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Abstract

Drag reduction in square cylinders is still a serious challenge to fluid mechanics with
immediate applications in engineering structures like tall buildings, bridges, and
pipelines. Although square and circular cylinders have been studied extensively, the
current thesis is particularly concerned with square bluff bodies and explores passive
geometric alteration as a strategy for aerodynamic enhancement. This research utilizes
Computational Fluid Dynamics (CFD) simulations with ANSY'S Fluent to investigate
the impact of corner modification, specifically the cut (recessed) corner method on

square cylinders' drag behavior under laminar flow conditions.

The study systematically investigates how the geometry change of square cylinders by
the addition of cut corners affects flow separation, wake patterns, and total drag
coefficient over various Reynolds numbers. The findings show that the recessed
corner modification successfully postpones the separation of flow, reduces the wake
area, and decreases the intensity of turbulence behind the cylinder, resulting in a
quantifiable reduction in drag. For instance, at a Reynolds number of 200, the
recessed (cut) corner condition realized a maximum drag reduction of 2.92 % over the
sharp-cornered baseline. These results are compared against published literature and
demonstrate the applicability of the cut corner technique as a simple, passive means
for the optimization of bluff body shapes in actual engineering applications where

reducing aerodynamic drag is paramount.

In total, this thesis contributes new knowledge on the aerodynamic advantages of cut
corner modifications to square cylinders and lays a basis for further research and
optimization of this underutilized method of drag reduction. The results are applicable
to the design and performance optimization of many engineering systems exposed to

fluid flows.
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Chapter 1

Introduction

1.1 Background

Fluid flows are present in a broad array of engineering and natural phenomena and
their dynamics entirely rely on their initial and boundary conditions. In most of these
flows, their dynamics are so intricate that understanding them necessitates the
formulation and application of flow models. The simulation of fluid flows includes
parameters and variables like fluid state (liquid or gas), physical properties of the
fluid (viscosity, compressibility, thermal conductivity, etc.), fluid variables
(temperature, velocity, etc.), and outside conditions (boundary and initial conditions)
[1].

Bluff body flow is a fundamental area of fluid mechanics that has broad engineering
applications in civil, mechanical, and aeronautical engineering. Bluff bodies with
their sharp edges and non-streamlined shapes like square cylinders interact with fluid
flows in a manner that causes intricate phenomena like flow separation, vortex
shedding, and the creation of large wake regions. These effects create tremendous
aerodynamic drag, which can negatively affect the efficiency, stability, and safety of

engineering structures and vehicles.

Bluff bodies are essentially the geometries of shapes with a non-streamlined cross
section in which the flow will detach from the surface boundary resulting in a
pressure drag on the body that is usually much larger than the frictional drag on the
body due to viscous effects [2] . The net drag of an object can be resolved into
pressure drag (form drag), friction drag (viscous drag) and for lifting bodies
induced drag. A body which is pressure drag dominated is referred to as a bluff body,
but a body dominated by frictional drag is referred to as a streamlined body. Bluff
bodies have a large assortment of geometric shapes, e.g., circular cylinders, square
cylinders, spheres, and pyramids. Some of these geometries are applied commonly

in industry and engineering, particularly square and circular cylinders.
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Among different bluff body geometries, the square cylinder is of special interest
since it is frequently encountered in engineering applications that vary from high-
rise buildings and bridge piers to heat exchanger tubes and offshore platforms.
However, the square geometry promotes early flow separation at sharp corners,
which gives a wide wake and high pressure drag. Decreasing this drag is significant
in enhancing the performance and longevity of such a structure, reducing energy

consumption, and maintenance costs.

Several methods have been investigated to reduce drag near bluff bodies, both active
and passive flow control. Passive methods, which constitute geometric body
modifications, are particularly appealing with their simplicity, low cost, and ease of
application. One of the promising ideas is the "cut corner" method, in which the
acute corners of a square cylinder are chamfered or beveled. This adjustment
changes the points of flow separation, promotes smoother detachment of flow, and is

able to decrease the wake region size and intensity dramatically behind the cylinder.

The cut corner method has been attracting attention in recent years as an effective
way of drag reduction. By altering the geometry at the critical points of separation, it
is possible to postpone or manage flow separation, prevent vortex shedding, and
reduce the total drag force on the body. Though promising, the mechanisms behind

and the optimal design for maximum drag reduction are still under research.

The present study mainly focuses on drag reduction with the help of cut corner

technique.
1.2 Bluff Body

A bluff body is an object whose shape makes the flow of fluid (like air or water)
separate from its surface, forming a significant wake region behind the object and
leading to large pressure drag. The characteristic feature of a bluff body is that its
surface is not in line with the streamlines of the flow when it is positioned in a fluid
stream. This mismatch makes the flow detach or break away from the surface long

before the trailing edge, thus creating eddies and turbulence in the wake.

Unlike streamlined bodies, where the flow remains attached and frictional drag

dominates, bluff bodies experience much higher pressure drag due to this large wake.
2



Examples of bluff bodies include square cylinders, spheres, buildings, and vehicles

like trucks

or buses.

As we can see in Fig 1.1, bluff bodies have a larger wake region (low pressure

region) behind them as compared to the streamlined bodies, resulting in higher drag

forces.
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Fig 1.1: A streamlined shape keeps the flow attached for a longer distance, and therefore there is only a
small amount of flow separation, and thus a thin wake, which gives less drag. However, a bluff body
makes the flow separate prematurely and results in a large, turbulent wake with low-pressure areas and

therefore much more drag [3].

Table 1.1: Comparison of bluff body and streamlined body.

Feature Bluff Body Streamlined Body
Surface is not aligned with
streamlines; flow separates  Surface is aligned with
early, forming a large wake  streamlines; flow remains attached
Definition region. until the trailing edge.
Blunt, blocky, or flat Smooth, slender, and curved
shapes (e.g., square  shapes (e.g., airfoil, fish, sports
Shape cylinder, brick, truck). car).



Feature

Drag Type

Wake
Region

Drag

Coefficient

Flow

Separation

Dependence
on Reynolds

Number

Examples

Applications

Bluff Body

Dominated by pressure
drag due to large wake and

flow separation.

Large, turbulent wake

behind the body.

High drag coefficient; can
be 5-10 times higher than
streamlined body of same

frontal area.

Occurs at or near the

leading edges.

Less sensitive (for angular
bluff bodies); drag
characteristics often stable
over a range of Reynolds

numbers.

Buildings, trucks,
square/rectangular

cylinders, sports balls.

Where stability, volume, or
specific aerodynamic
effects are prioritized over

drag reduction.

Streamlined Body

Dominated by friction (viscous)

drag due to attached flow.

Small or negligible wake; flow

reattaches at the trailing edge.

Low drag coefficient.

Occurs at the trailing edge.

More sensitive; drag may vary
with Reynolds number due to

boundary layer effects.

Airplane wings, fish, sports cars,

streamlined train noses.

Where speed, efficiency, and low

drag are critical.



The shape of a bluff body has a major impact on its drag characteristics, primarily

due to how it influences flow separation, wake formation, and pressure distribution:

e Frontal Area and Drag: The larger the frontal area of a bluff body, the more
pressure drag it will experience. For instance, a square or rectangular shape
with a wide face normal to the flow will produce much higher drag than a
tapered or pointed shape since the blunt nose makes the flow separate and

interact late and with a large wake behind the body.

e Sharp vs. Rounded Edges: Bluff bodies with angular, sharp corners (such as
cubes or rectangular prisms) will have their points of flow separation fixed
and have high and relatively Reynolds number-independent drag coefficients.
Bluff bodies with more smooth or curved surfaces (such as cylinders or
spheres) have changing separation points and are more sensitive to Reynolds

number change in their drag coefficients.

e Wake and Vortex Formation: The bluntness and break in a bluff body's
shape promote the creation of large eddy loops (vortices) in the wake. The
vortices magnify the size of the low-pressure area at the back of the body,
further magnifying pressure drag. Streamlined alterations (e.g., rounding
edges or employing a bullet shape) can minimize the creation of these eddies

and thereby decrease drag.

e Pressure vs. Friction Drag: For bluff bodies, pressure drag is more
prevalent than friction drag owing to the extensive separated wake. The
shape controls how much of the drag can be attributed to pressure gradients

across the body and not friction along the body.

o Shape Optimization: Changing the configuration of a bluff body-from a
rectangular to a bullet or radial-rectangular one-can result in a big decrease in
drag. These optimized forms retard flow separation, decrease wake size, and

move the drag characteristics toward those of streamlined bodies.

In summary, bluff bodies are typically blunt or non-aerodynamic shapes that



generate high drag because of early flow separation and the resulting broad,
turbulent wake. Thus, the drag characteristics of a bluff body are highly dependent
on its shape, with design optimizations focusing on minimizing frontal area and

smoothing discontinuities to achieve lower drag.

1.3 Drag

In general sense, drag is a mechanical force that acts opposite to the relative motion
of an object moving through a fluid, such as air or water. It is commonly referred to
as fluid resistance and arises whenever there is movement between a solid body and
a surrounding fluid. Drag is not generated by a force field, but rather by the physical

interaction and contact between the object and the fluid.

One of the most basic examples to explain drag is the flying airplane as shown in Fig
1.2.

o Airspeed

Lift
Thrust

Weight
Drag

Fig 1.2: Representation of a flying airplane, which shows how the drag acts upon it [4].

Key Points about Drag:

e Direction: Drag always acts in the direction opposite to the motion of the

object through the fluid.

e Origin: It results from two main effects:
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e Form (Pressure) Drag: Caused by the shape and cross-sectional area

of the object, leading to pressure differences around it.

e Skin Friction (Viscous) Drag: Caused by friction between the fluid
and the surface of the object as the fluid flows past it.

o Dependence: The magnitude of the drag force depends on several factors,
including:
e The shape and size of the object
o The velocity of the object relative to the fluid
e The density and viscosity of the fluid
e The surface roughness of the object.

The formula for drag is given by the relation:

Where Fpis the drag force.

Cp1is the drag coefficient.

A is the reference area.

p is the density of the fluid.

V' is the flow velocity relative to the object.

When it comes to flowing over bluff bodies, drag is the resisting force experienced
by a non-streamlined (blunt) body as fluid (air or water) flows around it. Drag on
bluff bodies is characterized by pressure drag (also referred to as form drag), which
occurs through the separation of flow from the body's surface and the development

of a large turbulent wake area behind it.

As a fluid moves over a bluff body, e.g., a square or circular cylinder, the flow
cannot be attached to the surface because of the blunt shape of the body. This leads
the flow to break off suddenly, forming a low-pressure area in the wake. The
pressure difference between the high-pressure area at the front and the low-pressure
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area at the back of the body yields a high drag force.

As compared to streamlined bodies, where friction drag (due to fluid viscosity along
the surface) plays a major role, bluff bodies have a much greater total drag because
of this huge pressure difference. The size of drag on a bluff body also depends on its

configuration, orientation, and reference area.

Y

Y

F drag

Y

Flow —

Y

Y

Y

Fig 1.3: Representation of a sphere as a bluff body across flow.

In Fig 1.3, we have a spherical body (bluff body) experiencing drag because of the
fluid flow.

In summary, drag over bluff bodies is primarily caused by flow separation and wake
formation, leading to high pressure drag that dominates the total resistive force

acting on the body.
1.4 Importance of Drag Reduction

Reducing drag from bluff bodies is important because it has a direct and meaningful

impact on our daily lives, industries, and the environment.

When objects such as trucks, buses, houses, or even sporting gear present blunt
(bluff) forms, they encounter a great deal of resistance when air or water passes
around them. This resistance, referred to as drag, requires engines to labor harder,
vehicles consume more fuel, and energy expenses increase. For instance, a reduction
in drag by just a small amount for a fleet of trucks or aircraft can result in massive

fuel and monetary savings when considering all the miles covered.
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But it is not just about saving money. Lower drag means less fuel burned, which
reduces harmful emissions and helps protect the environment, which is a crucial goal
as we face climate change and air pollution. For industries, drag reduction can make
vehicles and machines more efficient, allowing them to carry heavier loads, go faster,

or travel farther on the same amount of energy.

Research shows that even modest drag reductions in the order of 2-4 % can translate
into significant fuel savings. For example, reducing aerodynamic drag on ground
vehicles by just 1% can save millions of gallons of fuel annually across fleets, and a

15% drag reduction at highway speeds can yield 5-7 % fuel savings.

Drag reduction also improves safety and comfort. Lower drag leads to less vibration
and noise, making rides smoother and structures more stable, especially in strong
winds. In sports, reducing drag can help balls travel farther or faster, enhancing

performance and enjoyment.

What is exciting is that many drag reduction methods like adding fairings to trucks,
using special coatings, or changing the shape of objects are simple and cost-effective
to implement, yet they bring significant benefits in efficiency, sustainability, and

performance.
In short, making bluff bodies more streamlined and reducing their drag is not just an

engineering challenge; it is a way to save energy, cut costs, reduce pollution, and

make our world work better for everyone.
1.5 How to Reduce Drag

Broadly there are two types of techniques for drag reduction, active techniques and
passive techniques. Here are some proven methods, supported by research and

practical applications:
1.5.1 Passive Drag Reduction Techniques

e Geometric Modifications: Modifying the bluff body shape can dramatically
lower drag. For instance, in the case of a square cylinder we can offer
roundness to the corners, do chamfering and even corner cutting. Plenty of

work has already been done on corner rounding and chamfering.
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e Boat-Tails and Fairings: Attaching a boat-tail (a tapered extension), or
fairings to the bluff body at the back streamlines the flow, delays separation,
and decreases the size of wake. At some streams, some researchers have

shown boat-tails can decrease drag force between 50 %.

e Humps and Curved Flaps: Adding curved surfaces or flaps (such as humps
or curved boat-tail flaps) can further improve flow attachment and reduce

drag.

e Upstream Obstacles: Insertion of a small flat plate or a block upstream of the
bluff body can modify the flow field, forming a sheltering cavity or
modifying the wake structure. The system drag can be minimized to a level

as low as 38 % of the original drag of the exposed bluff body.

o Surface Roughness and Protrusions: Applying rough surfaces or small
protrusions in strategic locations can influence boundary layer behavior and

delay separation, resulting in drag reduction.
1.5.2 Active Drag Reduction Techniques

* Rotating Cylinders and Moving Surfaces: Active rotation of cylinders or
moving surfaces along the boundaries of the bluff body can energize the
boundary layer, postpone separation, and minimize drag. Rotating cylinders,

for instance, have produced up to 23 % drag reduction.

* Base Bleed: Injecting air into the wake flow area behind the bluff body
(base bleed) raises base pressure, lowering the pressure difference and
consequently the drag. Base bleed has shown drag improvements up to 50 %

in laboratory tests.

* Fluidic Actuation (Jets): Using controlled air or fluid jets near the rear of
the body to disrupt vortex formation and steady the wake has been known to
yield high drag reductions. Adaptive control by using jets has been
demonstrated by deep reinforcement learning techniques to lower drag as

much as 40 % in simulations.
Passive techniques have numerous advantages over active techniques when it comes
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to drag reduction such as:

No Extra Energy Needed:
Passive methods work simply by changing the shape or adding fixed devices to the
body. They do not need any electricity, fuel, or external power to function, so you

save on energy costs and do not have to worry about powering them up.

Simple and Reliable:
Since passive devices have no moving parts or electronics, they are less likely to
break down. This makes them more reliable and means you do not have to spend

much time or money on repairs and maintenance.

Lower Cost:
Passive solutions are usually cheaper to install and maintain because of their
straightforward design. There is no need for expensive control systems or ongoing

operational costs, making them budget-friendly for most users.

Always Working:
Once installed, passive drag reduction devices do their job all the time, whether you
are paying attention or not. There is no need to switch them on or monitor their

performance, they just work in the background.

Easy to Implement:
These techniques are practical and can often be added to existing vehicles or
structures without major changes. This makes them accessible for commercial use,

especially in industries where large-scale changes would be difficult or expensive.

No Complicated Technology:
You do not need to worry about programming, sensors, or complex machinery.
Passive methods are straightforward and user-friendly, so anyone can benefit from

them without special technical knowledge.

Good Return on Investment:
Passive drag reduction can provide significant savings and performance
improvements over time, often matching or even exceeding the benefits of more

complex active systems, but without the hassle.
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In the present study, we will focus on the cut cornering method (passive technique)

for the drag reduction over a square cylinder.
1.6 CFD Simulations

Before we discuss CFD simulations, we should have some idea about CFD
(Computational Fluid Dynamics).

Computational Fluid Dynamics (CFD) is a division of fluid mechanics that relies on
numerical computations and computer algorithms to analyze and simulate problems
that involve fluid flows like gases and liquids on computers. CFD enables engineers
and researchers to calculate how fluids flow and interact with surfaces by solving the
governing fluid dynamics equations based on the principles of conservation of energy,

mass, and momentum.
Typical CFD process includes the following stages:
1.6.1 Pre-processing

Geometry Definition: The system's physical shape is defined, typically with a CAD

tool.

Mesh Generation: The fluid domain is discretized into small, finite control volumes
or elements (mesh/grid). The quality of the mesh can play a strong influence on

solution accuracy and convergence.

Specification of Physical Models: Material properties such as viscosity, density,

turbulence models, heat transfer, and chemical reactions are specified as necessary.

Boundary and Initial Conditions: Inlet velocities, pressures, temperatures, wall

conditions, and any other necessary conditions are specified.
1.6.2 Solving

Equation Discretization: The fluid dynamics equations ruling the problem (usually the
Navier-Stokes equations) are discretized to their algebraic form with methods such as

Finite Volume, Finite Element, or Finite Difference.
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Numerical Solution: The algebraic equations resulting from the discretization are
solved iteratively with solvers. In the case of large or complicated problems, parallel

computation on high-performance computing hardware might be required.

Convergence Monitoring: Residuals and other quantities are monitored to confirm that

the solution is converging to a physically relevant outcome.
1.6.3 Post-processing

Visualization: The results of the simulation are interpreted using graphical means in
order to inspect velocity fields, pressure distributions, temperature contours,

streamlines, and so forth.

Data Extraction: Quantitative data such as lift, drag, pressure drops, or heat transfer

rates are derived for performance assessment.

Validation: Experiments and analytical solutions are compared against the results to

validate the simulation.

CFD (Computational Fluid Dynamics) simulation is a powerful tool used to study
and reduce drag on square cylinders in a way that is easy to understand and visualize.
In the present study, CFD simulations have been performed with the help of ANSYS

Fluent software to reduce the drag and verify the results.

When air or water flows around a square cylinder, it creates a lot of resistance (drag)
because the flow separates sharply at the corners, forming big swirling regions
(wakes) behind the cylinder. This drag makes it harder for vehicles, buildings, or any

structure with a similar shape to move efficiently or withstand strong winds.

With CFD simulation, engineers use computer models to mimic how fluid flows
around the square cylinder. This lets them see where the flow separates, how the
wake forms, and exactly how much drag is produced-all without needing to build
physical prototypes for every design. They can test different modifications, like
rounding or cutting the corners, or adding surface bumps and grooves, to see how

these changes affect the drag.
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Using CFD simulations offers various benefits such as:

Saves Time and Money
With CFD, you can test different designs on a computer instead of building lots
of expensive prototypes or running repeated wind tunnel tests. This makes the

whole process much faster and cheaper.

See the Invisible
CFD lets you actually see how air or water flows around your design. You can
spot where the drag is coming from, like where the airflow separates or swirls

behind a car, truck, or cyclist.

Try Out Ideas Easily
Want to see what happens if you add a spoiler, change a shape, or adjust a flap?
CFD makes it easy to try out lots of different ideas and instantly see which one

reduces drag the most.

Get Detailed Answers
CFD gives you detailed information-like how fast the air moves, where pressure
is high or low, and exactly how much drag your design creates. This helps you

make smarter decisions and fine-tune your design for the best results.

Predict Real-World Performance
The results from CFD simulations closely match what happens in real life. This
means you can trust the computer results to guide your design, saving you from

costly surprises later on.

Better for the Environment
By helping you create more aerodynamic designs, CFD leads to less drag, which
means vehicles use less fuel and produce fewer emissions. This is good for your

wallet and the planet.

Safer and Smoother
Reducing drag can also make vehicles and structures more stable and

comfortable, leading to safer rides and less noise or vibration.

In short, CFD simulations make it easy, quick, and affordable to find the best ways
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to reduce drag helping you create better, greener, and more efficient designs without

all the guesswork.

1.7 Summary and Dissertation Outline

This thesis tackles the issue of large aerodynamic drag that comes with square bluff
bodies, typically encountered in engineering applications like buildings, bridges, and
heat exchanger tubes. The sharp edges of square cylinders lead to premature flow
separation, creating a vast wake zone and high pressure drag. The study appreciates
the significance of reducing drag for power efficiency, structural stability, and
environmental footprints and delves into passive geometric alteration as a feasible

solution.

The focus is on the cut (recessed) corner technique, a relatively under explored
method compared to other corner modifications like rounding or chamfering. Using
validated Computational Fluid Dynamics (CFD) simulations in ANSYS Fluent, the
thesis investigates how introducing cut corners affects flow separation, wake
formation, and drag characteristics across a range of Reynolds numbers in the
laminar regime. The findings show that the cut corner modification successfully
postpones flow separation and reduces the wake, resulting in a quantifiable drag
coefficient decrease up to 2.92 % at Re = 200. The findings validate that even small
changes in geometry can provide significant aerodynamic advantages, highlighting
the merits of passive modification for bluff body shape optimization in practical

engineering systems.

Chapter 2 outlines earlier research on flow over bluff bodies, specifically the
development of passive and active drag reduction methods, is discussed here. It
points out the effectiveness of different corner modifications and the research gap

with regards to cut corner methods.

Chapter 3 explains the computational method, such as validation of CFD models,
simulation configuration, mesh generation, and boundary conditions. The chapter
also outlines the particular geometric arrangement and parameters employed in the

research.
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Chapter 4 reports the quantitative results of CFD simulations on the aerodynamic
performance comparison of sharp-cornered and cut-cornered square cylinders. The
chapter compares corner modification effects on drag, wake, and vortex shedding

structure, and addresses the implications for engineering design.

Chapter 5 summarizes the salient findings of the study, highlighting the practical
importance of the cut corner method for drag reduction. The chapter also presents
possible avenues for future research, including investigating wider geometries,

increased Reynolds numbers, and experimental verification.

This framework presents a unified picture of the role of passive geometric
modifications in drag reduction and provides a foundation for continued

improvements to the aerodynamic optimization of bluff bodies.
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Chapter 2

Literature Survey and Problem Formation

This chapter briefly discusses the history of drag reduction studies for square bluff
bodies, presents major findings on different corner modification methods, and
indicates the research gap in the current literature on using the cut corner method, thus

providing the background and justification for this research.
2.1 Literature Survey

Gerrard (1965) [5] discussed the mechanism of formation of vortices in the wake
behind bluff bodies, highlighting the most important characteristic lengths that govern
oscillating wakes and revisiting the universal non-dimensional frequencies proposed
by previous work. It discovers that, for high Reynolds numbers, characteristic lengths
like the formation region size and the diffused shear layer width tend to coincide.
Nonetheless, the paper contends that two different characteristic lengths are required
to completely describe the dynamics of the phenomenon. It examines how the lengths
relate to vortex shedding frequency and explores the physical processes that take place
in the formation region, specifically the interaction between entrainment and reversed
flow. Moreover, the influence of splitter plates and turbulence on wake structure is
discussed, suggesting that the changes in the formation region size and vortex strength

with Reynolds number are motivated by turbulent entrainment dynamics.

Figure 2.1 shows that when the length of the splitter plate (1) is increased up to and
even beyond the length of the formation region, the Strouhal number is decreased.
This decrease happens because the length of the formation region is increased by the

insertion of the plate.

Finally, the results provide a physical explanation for the near-constant Strouhal
number for different flow conditions and highlight the intricacy of vortex formation,

particularly in the transition from laminar to turbulent flow.
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Fig 2.1: Strouhal number varies as per the plate length with splitter plate on the wake axis, where ‘U’ is

the free stream velocity and ‘S’ is the Strouhal number [5]
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Fig 2.2: Representation of a wake bubble behind the bluff body [6]

Acrivos et al. (1964) [6] considered steady separated flow about a circular cylinder at
high Reynolds numbers, contradicting the general assumption that the viscous effects
are everywhere unimportant except in thin shear layers as the viscosity goes to zero.
According to experimental evidence, the authors show that the wake behind the

cylinder consists of a viscous, closed "wake bubble" of finite thickness whose length
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grows linearly with Reynolds number, encircled by an outer inviscid flow and

separated by a diffuse viscous layer.

In figure 2.2, it is observed that a closed streamline which passes near the non-wetted
side of the cylinder must also pass through a region lying close to the wake stagnation

point.

Contrary to past expectations, they demonstrate that viscous forces are still important
within the wake bubble, producing a finite pressure drag and a constantly negative
rear pressure coefficient, even at very large Reynolds numbers. Furthermore, the
paper includes new heat transfer measurements which show that the Nusselt number
(Nu) becomes Reynolds number (Re) independent on the non-wetted surface of the
cylinder. To substantiate their conclusions, the authors construct an approximate
theoretical model which more accurately predicts pressure distribution, thus

improving separated flows at high Reynolds numbers.

Son and Hanratty (1969) [7] provide numerical simulations of time-dependent flow
around a circular cylinder with Reynolds numbers of 40, 200, and 500, via finite
difference techniques to apply steady flow analyses to higher Reynolds numbers. The
research indicates that for Re = 40 and 200, significant flow properties such as
separation angle, drag coefficient, and surface pressure and vorticity distributions
adequately represent steady-state behaviour. At Re = 500, the unsteadiness is
prominent, especially in the wake, and this suggests a strong change in flow dynamics
from those at Re = 200 and raises questions regarding the asymptotic behaviour of the
flow at yet higher Reynolds numbers. The numerically computed steady viscous and
pressure drag forces are smaller than those found experimentally, where the flow is
unsteady. The paper also outlines the numerical techniques used and compares its
calculations with available computational and experimental information, providing
significant information on steady flow solution limits and usefulness at moderate to

large Reynolds numbers.

Martinuzzi et al. (2003) [8] considers how positioning a solid wall close to a square

cylinder influences the manner in which vortices are shed behind it at a Reynolds
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number of 18,900. By varying the gap between the cylinder and the wall (from S/D =
0.07 to 1.6), four distinct forms of flow behaviour were revealed. When the gap is big
(S/D > 0.9), the flow is as if there is no wall. But when the cylinder is close to the wall
(S/D < 0.25), the vortex shedding becomes unstable and irregular. For medium gaps,
the flow varies more gradually. When S/D is larger than 0.6, variations in lift force
can be accounted for by ideal (inviscid) flow theory, but for gaps less than that, effects
such as viscosity and reattachment of flow become significant. Overall, the research
clarifies how close a wall is to having an effect on altering the wake pattern and

vortex characteristics behind a square cylinder.

Bailey et al. (2002) [9] examined the influence of proximity to a wall on the three-
dimensionality of turbulent vortex shedding behind a square cylinder at a Reynolds
number of 18,900. By observing pressure and velocity along the cylinder, the
researchers determined that both straight (parallel) and slanted (oblique) vortex
patterns may occur naturally. How frequently these patterns shift or "dislocate" is
determined significantly by how far apart the cylinder and wall are (gap ratio, S/D).
As the gap approximates S/D =~ 0.7, dislocations occur more frequently due to some
instabilities in flow and splitting of vortices, resulting in greater variability of the
timing of vortex shedding. But as the gap narrows (between 0.5 and 0.7), these
dislocations occur less frequently, the flow becomes smoother (two-dimensional), and
the shedding more consistent, with a better-defined frequency. This indicates that the
presence of a nearby wall can suppress complicated 3D behaviours and drastically

alter how vortices develop and act behind the cylinder.

Ambreen and Kim (2017) [10] employed simulations to examine the influence of
altering the corners of a square cylinder by sharpening, rounding, chamfering, or
recessing them on the flow and heat transfer when air passes over it with low
Reynolds numbers (55-200). The findings indicate that the alteration in corners
reduces drag substantially with a minor rise in the Strouhal number relative to a

sharply cornered cylinder.
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Actually, drag of sharp cornered (square) cylinder is reduced by making the corners

rounded, chamfered and recessed as shown below in figure.

Fig 2.3: Close-up view of Grid for cylinder with (a) Sharp, (b) Rounded, (¢c) Chamfered and (d)

Recessed corners [10]

Fig 2.4: Smaller wake size due to the rounded corners as compared to the sharp corners in square [10]

For example, as we can see in the figure above that at Re = 200, for the sharp cornered
cylinder the wake region behind it is very large, which is the main reason for high
drag experienced by the body. Whereas, when we see the rounded corners square, it
has smaller wake region as compared to the sharp cornered cylinder, thereby reducing

the drag forces.

Modifying the front (upstream) corners is more effective than modifying the rear
(downstream) ones for enhancing overall performance. Flow separates more from the
rear corners, producing a thinner wake, more intense vortex shedding, and improved
heat transfer. Recessed corners can, however, trap recirculating fluid, which can

actually enhance drag.
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Alam (2022) [11] discussed the impact of modifying the corners of square cylinders
through rounding, chamfering, or cutting-on the manner in which air flows around
them and how efficiently they conduct heat. Altering the corners can slow down
where the airflow detaches from the surface, creating a narrower wake behind the
cylinder and decreasing both drag and lift forces, particularly when corners are

rounded or chamfered.
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Fig 2.5: Different types of corner modification techniques for drag reduction [11].

The variations also stabilize pressure and forces over the cylinder better and can
enhance heat transfer through modifications of flow patterns. Shape of corners, flow
speed, and turbulence contribute to significant functions of performance in the system.
The results can be applied to the design of structures such as heat exchangers,
buildings, and cooling systems. The article also mentions areas that require additional
research, for instance, the understanding of three-dimensional effects and how the

flow evolves over time.
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Hu et al. (2005) [12] investigated how rounding a square prism's corners modifies
flow behind it at moderate Reynolds numbers (2,600 and 6,000). Through experiment,
the authors established that rounding the corners (raising r/d from 0 to 0.5) weakens
shed vortices and decreases their circulation by as much as half and increases the
frequency of vortex shedding (Strouhal number) by approximately 60 %. The vortices
also extend more horizontally and both the vortex formation zone and the wake
approximately double in length. The flow grows steadier and more uniform as the
corners round out, particularly at large corner radii. The research also indicates that
the leading-edge corner shape influences the flow more than trailing ones and that the
drag-to-vortex circulation ratio remains almost constant for all the shapes that were

tested.

Hariprasad et al. (2024) [13] examines how cutting off the corners of a square
cylinder alters air flow around it, both when the cylinder is stationary and when it
oscillates back and forth, at a Reynolds number of 2,100. With flow visualization, the
authors experimented with various amounts of chamfering and observed that the
larger the chamfer, the greater the number of corners participating in generating
vortices, the more powerful the vortex shedding, and the more frequent the vortex
shedding is. The vorticity generation and shedding also vary with the geometry of the
corners and the amount of oscillation of the cylinder and different mechanisms for
shedding are found. Chamfering the corners also alters significant flow features such
as the length of the vortex formation region, the Strouhal number, drag, and
circulation. These findings indicate that the geometry of a structure's corners can
significantly influence the forces and vibrations induced by wind or water, which is

significant in designing safe buildings and bridges.

Jin et al. (2019) [14] used computer simulations (the VLES approach in OpenFOAM)
to investigate the drag reduction by cutting the front corners of a square cylinder when
air flows around it at high velocity (Re = 22,000). Two configurations are examined:

one with only the front corners trimmed (CM-1) and the other with an additional cut

(CM-2).
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Fig 2.6: Square cylinder (left) along with the cut corner (middle) and two-cut-corner cylinder (right)
[14].

Both modifications make the cylinder more streamlined and reduce the drag, with the
second design (CM-2) decreasing drag by as much as 61 %. The reduction in drag
occurs because the wake behind the cylinder narrows and the recirculation zone
increases in length, while flow separation is inhibited and the boundary layers are
thinner. The research also indicates that the VLES approach is effective even with
basic computer models, and hence it can be applied to design bluff bodies with

reduced drag in practical applications.

Yousif et al. (2023) [15] investigated a novel approach to manage airflow across a
square cylinder by employing deep reinforcement learning (DRL) to determine when
and how to engage plasma actuators mounted on the surface of the cylinder. With
computer simulations at Reynolds numbers 100 and 180, the work demonstrates that
the DRL system is capable, by trial and error, of learning to vary the AC voltages on
various actuator configurations, resulting in massive drag decreases as well as lift
decreases up to 99 %. With the optimal actuator configurations, the DRL agent can
completely eliminate vortex shedding and render the flow significantly more stable at
both experimented flow velocities. SHapley Additive exPlanations (SHAP) method is
also employed by the researchers to gain insights into which pressure measurements
impact control decisions the most and to identify the distinct contribution of each
actuator to the overall strategy. These findings demonstrate that the combination of
DRL and plasma actuators is a strong tool for enhancing aerodynamic performance

and may be applicable to numerous other applications in flow control.
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Murai (2014) [16] described how injecting bubbles into turbulent boundary layers can
lower frictional drag, but the outcome is very sensitive to bubble size, flow velocity,
and the manner in which bubbles interact with turbulence close to the wall. Various
bubble sizes-microbubbles on the one hand, and larger bubbles on the other-hand alter
flow in various manners, such as by making the fluid slippery, stabilizing turbulence,
or creating gas layers and cavities. The three principal approaches are using bubbles
directly, having a thin gas layer, or developing gas cavities, with each producing its
own drag-reducing effect. But how effectively the methods perform can vary with
flow conditions and how the bubbles act, making application to real-world scenarios
difficult. New experiments and computer simulations have improved the scientists'
knowledge of the process, but due to the multitude of factors that are involved, further
research has to be done to make the techniques practical for ships, pipelines, and

industry.

Zhang (2023) [17] demonstrated how artificial intelligence (AI) can be employed to
minimize air resistance on a car-like body known as an Ahmed body with a 35°
angled rear, at some flow velocity. Five small air jets that are independently
controllable were employed by the researchers and applied Al rooted in the ant
colony algorithm, to determine how to set up these jets to reduce drag while requiring
less power. The Al identified jet settings that reduced drag by as much as 18%,
improving on previous approaches. Analyses of airflow measurements showed these
jets minimize patches of swirling air behind the form, raising pressure at the rear and
smoothing out the flow. The article also describes how such transformations occur
and contrasts various control techniques, demonstrating that Al is a versatile and

potent means of enhancing aerodynamic performance.

Albers et al. (2018) [18] considered one method to minimize drag on a DRA2303
airfoil by forming small, traveling waves over approximately 74% of the wing's
surface. These waves travel sideways along the wing and are examined with fine
computer simulations at a Reynolds number of 400,000. The findings indicate that the
waves reduce turbulence and the rotation of air close to the surface, creating smoother

and more stable airflow. This results in an 8.6% reduction in skin-friction drag and a
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7.5% total drag reduction, with a slight increase in lift. In general, the research
indicates that employing these controlled surface waves can enhance the aerodynamic
efficiency of airfoils without inducing additional pressure drag or loss of lift, and thus

it is a valuable technique for aircraft design.

Kim et al. (2014) [19] examined the inverse Magnus effect, a counterintuitive
phenomenon in which a rotating ball travels in the opposite direction of what would
be anticipated based on its rotation. In wind tunnel experiments, the scientists
quantified the drag and lift forces on a rotating ball and examined how air flows

around it at various speeds (Reynolds numbers) and rotation rates.

(a) Closed-type wind tunnel  (}) Closed-type wind tunnel
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Fig 2.7: The setup shown in the above figure was used for the drag reduction [19].

They found that the inverse Magnus effect occurs when the air layer on the side of the
ball rotating against the air flow becomes turbulent, which retards where the air
detaches from the ball and results in lift in the opposite direction. The scientists also
developed equations to calculate where this air separation occurs according to speed
and spin, and constructed a model to demonstrate when the inverse Magnus effect will
occur. Their research explains how this strange effect functions and provides tools to

forecast it in actual situations.
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2.2 Research Gap

Corner modification is recognized as a highly effective and efficient method for drag
reduction on square cylinders. By modifying the sharp corners by rounding,
chamfering, recessing, or cutting their location can be controlled to a greater extent,
effectively affecting the flow separation points and wake structure behind the cylinder.
Such modifications streamline the flow, minimize turbulence, and reduce the wake
size, all factors that lead to a reduction in the drag coefficient. Specifically, it has been
found in research that chamfered and rounded corners can both result in significant
reductions in drag, with the latter tending to have the most benefit. Rounding the
corners of a square cylinder with a corner radius of 0.24D, for instance, has been
found to reduce the drag coefficient as much as 68 %, whereas chamfering

accomplishes an approximately 47 % reduction.
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Fig 2.8: Various corner modifications. (a) Rounded corner to circular cylinder. (b) Chamfered corner to

diamond cylinder. (¢) Recessed corner to astroid cylinder. (d) Cut corner cylinder to plus cylinder [11].

Of the many corner modification methods, cut corners are the least studied in the

literature. While rounded, chamfered, and even recessed corners have been
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extensively experimentally and computationally studied, the cut corner method where
part of the corner is cut to form a flat or angled facet has been relatively sparsely
investigated. There have been suggestions by some research that cut corners may also
be a way of reducing drag, but the physical mechanisms involved and the optimum
configurations are less well understood than in other approaches. This lack of study
represents an important opportunity: additional systematic research on cut corner
treatments is required to determine their full potential for drag reduction and optimize

their design for engineering use.

In brief, although corner modification is a simple and efficient method for drag
reduction for square cylinders, the cut corner approach remains unexplored. Further
investigation needs to take place in order to realize its full potential and to create a

total understanding of how to best apply this method for optimal aerodynamic gain.
In this study, cut corner method has given drag reduction of up to 2.92 % for Re = 200.
2.3 Objectives of this work

The main goal of the present study is to analyze and measure the efficacy of passive
geometric alterations namely, the cut corner (recessed corner) method in aerodynamic
drag reduction on square bluff bodies in the laminar flow regime through the use of

Computational Fluid Dynamics (CFD) simulations.
The objective of this study is to:

- Logically examine how the alteration of a square cylinder's corners (cutting or

recessing) influences flow separation, wake generation, and ensuing drag coefficient.

- Use CFD simulations (with ANSY'S Fluent) to contrast the aerodynamic efficiency
of conventional sharp-cornered square cylinders with those featuring cut/recessed

corners at various Reynolds numbers.

- Verify the simulation technique using known results and measure the obtained drag
reduction, with emphasis on real engineering applications where drag minimization is

essential, such as in buildings, bridges, and pipelines.
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- Fill the research gap in the literature for more aggressive cut corner method, which,
even with its promise, is less researched in comparison with other passive methods

such as rounding or chamfering of corners.

In brief, the thesis is to conduct a thorough computational evaluation of the cut corner
technique for drag reduction over square bluff bodies to maximize their aerodynamic

efficiency and offer new knowledge on passive drag reduction methods in engineering.
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Chapter 3

Methodology

3.1 Lid-driven Cavity Simulation

Lid-driven cavity simulation was the very first simulation performed in this study.
The main purpose of this simulation was to have some basic idea about the
mechanism of the flow around bluff bodies. Also, this simulation is widely used for
studying fundamental flow phenomena like vortex formation, flow separation, and the
effects of increasing Reynolds number on flow structure. Actually, lid-driven cavity
simulation is a classic benchmark problem in computational fluid dynamics (CFD)
used to study and validate numerical methods for incompressible, viscous fluid flow.

Ansys Fluent software was used for this simulation.

The setup involves a square or rectangular cavity filled with fluid, where three sides
(usually the bottom and two vertical walls) are stationary with no-slip boundary
conditions, and the top wall (the "lid") moves tangentially at a constant velocity, as

shown in figure below.

y=1y=|( u=v=_

Fig 3.1: Lid-driven cavity [20].
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Fig 3.2: Vortex formation in a lid-driven cavity (left). Vertical and horizontal centerline in the cavity

[21], [22]

Due to this moving wall there is a creation of a primary vortex (at the center) inside
the cavity along with some smaller secondary vortices (at corner). Incompressible
Navier-Stokes equation is used to find the velocity at various points inside the cavity.
The simple geometry and boundary conditions makes it easier to implement Navier-
Stokes equation in this simulation, while the resulting flow patterns can be complex

and sensitive to numerical accuracy.

So, in this study, the task was to draw the horizontal and vertical centerline on the
cavity domain and then on the horizontal centerline the vertical component of the
velocity was plotted and similarly on the vertical centerline horizontal component of

velocity was plotted.

As we can see in the above figure, Y axis is the vertical centerline at which uw/U
values were plotted at different values of ‘y’, where ‘u’ is the horizontal component of
velocity at different locations at the vertical centerline and ‘U’ is the free stream
tangential velocity of the lid (top moving wall). This plotting was done at Re = 40,
100, and 1000. And, the results were compared with Ghia, et al. (1982) [23].
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Fig 3.3: w/U vs y curve at Re=100.

Similarly, v/U values were plotted on the horizontal centerline (X axis) at different

values of ‘x’, where ‘v’ is the vertical component of the velocity at different

locations at the horizontal centerline.
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Fig 3.4: v/U vs x curve at Re=100.
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Similarly, for Re = 100 and 1000.

u/U Values Comparison at Re=400
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Fig 3.5: w/U vs y curve at Re=400.
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Fig 3.6: v/U vs x curve at Re=400.
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u/U Value Comparison at Re=1000
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Fig 3.7: w/U vs y curve at Re=1000.
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Fig 3.8: v/U vs x curve at Re=1000.

Above figures clearly states that the results were quite satisfactory.
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3.2 Calculation of Drag Coefficient (Cq)

The significance of this simulation in this study was to learn how to calculate the
drag coefficient around a square cylinder. Results were validated and compared with
Dhinakaran and Ponmozhi (2010) [24].

Fig 3.9: Hollow square cylinder (1 m x 1m) in the computational domain of 36 m x 21 m.

The geometry consists of a hollow square cylinder (I m x 1 m) in a rectangular
domain of 36 m x 21 m as shown in figure above. The grid size used was 900 x 500.
The upstream length was 10 m whereas the downstream length was 25 m. Ansys
Fluent software was used for the calculation of drag coefficient. Steady state
simulations were conducted for this purpose where the flow was assumed to be

laminar, two dimensional and incompressible.

The fundamental continuity and momentum equations [25] used were:
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If we talk about the numerical aspect of the simulation, it was based on the finite

volume method. As far as grid system is concerned, staggered system was used in

which the velocity components are stored at the cell faces. SIMPLE algorithm was

used to solve the governing equations numerically.

Drag coefficient (Cq) evaluated for above geometry was [.766, whereas for similar

geometry and conditions the drag coefficient calculated by Dhinakaran and Ponmozhi

(2010) was 1.761. Hence, the percentage error was (.28 %.

To ensure the accuracy of the results, grid independence test was also done for the

downstream lengths of 25 m, 35 m, and 45 m, whereas the upstream length was 10 m

in all the cases, as shown below:

Dhinakaran & Ponmozhi and Present Study
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Fig 3.10: Comparison of Present Study with Dhinakaran & Ponmozhi [24] for L¢ = 25 m, 35 m, and 45

m.
Table 3.1: Grid independence test for Ls =25 m.

Grids Dhinakaran & Ponmozhi Present Study % Error
450 x 250 1.798 1.765 -1.84%
675 x 375 1.763 1.764 0.06%

900 x 500 1.761 1.766 0.28%
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Table 3.2: Grid independence test for Ly =35 m.

Grids Dhinakaran & Ponmozhi | Present Study % Error
450 x 250 1.793 1.765 -1.56%
675 x 375 1.760 1.765 0.28%
900 x 500 1.758 1.764 0.34%

Table 3.3: Grid independence test for Ly =45 m.

Grids Dhinakaran & Ponmozhi | Present Study % Error
450 x 250 1.792 1.764 -1.56%
675 x 375 1.760 1.764 0.23%
900 x 500 1.759 1.764 0.28%

It was observed that the results for downstream length (Lg) = 45 m were quite

consistent because for all three grids the drag coefficient (Cq) value was same (1.764).
3.3 Drag Reduction

When it comes to drag reduction by the passive techniques, we have rounded corner,
chamfering, recessed corner, and cut corner technique among the most prominent
ones. We had briefly discussed all these techniques in the literature survey part of this
study. Here we will focus on the recessed corner technique (as per the convention by
Ambreen & Kim (2017) [10] recessed corner is cut corner only) and the design
inspired from same, through which we have achieved drag reduction in this study.
Also, the results were compared with Ambreen & Kim (2017) [10], where they had

done the transient simulations and calculated average drag coefficient (Cgavg).

Before drag reduction, results were validated for square and recessed corners cross

section at Reynold’s number (Re) = 100.

The geometry consists of a 20 m x 20 m square as the computational domain having

square (1 m x 1 m) at the center and zoomed in image shows the uniform meshing
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around the square cylinder (1 m x 1 m) at the center of computational domain.as

shown below:

Fig 3.11: Hollow square cylinder (1 m x 1 m) in the computational domain of 20 m x 20 m (left).

Zoomed-in view of the same square cylinder (right).

Now again ANSYS Fluent software was used for the drag coefficient calculation. The

flow governing equations [10] are shown below:

(=) )
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The average drag coefficient (Cq avg) for square cross section at Re = 100 was
calculated and validated with Ambreen & Kim (2017) [10] . For the present study it
was 1.486, whereas for Ambreen & Kim (2017) [10] it was 1.473, so the percentage

error was coming out to be 0.88 %.

Similarly, validation was done for recessed corners cross section. Its meshing is

shown in the figure below:

Fig 3.12: Recessed cylinder in the computational domain of 20 m x 20 m (left). Zoomed-in view of the

same cylinder (right).

The length of the cut made is ¢/D = 0.125, where ‘c’ and ‘D’ is corner size and
cylinder diameter (edge length of square in this case), respectively. In this study, we
have taken ‘D’ as 1 m, making ¢ = 0.125 m. So basically, the corner size in this study

15 0.125 m.

i

}éD

Fig 3.13: Recessed cylinder [10].
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So clearly, the length of the cut is (1/8) D = (1/8)1 =0.125 m.

For this section, the average drag coefficient (Caag) at Re = 100 was 1.404 as per the
present study, on the other hand it was 1.377 as per Ambreen & Kim (2017) [10], this

time the percentage error was 1.96 %.

Now as far as drag reduction is concerned, the very first simulation was done at Re =

100. The design used in this study for drag reduction was inspired from recessed

corners cross section itself. It is shown in the figure below:

Fig 3.14: Drag reduction design cylinder in the computational domain of 20 m x 20 m (left). Zoomed-in

view of the same cylinder (right).

3.4 How Recessed Corners Help Reduce Drag
3.4.1 Flow Deflection and Narrower Wake

e When the corners of a square cylinder are recessed (cut inward), they change

how the air flows around it.

e These recessed areas push the air toward the back edges of the cylinder, which

delays flow separation compared to sharp corners.
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e This makes the wake (turbulent area behind the cylinder) narrower, reducing

the low-pressure zone behind the cylinder.

Pushed toward

back edges RECESSED CORNERS

push the air toward the back edges
of the cylinder

) \___.___
s =
—} /—'——
1,D \ Narrowed \_/’_
/8 turbulent wake NARROWER WAKE

low-pressure zone
behind the cylinder

Fig 3.15: Flow mechanism around the recessed cylinder.

3.4.2 Recirculation in the Recessed Areas

e Air gets trapped and circulates within the recessed corners, forming small

recirculation zones.

Fig 3.16: Representation of recirculation in the recessed corners [10]
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These zones help in two ways:
1. They reduce turbulence at the edges by making the flow smoother.

2. They push the main flow outward, delaying separation and keeping the

flow attached for longer.

However, this also slightly increases pressure on the front face, so the drag is

still a bit higher than in designs with rounded or chamfered corners.

Recessed corners provide a good balance between lowering drag and
improving heat transfer. This makes them especially useful in designs like heat
exchangers, where both airflow efficiency and cooling performance are

important.

42






Chapter 4

Results and Discussions

This part introduces the quantitative results from CFD simulations in ANSYS Fluent
to analyze the potential of drag reduction of square cylinders with recessed corners.
The research systematically compares the flow pattern and aerodynamic performance
over various Reynolds numbers: 100, 125, 150, 175, and 200. Comparing the findings
with a standard sharp-cornered square cylinder, the effect of recessed corner geometry
only from top side (design used for drag reduction in the present study) on pressure

distribution, wake dynamics, and the drag force is explored comprehensively.

For all Reynolds numbers considered, recessed corner configuration showed
improvements in aerodynamic performance consistently. The recessed geometry
directed the incoming flow to the downstream cylinder edges and hence postponed the
flow separation and facilitated the formation of a more streamlined wake. This
deflection of flow created a thinner wake region with clearly lower turbulence
intensity and reduced low-pressure zones behind the cylinder. These became more
visible with the rising Reynolds number due to greater inertial forces and higher

vulnerability to flow separation in the sharp-cornered baseline example.

The drag coefficient was determined to reduce significantly with the recessed
configuration, reducing at every Reynolds number. For instance, at Re = 200, the
recessed corner design (design used in present study) registered a 2.92 % drag
reduction against its sharp-edged equivalent. This gain is brought about by the
synergistic roles of delayed separation, weakened vortex shedding, and lower pressure
differential across the front and rear faces of the cylinder. Local recirculation zones
inside the recessed regions also played a part in shear layer stabilization, smoothing

attached-detached flow transition.

Aside from drag reduction, the recessed shape caused a marginal rise in Strouhal

number, suggesting an increased frequency of vortex shedding. While this hints at
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more frequent wake oscillations, the drag performance was still not impaired. This
emphasizes the potential of the design for thermofluidic use like compact heat
exchangers, where both increased heat transfer and minimized drag are necessary for

best performance.

As discussed in the Methodology section, below given design was used in the present

study for the drag reduction.

Table 4.1: Drag reduction results from Re = 100 to 200.

Re Tehmina & Man-Hoe Present Study % Reduction
100 1.473 1.442 2.10%
125 1.430 1.410 1.40 %
150 1.421 1.395 1.83 %
175 1.424 1.392 2.25%
200 1.439 1.397 2.92%

Drag Coefficient Reduction at Various Reynold's No.
= Tehmina & Man-Hoe * Present Study

Drag Coafficiert [Cd)
L ]

1.40 *

Reynolds No. [Re)

Fig 4.1: Graphical representation of the drag reduction at various Reynold’s No (left). Drag reduction

design used in the present study (right).
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Using this design, which was inspired from the recessed corner cross section itself, the

drag reduction results from Re = 100 to 200 were quite satisfactory.

The reduction in drag coefficient seen here was responsible for increasing the average
Nusselt number (Nuav) and thus improving the heat transfer rate. This connection
illustrates that the optimization of flow properties to reduce drag not only enhances
fluid dynamic performance but also greatly enhances thermal management by

enhancing heat transfer.

Table 4.2: Average Nusselt No. (Nuavg) increment from Re = 100 to 200.

Re Tehmina & Man-Hoe Present Study % Increment
100 4.084 4.094 0.25 %
125 4.470 4.539 1.55%
150 4.808 4.936 2.66 %
175 5.110 5.293 3.59 %
200 5.406 5.624 4.04 %

Tehmina & Man-Hoe vs Present Study

® Tehmina & Man-Hoe m Present Study
6.000

5.500

5000

Average Nusselt No. (Nu avg)
=t

4000 L : ;.
100 125 150 175 200

Reynolds No. {Re)

Fig 4.2: Graphical representation of the average Nusselt no. (Nuav) increment at various Reynolds No.

(left). Drag reduction design used in the present study (right).
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Chapter 5

Conclusion

- The research effectively proved passive geometric modification, namely the cut
(recessed) corner technique, to be a good approach for minimizing aerodynamic drag

on square bluff bodies under the laminar flow regime.

- CFD simulation analyses performed using ANSYS Fluent, validated with proven
literature, ensured the numerical approach to be accurate and reliable for sharp-

cornered as well as recessed-cornered square cylinders.

- Addition of cut corners to the square cylinder delayed flow separation and created a
smaller wake region, which resulted in a uniform decrease in the drag coefficient for

all Reynolds numbers tested (100-200).

- The greatest drag reduction using the recessed corner geometry was 2.92% at Re =
200 from the sharp-cornered baseline, demonstrating the useful advantage of even

small geometric changes.

- The recessed corner design also resulted in a marginal rise in the Strouhal number,
showing an increased frequency of vortex shedding, but this did not negatively affect

total drag performance.

- The local recirculation areas that developed within the recessed corners helped
stabilize the shear layers and reduce the transition between attached and detached flow,

further maximizing aerodynamic efficiency.

- The results highlight the potential of the cut corner method as a low-cost and
convenient passive drag reduction method, appropriate for bluff body shape

optimization in engineering problems like buildings, bridges, and heat exchangers.

- While effective, the cut corner technique is less studied in the literature than other
corner modifications, which makes this an enormous opportunity for future research

and optimization.
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- In summary, the thesis provides a basis for future research on more sophisticated
passive drag reduction methods and proves the worth of CFD as an instrument for

aerodynamic optimization of bluff bodies.
Future Work

Although the current research demonstrates the efficacy of the cut (recessed) corner
method for drag reduction in laminar flow, there are still many ways forward for

research to proceed:

Wider Parametric Studies: Future studies should methodically examine a broader set
of cut corner sizes and configurations to determine optimal geometries for maximum

drag reduction at various Reynolds numbers and flow regimes.

Three-Dimensional and Turbulent Flows: An extension of the research to three-
dimensional models and greater, turbulent Reynolds numbers would be useful for

real-world applications, where flow is never strictly two-dimensional or laminar.

Combined Modification Techniques: Subsequent work may investigate the synergy of
introducing cut corners in combination with other passive techniques (e.g., rounding
or chamfering) or with active flow control methods, to determine potential for

additional drag reduction.

Heat Transfer and Structural Effects: As recessed corners could also impact heat
transfer as well as structural integrity, multi-physics simulation and experimental
validation must be carried out to assess the trade-offs between aerodynamic, thermal,

and mechanical performance.

Experimental Validation: Although CFD is very useful, experimental testing in wind
tunnels or water channels is necessary to validate simulation data as well as account

for effects not completely resolved numerically.

Application-Specific Optimization: The adaptation of the cut corner method for
particular engineering applications (such as urban wind loads, offshore structures, or

vehicle aerodynamics) would make it more practically useful and accepted.
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With these topics covered, potential future studies can further develop the
understanding of cut corner alterations, refine their configuration, and apply their

advantages to more engineering fields.
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