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ambient pressure. In this study, a passive control in the form of a D-shaped rib is suggested
to control the base pressure and, hence, the base drag, which is considerable at the critical
Mach numbers. The present study aims to regulate the base pressure using D-shaped ribs
of various heights and radii at sonic Mach numbers. The duct diameter and length-to-
diameter (L/D) ratios were from 1 to 6, and rib locations were considered at L/D = 0.5, 1,
1.5, 2, and 3. When the rib has orientation 2, and the shear layer faces the straight part of
the rib, the base pressure's magnitude is higher than in orientation 1. It is seen that with
a 1 mm rib as a control mechanism, the base pressure attains a value more than ambient
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Keywords: pressure. Hence, if the user must equate the base pressure with atmospheric pressure,
D-shaped rib; base drag; Mach then a 1 mm rib radius at L/D = 1 is the right choice. If it is required to raise the base
number; rib location; L/D ratio pressure by a considerable value, then higher values of rib radius are to be considered.

1. Introduction

Turbulence has been a mystery since the beginning of fluid science research. Since practically all
engineering and natural processes around us are turbulent and cannot be avoided, we must
understand turbulence. Drag is related to turbulent flows, and drag control requires understanding
the turbulence. Turbulence is required in some flows, such as when fluids are mixed. However,
turbulence is undesirable and should be controlled in engineering flows where energy input is to be
minimized. Turbulent drag has significant financial and environmental impacts on engineering and
real-world flows, primarily due to the combustion by-products and the fossil fuels used by various
forms of transportation, which account for more than 20% of overall emissions [1].
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In subsonic and supersonic regimes, sudden flow expansion is a significant issue with numerous
applications. A great way to solve sudden expansion problems is to employ a jet and a shroud
arrangement as a supersonic parallel diffuser. The system that simulates high altitude conditions in
test cells for jet engines and rocket engines has another intriguing use: a jet discharging into a shroud
and creating a sufficient sub-atmospheric discharge pressure. An internal combustion engine's
exhaust port has a similar flow state; a jet of hot exhaust gases travels through the exhaust valve.
The flow around the base of a projectile or missile in flight with a blunt edge is another pertinent
example, where the flow expands inward rather than outward, as in the preceding case.

Flow separation, recirculation, and reattachment are characteristics of the complicated
phenomena known as the flow field of abrupt axisymmetric expansion. As shown in Figure 1, a
dividing streamline (dividing surface) may split such a flow field into two core regions: the central
and recirculation regions. The reattachment point is the location where the dividing streamline meets
the wall. The length between the base and the reattachment point is called the reattachment length.
The reattachment length is a strong function of the Mach number at the nozzle exit, the enlarged
duct area, and the expansion level. The reattachment length will vary based on the expansion level
and the base pressure value.
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Fig. 1. Converging diverging nozzle (a) A view of the flow field from the
converging nozzle and duct at Sonic Mach number (b) The flow field
when the nozzle is under-expanded at Sonic Mach number
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It would be preferable to understand the physics of the flow when the shear layer is exhausted
in a duct with a larger area before examining the base pressure data. The boundary layer will detach,
expand, and rejoin the duct after leaving the nozzle when the Mach number is less than unity. Since
the first vortex is near the base and relatively robust, the separated region will have one or more
vortices. The central vortex is the name given to this vortex. It will function as a pump, moving fluids
from the base area to the main jet on the boundary layer's edge. Due to this pushing activity, low
pressure will result in the recirculation zone. Pushing action is too sporadic because this vortex spread
is known to occur periodically. The base pressure fluctuates as a result of this erratic pattern. These
changes in the base pressure, however, are shown to be insignificant during the testing process. To
analyze the results, we thus use the mean base pressure values. The cyclicity of the vortex
desquamation may cause the entire flow pattern of the duct to oscillate. For geometrical and inertia
values, these oscillations could become highly severe. The degree of expansion, reattachment length,
Mach number, and area ratio are the primary determinants of the intensity of the central vortex at
the base.

2. Literature Review

The aerodynamic shape is necessary for reducing drag and improving efficiency in engineering
applications. Khan et al., [1] conducted a CFD analysis of a human-powered submarine to study drag
reduction. They found that the streamlined designs reduce the drag by reducing flow separation. This
study gives the role of geometric changes in managing aerodynamicdrag [1]. Pathan et al., [2] studied
the influence of a boat-tail helmet on drag reduction. They found that the changes in the shape
significantly change flow patterns and pressure distribution, leading to lower drag. Their findings
support using passive control techniques for aerodynamic improvements [2]. Pathan et al., [2]
explored thrust and base pressure parameters in suddenly expanded flows. They found that the
nozzle pressure ratio, duct length, expansion ratio, and length-to-diameter ratio significantly impact
base pressure and reattachment length [3-6]. Passive control methods like ribs and cavities are
generally explored for improving base pressure and reducing drag in suddenly expanded flows. Khan
et al., [1] conducted numerical and experimental investigations of various shapes of the ribs in
suddenly expanded flows. They compared numerical results with experimental results and applied
machine learning models. Their findings show that the rib shapes influence flow stability [7-19]. Sajali
et al., [20] conducted a numerical analysis of flow fields across a non-circular cylinder.

Khan et al., [21] studied dimples as a passive control method in subsonic flows. Their study
showed that dimples effectively change base pressure. Figri et al.,, [22] and Aqgilah et al., [23]
investigated the cavity as a control method in suddenly expanded flows. Their study demonstrated
improved pressure regulation. Active control techniques, such as micro-jets or control jets in
supersonic flows, have been discovered for base pressure regulation in suddenly expanded flows.
Their findings show that the control jets effectively control base pressure [24-26]. Computational
Fluid Dynamics (CFD) studies high-speed flows, surface pressure distribution, heat transfer, and
aerodynamic stability. Shaikh et al., [27] and Shamitha et al., [28] have studied analytical and CFD-
based research on pressure distribution on the nose of a 2D wedge in high-speed flows. Their finding
shows that the results obtained by CFD analysis significantly agreed with the analytical and
experimental results [27-41].

Based on the above literature, extensive research on suddenly expanded flows using passive and
active control techniques has been carried out. However, gaps continue in the existing literature, and
most studies have focused on sonic and supersonic Mach numbers. However, research on flow
control at lower Mach numbers (subsonic to transonic) remains insufficient. Also, it needs to be done
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to optimize the rib shape and its location as passive control techniques. The rib, in the D shape with
different orientations, has not been studied in the literature, nor has the D-shaped rib and rib
placement at various locations been extensively covered.

3. Finite Volume Method
3.1 Governing Equations

The following hypotheses are taken into consideration:

i Turbulent flow is considered because of the turbulent viscous dissipation effects.
ii. The fluid's viscosity varies with temperature and is compressible.
iii. At atmospheric pressure, the flow exits the duct.
iv. While scanning the literature, we found that the internal flow k-epsilon turbulence model
is the best, as it gives reasonably good results. Sutherland's three-coefficient viscosity
model is expressed as follows:

3/2
7 r Tq Ta,otS!
po=y, (—) e (1)

Ta}o Ta+Sf
The reference viscosity value in kg/m-s is denoted as p'o, where ' represents the viscosity. Ta
denotes static temperature; K represents the temperature of a standard reference, and S’ is the

temperature-dependent Sutherland constant. Three-dimensional continuity equation for
compressible flow: The equation for mass balance is as follows:

ap —
=+ (p¥) =0 2)
where the fluid's velocity is denoted by V. The equation for momentum balance is:

2 (V) + 7 (pVV) +7p = V- [20(VV)’] + 7 - (7ge) 3)
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where (ﬂ)z = (ﬂ)s —;(Z : K)L (H)S = and T_g,. is the turbulent stress tensor. The

formulae for total energy are as follows:

5e 1P GV +ine )| + 2|0 GV +ttine) V| = 2 (ATT —p¥ + 207 - (W), 4V ) (@)
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where u;,; is the internal energy, and A is the thermal conductivity. Many internal flow simulations
use the k-epsilon turbulence model due to its affordability, resilience, and sufficient accuracy. The
Ansys Fluent program incorporates the k-epsilon (&) turbulence model used in this research. The K-
equation allowed us to calculate the turbulent kinetic energy.

% (pk) + V- (pVk)=7- [(ﬂ + ;‘—;)(Ek)] — pe+ M, (5)

The turbulent kinetic energy dissipation rate is denoted by ¢, the turbulent Prandtl number is o-
k, and the word Mx is the turbulence generation. Precisely, the dissipation (or (-equation)) is
controlled by:
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%: -V (PEV)+Z' [(ﬂ"‘i_:) Vg] _C1f1(§)M_sz2§ (6)

where p; = prCﬂkZ/S denotes turbulent viscosity, and the arbitrary constants are denoted as C_ﬂ =
0.09,C, = 1.44,C, = 1.92, ﬁ =1,0, =1.0and o, = 1.3.

3.2 Geometry and Modelling

The finite volume technique (FVM) was employed to delve further into this investigation. The CFD
simulation used the ANSYS FLUENT software to assess the nozzle's fluid flows. We are examining the
impact of the rib's D-shaped geometry using a passive control method. The orientations of the
quarter rib are shown in Figures 2 (a) and 2(b).
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Fig. 2. Orientation one of the rib (a) Orientation 1 (b) Orientation 2

3.3 Meshing and Boundary Conditions

A crucial part of the CFD process is meshing. In this case, the 2D model is of the structured mesh
type by choosing the free-face mesh type. When the constructed structured mesh type was used,
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elements were given sizes according to each line (edge) length. The lines were utilized to apply the
element size, and elements with identical forms were created using face meshing. The mesh
independence check is done. Figures 3(a) to 3(c) below shows the mesh's element type and size
tested during the mesh independence check for geometry without rib and with rib at both
orientations.

(c)
Fig. 3. Mesh model (a) Without rib (b) Rib with orientation 1 (c) Rib
with orientation 2

3.4 Assumptions and Fluid Properties

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

i The flow is assumed to be a steady 2D flow because geometry is symmetric. Hence, the
assumption that the flow is 2-D is justified.

ii. The density of the air is variable as the flow is compressible. The inlet pressure is the
gauge pressure at that Mach number and NPR, and at the outlet of the duct, the gauge
pressure at the outlet is zero.
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iii. Turbulent flow significantly impacts turbulent viscous dissipation at a given flow velocity,
so it is considered.

iv. The viscosity of the fluid is dependent on temperature.
V. At standard atmospheric pressure, the flows leave the duct. At normal ambient pressure,
they do not.

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

3.5 Geometry of the Model

The ANSYS Workbench program utilized fluid flow (Fluent) analytical techniques throughout the
computational fluid dynamics (CFD) procedure. The model was generated via a Design Modeler.
Figure 4 depicts a converging nozzle that abruptly widens into a duct with five ribs. Rathakrishnan
[42] experimental setup, the dimensions of the convergent-divergent nozzle with a suddenly
expanded duct are as listed in Table 1.
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Fig. 4. Duct with five ribs used in an experimental study [42]

Table 1
The geometries of the validation model
Parameters Dimensions

Nozzle inlet diameter 30 mm
Nozzle outlet diameter 10 mm

Duct diameter (D) 25 mm

Duct length (L) Varies from 1D to 6D
Converging length 20 mm

Rib width 3mm

Rib height Varies from 1 mm to 3 mm

3.6 Validation of Previous Work

According to Rathakrishnan [42], 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 [42], the result from Figure 4 with NPR (P01/Pa) 2.458 and models with control in
the form of ribs with aspect ratios 3:2 and 3:3 was chosen to be compared to the current work. The
simulation is supported by Rathakrishnan [42] experimental work, which used five ribs positioned at
equidistant intervals in the duct, as illustrated in Figure 4. 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 [42].
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Figure 5 demonstrates the current and earlier studies' base pressure ratio data curves [42]. The
experimental values were denoted by dotted lines, while the simulation results obtained using ANSYS
Fluent were represented by straight lines. The present numerical analysis exhibited a percentage
discrepancy of less than 10% compared to the previous experimental study. Consequently, the
current work met the criteria for acceptability. The curves exhibited a consistent pattern, with each
point close to the subsequent one. As a result, based on the table and graph described before, the
validation of the current work was successful.
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Fig. 5. Validation of previous work by Rathakrishnan [42]
3.7 Mesh Independence Study

Table 2 provides data from a mesh independence study, a crucial step in computational
simulations to ensure that the results remain consistent regardless of the mesh refinement level. The
element sizes range from the course to the finest, with corresponding node and element counts for
each mesh configuration. As the mesh becomes finer, the number of nodes and elements increases
significantly, from 1,284 nodes and 1,145 elements in the coarsest mesh to 1,354,262 nodes and
1,351,303 elements in the finest mesh. This study aims to determine the optimal mesh size for
accurate simulations without unnecessary computational expense. The table shows a notable
increase in nodes and elements as the mesh is refined. The coarsest mesh has relatively few nodes
and elements, which means lower computational cost but potentially less accuracy. Conversely, the
finest mesh offers the highest resolution at the expense of significant computational resources. The
medium and fine meshes provide intermediate levels of refinement, offering a balance between
accuracy and efficiency.

Table 2

Mesh independence study

Elementsize Coarsest Coarse Medium1l Medium2 Fine Finer Finest
Nodes 1875 2632 9468 18918 140327 412132 2133890
Elements 1726 2451 9177 18525 139315 410410 2129987
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Based on the trends in node and element numbers, the finest mesh will likely produce the most
accurate results (Figure 6). However, continuing to refine the mesh beyond a certain point may offer
diminishing returns in terms of accuracy while significantly increasing computational time. A critical
assessment of this table would suggest that the "fine" or "finer" mesh configurations may represent
the best balance between accuracy and computational efficiency. These configurations substantially
increase nodes and elements compared to the medium meshes without reaching the computational
expense of the finest mesh. If simulation results do not significantly change between the fine and
finest meshes, further refinement to the finest mesh is unnecessary, as it would only increase the
computational time without added benefit. Thus, the fine or finer mesh sizes are likely the best
choices for further simulation.

1
09 —0— COARSEST(1726)
. —@— COARSE(2451)
0.8 —0— MEDIUM 1(9177)
—e— MEDIUM 2(18525)
0.7 —8—FINE(139315)
— 06 —0— FINER(410410)
= 0.
(=9
705
< 04
03
0.2
0.1
0
0 1 2 3 4 5 6
NPR

Fig. 6. Grid independence test

4, Results and Discussions

This research assesses the effect of D-shaped ribs on the larger duct's base flow and development.
When the rib's straight portion faces the base region, orientation one is given a nomenclature. The
other side of the ribs is named orientation 2 when the base recirculation region faces the curved
surface. Numerical simulations were conducted for both orientations. While performing the
simulations, the ribs were oriented in two directions. The first was when the straight side of the rib
was towards the base region, and the second was when the curved part faced the base recirculation
zone. In addition, the larger duct diameter of 18 mm and the noticeably high area ratio of 3.24 should
be mentioned while analyzing the data. When the flow exits the nozzle, it will expand freely and
reattach with the enlarged duct to a place different from the ideal one for an intense vortex at the
base because of the additional relief provided to the flow. Because of this procedure, the impact of
NPR on base pressure becomes negligible in large areas.

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

We consider mean base pressure values in our data analysis. The vortex cyclicity may cause the
entire flow pattern in the enlarged image to fluctuate. Under specific geometrical and inertia
conditions, these oscillations can become extremely severe. The area ratio, Mach number,
reattachment length, and degree of expansion are the primary factors that affect the strength of the
core vortex at the base, which fluctuates. Figure 2(a) shows the orientation 1 of the D-shaped rib
where the separated flow interacts with the flat surface of the rib. In this section, we will discuss the
influence of the rib on manipulating the base pressure for this orientation, and numerous rib
locations for various duct sizes will be debated.

4.1 Base Pressure Results for Rib Orientation 1
4.1.1 Base pressure results for rib location 0.5D

Figures 7 (a) to (f) show the base pressure results when the rib is located at 0.5D for NPRs ranging
from 1.5 to 5 for duct sizes from 1 to 6. Figure 7(a) shows that ribs with radii 2 and 3 mm have base
pressure ratios of 3 and 4.7, whereas a 1 mm rib radius results in base pressure ratios of less than
one. A 1 mm rib radius is effective from NPR = 3 and above. Such high values of the base pressure
are attributable to the fact that the duct diameter is small, and the reattachment length is expected
to be around L/D = 1 to 1.5. Under these conditions, when passive control is employed, the flow is
blocked, which increases the base pressure. Also, it should be remembered that when the rib is
located at L/D = 1 and above, it will give a better picture of the flow development in the duct and
base pressure gain. The rib location at 0.5D may not provide clarity, as the flow is in the transition
stage.

Similar results are seen for other duct sizes as the rib location is fixed, and the variations in the
duct lengths have a marginal influence on the flow inside the duct. There are slight changes in the
base pressure values due to the impact of the ambient atmospheric pressure. Besides this, we have
not observed any significant changes in the flow field. For rib radius 2 and 3 mm, the base pressure
increases from NPR = 1.5 and above. The 1 mm radius is the smallest one, and its impact is seen when
the nozzles are under-expanded, and the minimum under-expansion needed is Ps/P2 = 1.5. Control
becomes effective again when nozzles flow under a favorable pressure gradient.
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Fig. 7. Base pressure variation with NPR at rib location at 0.5D for various
duct sizes and rib orientation 1 (a)L/D=1(b)L/D=2(c)L/D=3(d)L/D=4
(e)L/D5(f)L/DB6

4.1.2 Base pressure results for rib location 1D

When the rib is located at a 1D location, the outcomes of this study are shown in Figures 8(a) to
8(e) at various levels of expansion and duct lengths. Figure 8(a) displays the results for L/D = 2. When
we compare the results for this rib location and the previous location where the rib is located at L/D
= 0.5, due to the shift in the rib location, there is a change in the base pressure results for a rib radius
of 2 mm, the base pressure ratio has increased from 3 to 3.4, and for remaining rib radius of 1 mm
and 3 mm, there is no change in the base pressure. This pattern in the base pressure is related to the
secondary vortices created due to the presence of a passive control mechanism; in the case of the 3
mm rib, it has attained the maximum value of the base pressure, and any change in the location of
the rib does not result in any change in the base pressure.
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Fig. 8. Base pressure variation with NPR at rib location at 1D for various
duct sizes and rib orientation 1 (a) L/D=2(b) L/D=3 (c)L/D=4(d)L/D=5
(e)=L/D6

For the lowest rib radius, the secondary vortex is weak and unable to impact the flow field. Similar
results of base pressure are seen for duct length-to-diameter ratios of 3, 4, 5, and 6, as shown in
Figures 8(b) to (e). There are minor changes in the base pressure values due to increased duct size
and the influence of the back pressure.

4.1.3 Base pressure results for rib located at 1.5D

Base pressure results for rib located at 1.5D are shown in Figures 9(a) to 9(e) for NPRs in the range
from 1.5 to 5 and duct length-to-diameter ratios of 2, 3, 4, 5, and 6. Figure 9(a) shows that the base
pressure values are almost identical to those in the previous case, where the rib was located at 1D.
It is well known that the base pressure in the separated base region will depend on the following
parameters: duct diameter, expansion level, reattachment length, etc. For this duct diameter, the
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reattachment length seems to be at 1D. If we place any control mechanism beyond the reattachment
length, the flow control mechanism will not yield beneficial results. Therefore, it may be concluded
that the optimum location of the rib is 1D. As discussed above, any variation in the rib locations will
not yield any benefits, and the same pattern is seen for other duct lengths. There is not much
difference in the base pressure, except minor changes are seen due to the impact of the ambient

atmospheric pressure.
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4.1.4 Base pressure results for rib located at 2D

For the Rib location at 2D, the findings of this study are shown in Figures 10 (a) to 10(d) as a
function of the nozzle pressure ratio for a given duct length. As discussed earlier, there is no change
in the values as the maximum gain in the base pressure has been achieved, and the base pressure
has become independent of the rib location and duct lengths.
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Fig. 10. Base pressure variation with NPR at rib location 2D for various
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4.1.5 Base pressure results for rib located at 3D

When the rib is located at 3D, the outcomes of this study are displayed in Figures 11(a) to 11(c),
where Base pressure ratio Vs. Nozzle Pressure Ratio is plotted for various ribs and duct lengths and
radii. The results found no variations in the base pressure values despite changes in the location of
the rib—the physics behind this trend we have already discussed.
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4.2 Base Pressure Results for Rib Orientation 2

Figure 2(b) shows orientation 2 of the rib where the shear layer faces the flat part of the rib, and
it is expected that for this orientation of the rib, there will be an increase in the base pressure as
compared to orientation one, where the curved part of the rib is facing the shear layer.

4.2.1 Base pressure results for rib located at 0.5D

Figures 12(a) to 12(f) show the outcomes of this study for orientation two, where the flat portion
of the rib sees the flow from the nozzle for the rib location as 0.5D as a function of nozzle pressure
ratio for various duct sizes. Figure 12(a) shows that, as far as base pressure for rib radius 3 mm is
concerned, it is identical to orientation one. However, when we look at the base pressure resulting
from the rib radius of 1 mm and 2 mm, we see a considerable increase in the base pressure values.
In the case of a 1 mm rib radius, till the flow is choked, there is a marginal decrease in the base
pressure. Later, once the flow has become under-expanded, there is a progressive increase in the
base pressure, and at around NPR =4, the base pressure is almost equal to the atmospheric pressure.
However, when we look at the base pressure values for a rib radius of 2 mm, the base pressure value
equals the ambient atmospheric pressure. With a further increase in the base pressure, the base
pressure ratio becomes three.

When we look at the base pressure resulting from the other duct lengths, it is found that the base
pressure values are nearly the same, with slight variations in the values. These variations are
attributed to the change in the duct lengths and the impact of the atmospheric pressure.
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4.2.2 Base pressure results for rib located at 1D

When the rib is placed at a 1D location inside the duct, the base pressure with Nozzle Pressure
Ratio is plotted for various duct lengths as shown in Figures 13(a) to 13(e). With a further shift of the
rib location towards the downstream at 1D, there is a significant change in the base pressure pattern.
Figures 13(a) shows that even for a 1 mm rib, the decreasing trend is controlled, and for NPR =5, the
base pressure is forty percent more than the atmospheric pressure. For a 2 mm rib, the initial base
pressure value is nearly the atmospheric pressure value, and at NPR =5, it attains a base pressure
ratio of 3.5. Similar results are seen for the remaining duct lengths L/D =3, 4, 5, and 6, as seen in
Figures 13(b) to 13(d), with marginal variations in the base pressure data. These changes were
expected due to the modification in duct size and the influence of the ambient atmospheric pressure.
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Fig. 13. Base pressure variation with NPR at rib location at 1D for various
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4.2.3 Base pressure results for rib located at 1.5D

For rib location is 1.5D, the findings of this study are shown in Figures 14(a) to 14(e) for various
nozzle pressure ratios and duct sizes. Figure 14(a) shows the results for duct L/D = 2. The figure shows
that as far as the 3 mm rib is concerned, there is no change in its value. Meanwhile, for rib radii 1 mm
and 2 mm, there is a slight increase in the base pressure values. Similar results are seen for other
duct lengths, namely L/D = 3, 4, 5, and 6, with slight changes in their values because of changes in

duct lengths and the influence of the atmospheric pressure.
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4.2.4 Base pressure results for rib located at 2D

For the Rib location, which is 2D, the base pressure results for various NPRs and duct sizes are
shown in Figures 15(a) to (d). From Figures 15(a), it is seen that a further shift in the rib does not yield
any significant change in the base pressure as the rib's location is beyond the reattachment point. As
discussed earlier, any passive control location beyond the reattachment point will not result in any
positive results, as the reattachment acts as an insulation point, and the flow cannot impact the
separated recirculation base region. As discussed earlier, similar results for the other duct lengths
are shown in Figures 15(b) to 15(d). However, small fluctuations are seen in the base pressure values
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due to the changes in the duct length-to-diameter ratio and the influence of the atmospheric

pressure.
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4.2.5 Base pressure results for rib location at L/D = 3.0

When the rib is further shifted, the downstream outcomes of this study are shown in Figures
16(a) to 16(c). The duct diameter is 18 mm, and the reattachment point is expected to be around L/D
=1 or L/D = 1.5. As the rib location is far from the reattachment point, as expected, any shift in the
rib location beyond 1.5D will not yield any beneficial results. The magnitude of the base pressure
results in Figures 16(a) to 16(c) being the same as seen earlier.
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4.3 Pressure and Velocity Contours for Rib Orientation 1

Figures 17(a) 17(e) shows the pressure contours for various rib locations at L/D= 4, NPR = 3, rib
diameter = 2 mm, and rib orientation 1. From the pressure contour plots, it can be seen that the rib

is effective for increasing the base pressure.
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(e)
Fig. 17. Pressure contours for various locations of rib at L/D = 4, NPR = 3, rib diameter = 2 mm and rib orientation 1
(a) 0.5D (b) 1D (c) 1.5D (d) 2D (e) 3D

Figures 18(a) to 18(e) shows the velocity contours for various rib locations at L/D =4, NPR = 3, rib
diameter = 2 mm, and rib orientation 1. From the velocity contour plots, it can be seen that the rib is
effective in increasing the base pressure.
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[ 4

(e)
Fig. 18. Velocity contours for various locations of rib at L/D = 4, NPR = 3, rib diameter = 2 mm, and rib orientation 1
(a) 0.5D (b) 1D (c) 1.5D (d) 2D (e) 3D

5. Conclusions

The following conclusions may be drawn based on the above discussions. CFD simulations were
done for orientations one and two for rib radii 1 mm, 2 mm, and 3 mm for duct L/D ratios 1, 2, 3, 4,
5, and 6. When the rib had orientation 1, the effectiveness of a 1 mm rib was less than that of
orientation 2 of the rib. When the rib has orientation 2, and the shear layer faces the straight part of
the rib, the base pressure's magnitude is higher than orientation 1. There is a progressive increase in
the base pressure for rib location 0.5D to 1.5D. A further shift in the rib location downstream does
not result in any increase in the base pressure. It is due to the position of the reattachment point, as
any position of the rib beyond the reattachment point cannot influence the flow in the base region.

It is seen that with a 1 mm rib as a control mechanism, the base pressure attains a value more
than ambient pressure. Hence, if the user must equate the base pressure with atmospheric pressure,
then a 1 mm rib radius at the 1D location is the right choice. If it is required to raise the base pressure
by a considerable value, then higher values of rib radius are to be considered. For fixed rib locations,
the base pressure values remained almost the same, even though the duct lengths varied from L/D =
1to 6. However, a slight variation in the base pressure is observed due to the combined effect of the
duct length and the influence of the ambient atmosphere pressure.
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