. They concluded that the longer the duct, the more efficient the
control using many cavities. Numerous cavities affect the wall pressure at lower L/D but not higher
L/D.

Similarly, the geometric dimensions of the cavity itself determine the base pressure. Khan et al.,
[15] also further investigated the effectiveness of the dimple in controlling the base pressure at
subsonic expanded flow. The base drag will be reduced with an increase in the base pressure. At
lower L/D, the wall pressure is affected, but at higher L/D, the wall pressure is not affected. In this
case, the base pressure is also influenced by the geometric parameters of the cavities. Furthermore,
Asadullah et al., [16] investigate the effect of single and multiple holes on base fluxes. They concluded
that many cavities had a substantially more significant impact on base flows than single cavities.

Sethuraman et al.,, [17] explored suddenly extended duct flows with more significant cross-
sectional sizes. They discovered that when NPR increases, the difference in base pressure reduces
progressively. The wall pressure of a constant NPR changes continuously over the length of the duct
and reaches ambient pressure when the flow passes the duct outlet. Finally, they concluded that the
cavity aspect ratio significantly influenced the flow field and base pressure. They also created a low-
cost multi-channel data acquisition system (DAQ) and compared it to commercial DAQ. Recent
research by Afzal et al., [18,19] on supersonic Mach numbers is based on active control, backed by
response surface analysis, k-means clustering, and data backpropagation modeling. For the data
analysis, the number of input variables was the same for no control and control.

Ribs, multistep vortex suppression, slotted cavities, dimples, spikes, and other passive
approaches are also available. Rathakrishnan [20] investigated the effect of ribs on suddenly
expanded axisymmetric flows and discovered that annular ribs significantly reduce the base pressure
compared to a passage without a rib. Significantly, the annular ribs with a 3:1 aspect ratio were shown
to be more successful at lowering base pressure. Furthermore, they do not generate any significant
oscillations in the duct's wall pressure field. In a similar investigation, Vijayaraja [21] used rectangular
ribs in the expanded duct and conducted trials under subsonic and sonic conditions. They discovered
that adding ribs reduces base pressure to an NPR of three. They concluded that ribs play an essential
role in lowering base pressure. Vijayaraja et al., [22] investigated the usefulness of annular ribs in
base pressure regulation and flow characteristics for nozzles with abrupt expansion at varied Mach
numbers. They discovered that the aspect ratio is vital in determining the base pressure in subsonic
and sonic flows.

Three publications were released from prior research for passive regulation of base pressure in
the shape of a cavity at supersonic Mach number 1.8 and area ratio 2.56. Ridwan et al., [23] identified
a CFD approach to passive base control of pressure utilizing cavities in a sudden expansion duct. They
discovered that base pressure is a critical function of the Nozzle Pressure Ratio (NPR), flow inertia,
duct length, and ambient pressure. The free stream atmospheric pressure considerably influenced
the base pressure for shorter duct lengths. In contrast, the ambient atmospheric pressure impacted
the growth of duct flow in smaller-sized ducts. In this situation, the control is effective when under-
expanded. For these specific characteristics, Mach number 1.8 and area ratio 2.56, the cavity's base
location is 1D from the base wall. Indeed, the ideal geometry is determined by the aspect ratio and
other associated characteristics like NPR and Mach number.

Ridwan et al., [24] also studied the effect of cavity position on base pressure at supersonic Mach
1.8. They understood that the cavity in the duct affected the base pressure. Indeed, the higher the
base pressure, the larger the distance between the cavity and the base wall. However, the pressure
gradient based on the contour data has no negative influence on the base pressure. The latest
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research by Zuraidi et al., [25] discovered that the duct cavity influenced the base pressure. The cavity
control is effective at correctly expanded and under-expanded nozzle pressure ratios (NPR). As a
result, increasing the cavity size does not affect the base pressure.

Furthermore, changing the cavity aspect ratio regarding height does not affect the pressure in
the wake. Increasing the cavity width, on the other hand, will affect the pressure in the separated
zone. This consequence of recirculation may fall inside the reattachment length and impact the base
flow field.

The blowing and suction techniques are part of the active control method. It is also called dynamic
flow control, which demands active flow management. Baig et al., [26] explored the airflow from a
convergent-divergent nozzle that expanded into a circular duct when the active control approach
blew through micro jets. The study concentrated on developing the base pressure and the expanded
duct flow. They infer from the supersonic Mach number investigations that microjets can efficiently
manage base pressure. In the current study, a specific combination of parameters such as the area
ratio, the nozzle pressure ratio, the Mach number, and the duct length-to-diameter ratio resulted in
a 45% increase in base pressure. Fharukh and Khan [27] investigated the situation identical to that of
Baig et al., [26] but at a more prominent area ratio of 7.56. According to the research, the supersonic
Mach number significantly influences the base pressure. The L/D ratios of 4 and 6 have the same
effect on base pressure variation as the Nozzle Pressure Ratio. However, the control effect is minimal.
The presence of control thus reduces the value of base pressure for Mach 2.7. Asad Ullah et al., [28]
also analyzed the impact of active control in the form of micro jets on flow growth in the duct for
under-expanded Nozzle Pressure Ratio circumstances precisely. According to the experiment results,
the change in the level of under-expansion contributed to the creation of powerful shock waves,
leading the wall pressure to be similar to atmospheric pressure or to increase by 20% to 100% from
the original wall pressure value. They also concluded that the flow field is interchangeable between
control and no-control cases.

Ashfaq et al., [29] looked into the capabilities of micro jets to regulate base pressure in suddenly
expanded axisymmetric ducts for area ratios 2.56, 3.24, 4.84, and 6.25 under sonic Mach number
conditions. The current study discovered that for lower area ratios, the minimum duct length
required for the flow to be linked to the enormous duct wall is L/D = 2, and for higher area ratios, L/D
= 3. Microjets' efficiency increases when utilized with a desirable pressure gradient. They can be used
as an efficient base pressure controller to adjust the flow field at the duct's base, hence the base
drag. Based on the literature, it has been found that numerous experimental works, CFD simulations,
and optimization techniques have been utilized to determine the base pressure control of the nozzle
sudden expansion duct [30-36]. With this concept, some researchers have performed the CFD
simulation to determine pressure around the bluff body and wedge [37,38].

The latest trend of research in this field is using machine learning to predict changes in flow
characteristics. Khan et al., [39] used data collection to explore the evolution of compressible flow
through a nozzle governed by semi-circular ribs. The goal is to change the base pressure for sonic and
supersonic Mach numbers. They used artificial neural networks (ANN), deep ANN (DANN),
convolutional NN (CNN), and deep CNN (DCNN) to model the compressible flow data. The data
visualization method used in the study reveals that NPR strongly influences the fluid element. The
ANN model is the most accurate in predicting base pressure, although the other models produce
valuable results. The effectiveness is negligible for over-expanded nozzle flow. When the nozzle flow
is at favorable pressure, the flow becomes effective and increases the base pressure.

Similar research was conducted by Khan et al., [40-42] to simulate the base pressure at sonic
Mach numbers using rectangular ribs for different area ratios and the control effectiveness of the
passive control.
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From the above discussion regarding previous studies, the researchers carried out the experiment
using ribs as passive control in the shape of annular and rectangular. | want to highlight that for my
current work, 1 am the first person to simulate and observe the flow characteristics using ribs in the
shape of a quarter circle. In my study, there are two orientation variants: the curved part of the rib
facing the base wall and the flat part facing the base wall.

2. Methodology

In the past, when my existence in this world was still a question mark, the research community
made genuine attempts to manage the base pressure and regulate/change the flow field in various
ways. Surprisingly, the entire body of work offered by these scientists who devote their lives to
science is entirely experimental, utilizing microjets, ribs, or cavities. After sleepless nights of reading
and analyzing previous research, no computational study on passive base pressure management has
been found to determine the minute details of flow phenomena occurring after the flow expansion
utilizing ribs. This article employs ribs as a passive control mechanism, using a computational
standard turbulence model and ribs of varying width-to-height ratios. An experimental inquiry is not
worth it to achieve the best aspect ratio of the cavity (width to height) and its appropriate location,
and comprehending the physics is relatively complex. Because the reattachment site of the shear
layer with the pipe, and hence the magnitude of base pressure, is determined by the placement and
shape of the ribs.

The study being conducted here focuses on the fluid dynamics aspect of the flow, where fluid
flows in the form of air through a converging nozzle are discharged into a duct of a larger cross-
sectional area. Using Computational Fluid Dynamics (CFD) for developing numerical models, this
paper covers the validation of these models through experimental work by Rathkrishnan [20], who
used five ribs at 1D locations at different pressure ratios and Mach numbers ranging from subsonic
to sonic. This study uses a single rib with a quarter circular shape as passive control at various aspect
ratios, different L/D locations, and different Mach numbers at sonic Mach numbers to further
investigate the effectiveness of the passive control methods in breaking the vortex through the use
of CFD simulation. In conclusion, the simulations will be run for area ratios of 6.25, utilizing a single
rib at different points along the duct at varying degrees of expansion.

Although the computational method has been reliable for decades, it does not accurately
describe physical processes; nevertheless, it does offer considerable insight into flow behavior. As a
result, choosing the exemplary aspects that closely resemble the flow behavior is necessary. The work
identifies the assumptions that jeopardize the precise physical state. The following are the features
and presumptions covered in this study. The flow is supposed to be a steady-state two-dimensional,
2D flow due to the flow being symmetric along the flow direction. As for the flow velocity, the
turbulent viscous dissipation effects are considerable; hence, the turbulent flow is considered. The
fluid is compressible, and its viscosity is a function of temperature. The flows exit from the duct at
ambient atmospheric pressure.

Since the flow through the nozzle is considered turbulent, the compressible flow field is
represented by the k-& standard model. As stated by Cengel and Cimbala [43], one of the most
popular turbulence models, the k-¢ model, offers sufficient accuracy, economy, and durability for
various flow conditions. The Ansys Fluent software provides the k-€ turbulence model used in this
investigation. The other tested models were the SST, LES, k-w, and one equation models. However,
because these models required more computational time and produced comparable results, we
decided to stick with the k-e model. The turbulent kinetic energy, i.e., K-equation, is given by Eq. (1)
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The kinetic energy of turbulence dissipation, i.e., the g-equation is given by Eq. (2)
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The geometry model without control, a converging nozzle with a plain duct, as shown in Figure 1,
will serve as the benchmark for this work's measurements of the efficiency of passive control and
flow development. Passive control is introduced at the duct to manage the flow development further.
As seen in Figure 2, the rib is transformed into a quarter circular shape. The ribs' aspect ratio of one
is maintained despite variations in their diameters. The ratio of the cavity height to the rib width is
known as the aspect ratio. In this work, the cavity locations from the base pressure wall were 1D
from the base wall.

Fig. 1. Geometry model without control

R

=)
Dl|! |DO
 —
Lc Ld

Fig. 2. Converging nozzle model suddenly expanded into a duct with rib

Referring to Rathakrishnan's [20] experimental model, the dimensions for the present work are
as follows.

From Table 1, the fixed parameters for this study are nozzle inlet diameter, duct outlet diameter,
and nozzle convergent length.

Table 1

The present work dimensions

Nozzle inlet diameter, Di 30mm

Duct outlet diameter: do 15mm

Nozzle convergent length, Lc 20mm

Duct length, Lq Varies fromL/D=2to /D=6
Rib radius, R Varies from R = 3mm to 5mm
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3. Results and Discussion

The same geometry is used for the mesh independence check. Five different element sizes with
different nodes are simulated. Each element size was simulated with different NPR varies from 1.5
to 5.

From the data tabulated in Figure 3, the chosen grid size is the finest size, with several nodes of
about 78988 and several elements of 78167. This is because the percentage difference in the base
pressure ratio between finer and finest grid sizes is less than 5%. If the element size is reduced and
the number of elements increases, iterations will be more than 10k, and the computational time will
be higher. So, the most suitable element size is the finest grid size.

w 09 &
-5} S —8— Coarse
[=%
o 0.8 —8—Fine
E Finest
v 0.7
=2
w
o
S 0e =
@
172
[y

0.4

1.5 2 25 3 35 4 45 5

Nozzle Pressure Ratio, NPR

Fig. 3. Five different element sizes have converged values for the
mesh independence check

The simulation is validated with the results presented in Figure 2 by Rathakrishnan [20], who
performed the experimental work using five ribs placed at central spaces in the duct.

The base pressure ratio data for the current and earlier study by Rathakrishnan [20] are displayed
in Figure 4. Dotted lines represented the experimental data, and straight lines represented the Ansys
Fluent simulation results. The error percentage was less than 10% compared to the current numerical
work and the earlier experimental work. Thus, the current work was completed within the required
range. Hence, the validation of the current work was successful based on tabulated data shown in
Figure 4.
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«ooodeere 312 (Experimental) == 3:2 (Simulation)

Fig. 4. Validation of previous work by Rathakrishnan [20]

3.1 The Influence of Rib and its Geometry Towards Base Pressure when Length to Diameter Ratio
Varies

Figure 5 shows base pressure with L/D ratio at NPR = 1.5 for various rib heights. At this NPR, the
nozzle is not choked. In the absence of the rib, the base pressure is nearly constant, which shows that
the minimum duct length needed for the flow to remain attached to the duct wall is L = 2D. When
ribs of height 3 mm and 4 mm are employed, it reduces the base pressure. Later, with a further
increase in the NPR, there is a marginal rise in the base pressure. However, the base pressure pattern
for the 5 mm height is different. Until L/D = 3, it has a similar pattern to the other rib heights. There
is a decrease in the base pressure for L/Ds in the range 3 to 4. However, for L/Ds in the range 4 to 5,
there is a slight increase in base pressure. However, between NPR 5 and 6, there is a substantial
increase in base pressure. This may be due to the rise in the height of the ribs to 5 mm, and the nozzle
is operated for duct lengths of 5D and 6D. This will result in the formation of secondary vortices at
the corner, leading to a rise in the base pressure and ambient pressure, which will influence the base
pressure for small duct lengths.

Figure 6 shows base pressure results as a function of L/D ratio when NPR = 2. At this point, the
NPR flow has reached critical conditions. In the previous case, when NPR is 1.5, the base pressure
values were marginally more than at NPR = 2, as at NPR = 2, the nozzle is ideally expanded, and Mach
waves are formed at the nozzle exit, which may be the reason for lower base pressure values. Control
decreases the base pressure when the rib height is 5 mm. It may be due to the combined effect of
the secondary vortices from the ribs, level of under-expansion, and influence of the backpressure at
various L/D ratios. It is well known that at lower L/Ds, ambient pressure will impact the base pressure.
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Fig. 5. The base pressure ratio variation with L/D for plain
duct and duct with rib at various sizes at NPR 1.5
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Fig. 6. The base pressure ratio variation with L/D for plain
duct and duct with rib at various sizes at NPR 2

Base pressure results as a function of L/D ratio at NPR = 3 is shown in Figure 7. At this NPR, the
nozzle is under-expanded, and the level of under-expansion is 1.5 (Pe/Pa= 1.6). The figure shows that
control has become helpful for 4 mm and 5 mm rib heights. There is an increase in the base pressure,
whereas, for a rib height of 3 mm, there is a decrease in the base pressure for all L/Ds. However, a
decrease in the base pressure is maximum at L/D = 6, and it may be due to the significant length of
the duct that a maximum suction is created. Similar results were obtained by Rathakrishnan [20] for
3 mm rib heights. These results reiterate that whenever the nozzle is flowing under a favorable
pressure gradient, the control becomes effective, either passive or active.
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When NPR =4, the base pressure results are displayed in Figure 8. Due to the increase in the NPR,
the level of under-expansion has gone up to 2.1 (i.e., Pe/Pa = 2.1). The impact of an increase in under-
expansion level is demonstrated in this figure. The figure shows that the base pressure increases
significantly when the rib height is 5 mm. It is seen that there is a considerable decrease in the base
pressure due to the expansion of the nozzle flow at NPR = 4 in the absence of the ribs. At this level
of under-expansion, even ribs with 3 mm result in a marginal increase of the base pressure for all the
L/Ds except at L/D =4 and 6. The decrease in the base pressure may be attributed to the duct length,
impact of ambient pressure, and interactions if the secondary vortices formed from the sharp corner.
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Fig. 8. The base pressure ratio variation with L/D for plain
duct and duct with rib at various sizes at NPR 4
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For the highest value of NPR =5, the base pressure results are shown in Figure 9 as a function of
the L/D ratio. Due to the increase in the NPR, the level of under-expansion has gone up to 2.7 (i.e.,
Pe/Pa = 2.7). The figure shows that the base pressure has increased significantly when the rib height
is 5 mm, which is forty percent higher than the back pressure. It is also seen that there is a
considerable decrease in the base pressure due to the expansion of the nozzle flow at NPR =5 in the
absence of the ribs, and this value has attained as low as 0.4 (Po/Pa = 0.4). At this level of under-
expansion, even ribs with 3 mm result in an increase of the base pressure for all the L/Ds.
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Fig. 9. The base pressure ratio variation with L/D for plain
duct and duct with rib at various sizes at NPR 5

3.2 The Influence of Rib and its Geometry Towards Base Pressure with Nozzle Pressure Ratio

Figure 10 shows base pressure results as a function of NPR at L/D = 2 with various rib heights. In
the absence of control, there is a continuous decrease in the base pressure. The physics behind this
trend maybe when the relief effect due to the increase of the area ratio is beyond some limit, the
flow from the nozzle discharged into the enlarged duct tends to attach with a reattachment length
other than the optimum for a strong vortex at the base. This process makes the NPR effect on base
pressure insignificant for a higher area ratio. When control is employed with rib heights of 3 mm, 4
mm, and 5 mm, with the lowest height of 3 mm, the regulator becomes effective from NPR = 4. These
results agree with Rathakrishnan [20] that a rib of height 3 mm decreases the base pressure. He did
test for a maximum NPR of 2.58. Hence, he did not experience an increase in the NPR. Therefore, a
rib with a height of 3 mm is successful when NPR is four and above. The maximum increase in base
pressure is attained for a rib height of 5 mm. Hence, one can select the height of the rib based on the
mission requirements. Similar results are seen for L/D = 3 and 4 (Figure 11 to Figure 12); there is a
marginal variation in the base pressure values due to increased duct length from 2D to 3D.
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The findings of this study for L/D ratio 5 for NPRs in the range from 1.5 to 5 are shown in Figure
13. For this L/D =5, the base pressure results show a different pattern. When rib height is 3 mm, it
becomes influential from NPR = 3 and above, possibly due to the lower influence of atmospheric
pressure. Control effectiveness, too, has increased for rib heights of 4 mm and 5 mm. These changes
can be attributed to the long duct length, and control in the form of ribs becomes more effective due
to the interaction of the shear layer with the secondary vortices.
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Fig. 13. The base pressure ratio variation with NPR for plain duct and
duct with rib at various sizes at L/D 5

As shown in Figure 14, when the L/D increased to 6, the value of the base pressure ratio for the
model with a rib size of 3 mm was almost the same as the model without a rib. Then, when the duct
length is 6D, the base pressure for the model with rib size 3 mm is the highest from NPR 1.5 to 2 but
keeps decreasing until NPR 3, not changing from NPR 3 to 4 and rising back from NPR 4.5 to 5. The
trend for models with rib sizes 4mm and 5mm is the same as the other L/D explained earlier. Hence,
as we increase the duct length, the base pressure ratio keeps declining even though the nozzle
pressure ratio increases. The results for models with rib size 3mm are pretty satisfying for lower duct
length. At duct length 2D to 5D, the model with rib size 5mm has the highest base pressure ratio, and
it keeps increasing for NPR 2 and above, followed by the model with rib size 4 mm. This change in the
base pressure values for rib height of 3 mm is due to the increase in L/D ratio. The flow pattern inside
the duct is different due to the interaction between the base vortex, shear layer, and the secondary
vortices.
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Fig. 14. The base pressure ratio variation with NPR for plain duct
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3.3 Velocity Contour for Model with Rib Size 5mm

Figure 15 shows the velocity contours for the model suddenly expanded with a duct equipped
with a single rib of 5mm in size. The duct length shown above is 2D from the base wall. From Figure
15(a) to Figure 15(e), the value of the nozzle pressure ratio varied from 1.5 to 5.
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(a) The model suddenly expanded with duct length 2D and NPR 1.5
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Fig. 15. Velocity contours for the model suddenly expanded with a duct equipped

with one rib

3.4 Velocity Streamline for Model with Rib Size 5 mm

Figure 16 shows the velocity streamlines for the model suddenly expanded with a duct equipped
with a single rib of 5 mm in size. The duct length shown above is 2D from the base wall. From Figure
16(a) to Figure 16(e), the value of the nozzle pressure ratio varied from 1.5 to 5.
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(e) The model suddenly expanded with duct length 2D and NPR 5
Fig. 16. Velocity streamlines for the model suddenly expanded with a duct
equipped with one rib

3.5 Pressure Contour for Model with Rib Size 5mm

Figure 17 shows the pressure contours for the model suddenly expanded with a duct equipped
with a single rib of 5mm in size. The duct length shown above is 2D from the base wall. From Figure
17(a) to Figure 17(e), the value of the nozzle pressure ratio varied from 1.5 to 5.
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Fig. 17. Pressure contours for the model suddenly expanded with a duct equipped
with a rib

3.6 Velocity Contour for Model without Rib
Figure 18 shows the velocity contours for the model suddenly expanded with the duct. The duct

length shown above is 2D from the base wall. From Figure 18(a) to Figure 18(e), the value of the
nozzle pressure ratio varied from 1.5 to 5.
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Fig. 18. Velocity contours for the model suddenly expanded with duct

3.7 Velocity Streamline for Model without Rib

Figure 19 shows the velocity streamlines for the model suddenly expanded with the duct. The

duct length shown above is 2D from the base wall. From Figure 19(a) to Figure 19(e), the value of the
nozzle pressure ratio varied from 1.5 to 5.
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Fig. 19. Velocity streamline for model suddenly expanded with duct

3.8 Pressure Contour for Model without Rib

Figure 20 shows the pressure contours for the model suddenly expanded with the duct. The duct
length shown above is 2D from the base wall. From Figure 20(a) to Figure 20(e), the value of the
nozzle pressure ratio varied from 1.5 to 5.
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Fig. 20. Pressure contours for the model suddenly expanded with duct
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4. Conclusion

Based on the above discussion, we may conclude that the base pressure for a model with plain
duct keeps decreasing as the NPR increases and the area ratio 6.25 is high. The base pressure for the
model with rib diameter keeps rising as the NPR increases. The L/D ratio plays a vital role in fixing the
base pressure values. At higher NPR, it can be stated that the bigger the rib size, the higher the base
pressure. The base pressure value did not solely depend on NPR. It also depended on other
characteristics, such as rib size and L/D ratio. At NPR 4 and 5, the base pressure for the model with a
rib diameter of 5 mm is more than the ambient pressure due to the duct having smaller space for the
flow to expand. The base pressure also changes to some extent as we increase the L/D ratio, except
for the model with a rib diameter of 3 mm, which is unstable when the L/D increases. The pressure
gradient based on contour results demonstrates that the passive control in the form of ribs does not
adversely affect the wall pressure. Ribs with a height of 3 mm become effective for four and above,
whereas those with a height of 4 mm and 5 mm are effective once the nozzle has reached critical
condition. For example, rib size and orientation are significant in manipulating the result. However,
the rib does not adversely impact the flow in the duct. The users can choose the height of the ribs
based on the mission requirements. If the mission requires increasing the base pressure, then ribs of
4 mm and 5 mm are the right choice.
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