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Preface

In the 1899 edition of the comedy magazine Punch, looking at the “coming
century,” an inventor asked, “Isn't there a clerk who can examine patents?” to
which a boy replied, "Quite unnecessary, Sir. Everything that can be invented
has been invented.”

The reality remains: “Everything that can be invented, has not been
invented.”

The concept of the Coanda effect as a distinct flow phenomenon of high
practical significance has existed for over a century. Its ability to be used as a
flow control tool has been a great attraction to scientists and engineers. Flow
control or manipulation of flow for a desired outcome continues to be instru-
mental in the development of many fluid mechanical devices underpinning
the progress of human civilization. It is, therefore, not surprising that at the
advent of the 4th industrial revolution, bringing with it astonishing advances
in computer speeds, artificial intelligence, and manufacturing capabilities,
the area of flow control and interest in Coanda effect has grown significantly.
The prospect of implementing the Coanda effect for flow control solutions to
wide-ranging problems, which would have been unthinkable in the past, is
now looking more plausible. Yet the fluidic effect remains an enigma and its
flow physics hard to decipher.

Interest in the Coanda effect originated from the belief that it would result
in new and energy-efficient aircrafts by integrating lift and propulsive sys-
tems that would enable vertical take-off or require short runway length.
But the weight penalty to carry the necessary equipment on board or the
need to bleed off air from engines with extra ducting systems meant the
concept could not be implemented with the intended energy-saving and per-
formance efficiency. Researchers, therefore, have been exploring other non-
aeronautical areas for application.

The list of areas where the Coanda effect can be applied is long and varied.
It ranges from defense to health, from infrastructure to environment, and
so forth. If the full potential of the Coanda effect is to be realized, it would
require allocation of adequate resources, a multi-disciplinary approach, and
collaborative efforts worldwide from researchers and engineers from vari-
ous disciplines.

Unfortunately, however, there is no good book written on the Coanda
effect that provides the basic information necessary. The present book is a
humble attempt to fill this void, albeit partially. It is intended for scientists,
engineers, and enthusiasts of varying backgrounds and levels of knowledge
who are passionate about finding practical applications of the Coanda effect.

The Coanda effect can be thought of as a phenomenon of “flow adher-
ence.” This, of course, is a simplistic definition, but one that may be built

xiii



xiv Preface

upon and extended to provide greater insight. Flow adherence attributed to
the Coanda effect is more than just flow attachment on a body and cannot
be explained by conventional pressure gradient consideration of boundary
layer theory alone. Additional flow characteristics such as enhanced turbu-
lence level and entrainment accompany the Coanda effect. These features
deserve special attention as they may result in increased noise levels that
would be particularly important when it comes to designing Coanda devices
and their implementation.

The book comprises of five chapters. In the first chapter, the reader is
introduced to the basics of the Coanda effect through simple sketches and
qualitative descriptions of the flow phenomenon. The conventional tools
of investigation required to investigate the Coanda effect and other associ-
ated fluid flow phenomenon form the contents of the second chapter. The
remaining chapters are devoted to research works related to Coanda effect
applications. One of these chapters, namely Chapter 3, describes efforts on
the aeronautical applications. Chapter 4 contains examples of non-aeronau-
tical applications under the two subheadings of Industrial Applications and
Environmental Applications. These two chapters are indicative of positive
benefits that can be extracted from Coanda effect applications. The final
chapter, Chapter 5, shows the negative effects of the occurrence of the Coanda
effect in human blood flow and the airflow network, and how they can be
avoided or detected early to ensure healthy performance of human organs.

It must be stressed that it is beyond the scope of this book to cover all the
aspects of the Coanda effect or describe comprehensively the research works
that are going on. The author has made no effort to claim the originality of
the text presented, which has been motivated by the works of many oth-
ers that have been appropriately referenced throughout the book. Often, for
greater clarity and ease of understanding for the readers, the author has pro-
vided qualitative graphical descriptions of many of the results.

The book is of an introductory nature and should be viewed as a snapshot
of ideas and possibilities. It is hoped that the materials presented will inspire
the readers and appeal to their innovative talents for new breakthroughs. In
the immortal words of Ulysses by Lord Tennison:

“Come my friends,

It is not too late to seek a newer world...
For my purpose holds,

To sail beyond the sunset...”

Happy reading!!
Noor A. Ahmed

1 January, 2019
Johannesburg
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1

Basic Concepts

1.1 Historical Background

The beginning of the 20th century saw two momentous events occur in rapid
succession; one happened in 1903, and took the world by storm, while the
other happened in 1904, and almost went unnoticed. The two events, how-
ever, were necessary for the discovery and widespread popularity of what is
now widely known as the “Coanda effect.”

The event of 1903 marked the beginning of the conquest of air because on
December 3 of that year, the first ever successful manned flight in human
history by the Wright brothers took place [1]. This fired up people’s imagi-
nations, and accelerated developments in aviation began to occur. Within a
few years, at the October 1910 Paris Salon de I’Aeronautique show, a young,
24-year-old engineer by the name of Henri Coanda was attracting the
crowd’s attention, displaying a new bi-plane aircraft he had designed to fly
with a novel piston engine. But things did not go as planned. The aircraft
was burned during its engine warm up before it could take off the ground
[2]. Coanda was naturally disappointed. But there was a silver lining to the
disaster when Coanda noticed while his engine burned, which, by 1934, led
to the recognition of a new flow phenomenon that now bears his name as the
“Coanda effect,” a term coined by Theodore von Karman in his honor [2].

Coanda had observed that the burned gases which exhausted from the
engine showed a tendency to remain very close to the fuselage. He was con-
fident that he had discovered a new phenomenon and immediately began
working on it to find practical applications. His initial objective was to deflect
the exhaust gases, such as those of a radial piston engine away from the fuse-
lage to protect the fuselage from getting burned. Later, he also experimented
to apply the concept to turn flow occurring at corners of many devices, such
as turning vanes of wind tunnels, thrust augmenters, pumps, and so forth.
Coanda eventually managed the incredible feat of turning a flow through
180° deploying a series of deflecting surfaces, with each surface at a sharper
angle to the previous one.

Historically speaking, however, Thomas Young was probably the first who
had provided the first account of the flow phenomenon that produces the



2 Coanda Effect

Coanda effect in a lecture delivered to The Royal Society in 1800 [3], where
he stated:

The lateral pressure which urges the flame of a candle towards the stream
of air from a blowpipe is probably exactly similar to that pressure which
eases the inflection of a current of air near an obstacle. Mark the dimple
which a slender stream of air makes on the surface of water. Bring a
convex body into contact with the side of the stream and the place of the
dimple will immediately show the current is deflected towards the body;
and if the body be at liberty to move in every direction it will be urged
towards the current.

In a paper [4] seventy years later, Osborne Reynolds observed a similar flow
phenomenon when he discovered that a ball can be held in suspension by a
jet of fluid. But it was Henri Coanda who had actually realized the practical
importance of the effect and conducted detailed investigations to realize its
potential. In 1934 he obtained a patent in France in which he described the
effect as the “deviation of a plain jet of a fluid that penetrates another fluid in
the vicinity of a convex wall.” His two patents [5] filed in 1936 and granted
in 1938 [Figure 1.1] also describe the Coanda effect quite clearly in the fol-
lowing text:

The present invention relates to propelling devices in which there is
produced a suction zone in front of the body in motion on which the
propeller is mounted, this suction being such that the body in motion is
propelled under the influence of the atmospheric pressure existing at the
rear of the propeller.

The second historic event took place in 1904 when Ludwig Prandtl, at that
time, a young, 29-year-old Professor of Mechanics at the Technical Institute
of Hannover, Germany, delivered a ground-breaking paper [6] in which he
explored the role of very small friction or vanishing viscosity in a fluid flow.

Viscosity is a major cause of drag produced on a body in motion, and the
topic “drag” has received continued attention for a long time, from as far
back as the times of Aristotle [7]. It was in the 18th century, nearly 2,000
years later that Navier and Stokes provided a mathematical formulation of a
fluid motion that included the effects of viscosity. Unfortunately, the partial
differential nature of the equations meant that they were difficult to use and
remained unsolved until Prandtl paid attention to them.

Prior to Prandtl, every order-of-magnitude analysis to simplify the Navier—
Stokes equations had resulted in potential flow equations suggesting that
the flow was determined by the normal velocity component at the surface
leaving no role for the viscous no-slip boundary condition, which at infinite
Reynolds number would be exactly zero.

Prandtl also managed to eliminate, through a process of logical and intui-
tive deductions, the less significant terms from the Navier-Stokes equation
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FIGURE 1.1
Henri Coanda’s 1936 patent ([5].)

and reduced them into simpler forms with some significant differences. He
argued that to satisfy the no-slip condition, there must be at least one term
that would retain the effect of viscosity. He postulated that to compensate
for the effect of vanishing viscosity, there must be an equivalent increase in
the strain rate at the surface. Using this argument and from the correspond-
ing simplified equations that he derived, he was able to deduce the viscous
effects on a moving body in a stationary fluid and vice versa. He demon-
strated that the viscous effects were dominant very close to the surface only.
He also showed that from a point normal to the surface of the body, the static
pressure remained constant within the viscous layer.

Prandtl’s findings were highly significant. Now, for the first time, a viable
and effective method for calculating the effects of viscosity near the surface
of a moving body became possible. The scientific community did not take
much notice of his work until a few years later, in 1908, when Blasius [8]
proved the validity of Prandtl’s hypothesis through physical experimentation
on a flat plate. This was a turning point in the research on fluid flows which
were until then studied without accounting for viscous effects and produced
unrealistic results such as the D’Alembert paradox. The consequence was the
development of what is now called “the boundary layer theory” and with
that the beginning of modern fluid dynamics.
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It is, therefore, clear that Coanda was an inventor who focused primar-
ily on the applications of a new flow phenomenon rather than its detailed
understanding. Prandtl, on the other hand, was an academic and a researcher
who provided the theoretical basis for greater understanding of some of the
underlying mechanisms of the fluid flow toward finding solutions of many
of the problems of human society.

1.2 Simple Demonstrations of the Coanda Effect

In laymen’s terms, “Coanda effect” is the tendency of a fluid to attach to,
and flow around, solid surfaces. Generally, all jets, particularly plane or two-
dimensional jets, display this flow phenomenon.

We can observe Coanda flow in some simple situations of our daily lives.
Two such cases are shown in Figures 1.2 (a) and (b). In the first sketch,

(© )

FIGURE 1.2

A jet of fluid is drawn toward a surface displaying the Coanda effect: (a) fluid attaches to the
side of a cup during pouring; (b) water from a tap sticks to the side of a spoon; (c) a ball is held
in suspension in air by a fluid jet (image after: Messiter, 1983 [9]); (d) a beetle sprays hot jet of
streams over ants.
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Figure 1.2 (a), when a liquid is slowly poured from a jug, it is seen to flow
downwards hugging the surface of the jug. Similarly, in the second sketch,
Figure 1.2 (b), when a spoon is held in the stream running down a water tap,
the water flow is found to follow the surface contour of the spoon.

Another interesting example of the Coanda effect is shown in Figure 1.2 (c),
which is based on the observation of Reynolds [9]. Reynolds had discovered
that when a jet of air was thrown at an angle to a ball from a certain distance,
the ball did not fall down but was held in suspension because of the jet that
attached to the lower side of the ball. This was due to the Coanda effect. Gravity
also played a part by preventing the ball from being blown away by the jet.

We can also observe the Coanda effect in action in nature as shown in
Figure 1.2 (d) where a bombardier beetle can be seen exploiting it. Eisner and
Aneshansley [10] describes the process in the following words:

Bombardier beetles of the carabid subfamily Paussinae have a pair of
flanges, diagnostic for the group, that project outward from the sides
of the body. Behind each flange is a gland opening, from which the
beetles discharge a hot, quinone-containing secretion when disturbed.
The flanges are curved and grooved and serve as launching guides for
anteriorly aimed ejections of secretion. Jets of fluid, on emergence from
the gland openings, follow the curvature of the flanges and are thereby
bent sharply in their trajectory and directed forward. The phenomenon
is illustrative of the Coanda effect.

1.3 Manipulation of Coanda Flow

The significance of Coanda flow lies in the fact that it can be used as an
effective flow control method. The potential list of areas where this method
can be used for positive outcome is very long and varied, and ranges from
aerospace industry to medical fields, from buildings to nuclear power plants,
and so forth.

Itis, therefore, important that we have a clear idea what is meant by flow con-
trol in the first instance and how the full potential of the Coanda flow phenom-
enon can be realized. For the latter, we need to have a good grasp of the flow
physics of associated flows, which we will discuss later in Sections 1.4 and 1.5.

In the following sub-sections, we will attempt to introduce, in broad terms,
the topic of flow control, its classification, methodologies, and intended
outcomes.

1.3.1 Flow Control Definition

Flow control is a method to manipulate a fluid flow to achieve a desired
outcome. It is, however, not a new concept. Flow control has been an integral



6 Coanda Effect

part of nature and all living creatures since the time of creation. Animals, sea
creatures, and birds have developed their bodies and organs to manipulate
the flow around them. The bodies of cheetah or deer are streamlined to run
fast. When fishes swim, they use fins to manipulate the water around them
to navigate. When birds flap their wings, they are controlling flow around
them to produce lift, or when they fly in a V-formation, they are manipulat-
ing the flow to conserve energy.

In prehistoric times, when Homo sapiens made spears, they basically
designed them to manipulate the air flow so that the spears could travel
faster and farther through air. Centuries ago, when the Persians invented
windmills, they essentially created machines that would manipulate air
flows to extract energy from wind.

Further examples of flow control can be found in abundance in nature.
The progress of human civilization also has a lot to do with how flow control
techniques have evolved and been utilized.

1.3.2 Role of Shear and Boundary Layers in Coanda Flow Control

A key feature of Coanda flow control is the manipulation of shear layers
and boundary layers present in the flow. The introduction of boundary layer
theory by Prandtl at the turn of the 20th century is relevant here because
the theory can be regarded as the initiator of the modern era of flow control.
The theory takes on added importance since, under many circumstances, the
concepts of approximations applied to a flow near a boundary can also be
adapted to shear flows outside the boundary.

One of the immediate consequences of the introduction of boundary layer
theory was enabling the prediction of flow separation at a point on an arbi-
trarily shaped body caused by viscosity through energy dissipation.

Previously, flow separation could only be predicted on sharped edged or
pointed bodies. The boundary layer theory opened up the possibility of con-
trolling or delaying flow separation by arresting viscous growth within the
boundary layer through sucking or blowing extra momentum to energize
the fluid so that it remained attached to the body.

Delay or initiation of transition from laminar to turbulent boundary layer,
suppression or amplification of turbulence in shear or boundary layer are
the objectives of most flow control efforts. Often, most of these objectives
are interdependent and complimentary. Judicious and selective choice of a
particular approach are, therefore, required.

1.3.3 Flow Control Classification

Various definitions and classifications of flow control exist in the open litera-
ture [11]. The two most common ways of classifying flow control are based
on whether the control is applied away from the surface or on the surface
itself, or whether energy is expended or not to achieve flow control.



Basic Concepts 7

1.3.3.1 Contact or Non-Surface-Contact-Based

The flow chart depicting this form of classification is shown in Figure 1.3.

1.3.3.1.1 Control Applied away from the Surface

In this control classification, flow control is applied to outer flow fields of a
surface. Examples include acoustic excitation of boundary layers on a sur-
face, breaking up large eddies of shear layers into smaller ones, changing the
turbulence of free streams and so forth.

1.3.3.1.2 Control Applied on a Surface

Contact surface flow control may involve changing the surface conditions
of a surface, such as the shape, roughness, porosity, or temperature of the
surface. Suction or injection of the boundary layer from slots on the surface
or using boundary layer trips to control transition of flow from the laminar
state are other examples of control applied to a surface.

1.3.3.2 Energy-Expenditure-Based

The second well-known way to classify a flow control is to consider whether
energy is expended or not in implementing the control strategy. Based on
this approach the control method employed is either passive or active, as
shown in Figure 14.

1.3.3.2.1 Passive Flow Control

Passive flow control requires no energy input. The streamlining of a body
such as an airfoil to improve aerodynamic efficiency is an example of passive
control of a fluid. Since no demand is made for any additional energy input,

FLOW CONTROL
CLASSIFICATION

(Contact or non-contact
based)

A\ 4

NON-SURFACE CONTACT SURFACE CONTACT

(Applied away from (Applied on surface)
surface)

FIGURE 1.3
Classification of flow control based on non-surface or surface contact approach.
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FLOW CONTROL
CLASSIFICATION
(Energy expenditure
based)
PASSIVE ACTIVE
(No energy input required) (Energy input required)

FIGURE 1.4
Classification of flow control based energy expenditure approach.

implementation of most passive control method is much easier to implement
than active flow control.

1.3.3.2.2 Active Flow Control

Active flow control requires additional energy or a control loop, or both, and
thus is more complex to implement than passive flow control. The concept
of extra energy input is, therefore, the hallmark of the era of modern flow
control. However, a very important requirement of all active flow control
systems is that the manipulation or control of flows be done in the most
cost-effective and energy-efficient manner. For that reason, various control
loops may become essential and form integral parts of such systems. Hence,
greater care is required in the design and management of the active flow
control systems.

Despite these known complexities, active flow control may be preferred
over passive systems in a large number of situations, particularly at off-
design operating conditions, and to achieve higher efficiencies. Furthermore,
the capability of switching on or off, as and apply when required, is another
attraction of the active flow control systems.

1.3.4 Flow Control Methodologies

Various flow control methods or strategies are deployed to achieve the con-
trol objectives or outcomes mentioned earlier. Again, as before, depending
on the methods deployed, the control methods may be grouped under three
headings: transition control, separation control, and environment control.
The flow chart is shown in Figure 1.5.
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FLOW CONTROL
METHODS

l

v 4

TRANSITION SEPARATION ENVIRONMENT
CONTROL CONTROL CONTROL

FIGURE 1.5
A simple flow chart of flow control methods.

Transition controls are employed to reduce transitional drag and reduce
flow instabilities. Separation controls are employed to reduce viscous effects,
thereby reducing drag. On an airfoil, this also leads to increases in the avail-
able angle of incidence and thereby contributes to higher lift.

It should, however, be pointed out that all the objectives and methods men-
tioned above rarely work in isolation, but are highly interdependent on each
other.

1.3.5 Flow Control Outcomes

The outcomes desired from flow control can be grouped under three head-
ings, namely aerodynamic efficiency, enhanced flow mixing, and reduced
pollution. This is shown in Figure 1.6. Aerodynamic efficiency entails
enhanced lift, reduced drag, or a combination of both. This is particularly
important in the performance of wings. Greater flow mixing is a requirement

FLOW CONTROL

OUTCOMES

l
L | !

ENHANCED ENHANCED FLOW
AERODYAMIC MIXING
EFFICIENCY

REDUCED POLLUTION

FIGURE 1.6
A simple flow chart of flow control outcomes.
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of many industrial applications, such as in combustion of engines. Reduced
pollution is desired for a better environment and life.

1.4 Understanding the Coanda Effect through Simple Sketches

We will now attempt to understand the flow physics of the Coanda effect.
For that, we first need to know how a Coanda flow or a Coanda effect is cre-
ated. From the examples presented in Section 1.2, it is clear that a jet flow and
its subsequent movement over the surface of a wall hold the keys to under-
standing this complex flow mechanism.

We will examine the ensuing flow patterns qualitatively using simplified
sketches and observe some of the basic flow features that give rise to the
Coanda effect.

To keep matters simple, we will look at a two-dimensional incompressible
jet of air as it flows into an otherwise stationary or still ambient air and note
the changes in the flow in the absence or presence of a solid wall near the jet.
Later, we will also look at the compressible effect.

In all the cases, we will assume the jet velocity to remain uniform and of
constant magnitude.

1.4.1 Coanda Effect in Incompressible Flow
1.4.1.1 Jet Flow over a Straight Wall (i.e., Wall with No Curvature)

1.4.1.1.1 Wall at an Infinite Distance

Let us consider a straight wall that is located at an infinite distance away
from a jet. In practice it means that there is no wall near the jet flow.

Under this scenario, the incompressible jet of air will draw the surround-
ing fluid or air molecules toward it and move them in the direction in which
itis flowing. This will cause a decrease in the pressure of the air surrounding
the jet, resulting in a flow pattern as shown in Figure 1.7. For the moment, we
will refer to this process simply as “entrainment” and discuss the issue of
entrainment in more detail in Section 1.4.2.

1.4.1.1.2 Wall with No Step

Let us now consider a straight wall without any step and place it parallel to
the jet flow direction close to one side of the jet only.

Again, ambient air flow from the side away from the wall will continue
to be drawn in a manner similar to that shown in Figure 1.7. But the process
will be restricted by the nearer side of the wall because the air molecules that
are removed from the region that lies between the jet and the wall become
more difficult to be replenished by the ambient air.
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FIGURE 1.7
Flow patterns of a jet flow with no wall near it.

This will cause a larger pressure drop near the wall surface than on the
side of jet where the wall is not present. The flow nearer the wall, as a con-
sequence, will start to straighten and become more parallel to the wall as
shown in Figure 1.8.

If the straight wall is now gradually brought closer to the jet, a further drop
in air pressure will take place and at a particular distance eventually cause
the jet to bend toward the wall as shown in Figure 19. In this scenario, the
jet will suppress the boundary layer growth and the jet flow will continue by
adhering to the wall.

This is how a Coanda flow is created and the adherence or hugging of the
flow is called the Coanda effect.

AMBIENT PRESSURE
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FIGURE 1.8
Flow pattern changes to a jet flow as a straight wall is brought closer to it.
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FIGURE 1.9
Flow pattern changes to a jet flow and Coanda effect is produced in the presence of a straight
wall.

1.4.1.1.3 Wall with Step

Let us observe what happens when we add a step to the straight wall at its
upstream or leading-edge end. The flow pattern in this case will be similar to
that of Figure 1.9 except that it will contain a bubble or a recirculating region
at the corner of the step, as shown in Figure 1.10.

Downstream of the bubble, the flow will continue its journey hugging the
wall exhibiting the Coanda effect.

1.4.1.1.4 Inclined Wall with No Step

We will now consider the jet flow over an inclined wall without any step. The
flow pattern will be similar to the flow observed in Figure 1.10 with the for-
mation of a bubble at the junction of the nozzle and inclined wall, as shown
in Figure 1.11.

1.4.1.1.5 Inclined Wall with Step

Addition of a step to the inclined wall of Figure 1.11 will not stop the Coanda
effect taking place. Again, we will observe the formation of a recirculating

AMBIENT PRESSURE
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FIGURE 1.10
Flow pattern with Coanda effect in the presence of a straight but offset wall.
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FIGURE 1.11
Flow pattern with Coanda effect in the presence of an inclined wall.
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FIGURE 1.12
Flow pattern with Coanda effect in the presence of an inclined but offset wall.

zone or a bubble at the corner of the step and the flow patterns as shown in
Figure 1.12.

1.4.1.2 Jet Flow over a Wall with Curvature

We will now look at a jet at a flow over a surface with curvature.

1.4.1.2.1 Concave Surface

Let us look at a jet flow over a concave surface.

The jet flow from the surrounding air will be drawn in from ambient flow
and, similar to the cases of flow over a straight wall at a sufficient distance
from the jet, the Coanda effect will be apparent in the flow patterns.
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But the process will generate significant skin friction on the concave sur-
face that will retard the movement of the jet flow. This will quickly create
a rolling up of the flow on the surface and the formation of vortices giving
rise to instabilities in the flow. These vortices that make the flow unsta-
ble on a concave surface are often called the Gortler vortices. A schematic
of a flow depicting the Gortler vortices on a concave surface is shown in
Figure 1.13.

1.4.1.2.2 Convex Surface

We will now look at the jet flow over a convex wall. The convex surface flow
generally suffers lower losses when compared with the concave surface
flows. Flow will also be much more stable. The adherence of a flow over a
convex surface has often been referred to as Coanda flow in most literature.

However, as pointed out by Carpenter and Green [12], two types of flows
are possible when a jet is introduced tangentially to a convex surface as typi-
fied by a circular cylinder. In one case, as reported also by Wille and Fernholz
[13], the flow follows its journey adhering to the surface, showing the Coanda
flow taking place, while in the other case the jet breaks away tangentially at
the point of introduction. These two situations are depicted in Figure 1.14 (a)
and (b), respectively.

So far, we have looked at jet flow applied externally to a solid body. The jet
can also be introduced from inside the surface and exited through a slot. This
may lead to the formation of Coanda flow on a convex surface. Figure 1.15
shows the formation of Coanda flow on either side of a Circular cylinder.
Although not shown in the figure, the jet, as it bifurcates and turns sideways,
allows for the formation of small re-circulating zones at the turning loca-
tions on either side of the cylinder.

GORTLER VORTICES

FIGURE 1.13
Schematic of Gortler vortices in a boundary layer on a concave wall.
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FIGURE 1.14
Flow of a jet around a circular cylinder: (a) Normal Coanda flow; (b) Jet breakaway.

1.4.1.3 Jet Flow through a Channel or Tube

We will now consider a jet flow constrained by walls around it, such as jet
flow through a channel or pipe.

1.4.1.3.1 Single Non-Bifurcating Channel or Tube

Let us first consider a jet flow through a single tube of constant diameter. If
the jet velocity is assumed uniform and of constant magnitude, then in the
absence of any disturbance, no Coanda effect is expected to form.
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Coanda flow on a convex surface from a jet exiting from inside the surface.

1.4.1.3.2 Single Bifurcating Channel or Tube

Let us consider the jet flow through the single tube bifurcating into two iden-
tical tubes of constant diameter. Coanda effect can also take place in such
bifurcating channels or tubes.

For any uniform flow without any disturbance, as shown in Figure 1.16 (a),
no Coanda flow will be formed. However, the presence of any non-unifor-
mity in the parent configuration may result in a higher velocity in one of the
bifurcating tubes and the flow may proceed adhering to the side of this tube
as shown in Figure 1.16 (b).

We will describe the formation of Coanda flow in this way in greater detail
in Chapter 5.

1.4.1.4 Jet Flow in a Channel with Sudden Expansion

Let us now consider the case of a subsonic jet flow originating from a nozzle

that encounters an abrupt expansion. This can happen if the jet has to sud-
denly enter from a small configuration into a larger one.
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(A

(b)

FIGURE 1.16
Flow bifurcation into a “Y” shape without any constriction in the parent tube: (a) uniform flow
and (b) non-uniform flow showing the Coanda effect.

Let us place a nozzle placed at the center of a large chamber that diverges
with equal magnitude of angle. Let us now introduce the jet through the
nozzle into an initially still and non-rotational fluid. Three possible scenarios
are possible as shown in Figures 1.17 (a)—(c).

In the first scenario, the jet continues to flow without any deviation. As it
flows, it creates low pressures of equal magnitude on either side and draws in
fluid toward its core as shown in Figure 1.17 (a). No Coanda flow is expected
to form in this case.

In the second scenario, the jet is deflected slightly to one side of the expand-
ing wall. This is shown in Figure 1.17 (b). This time the jet produces low pres-
sures zones of unequal magnitude on either side of it drawing in fluid from
its surroundings to its core. No Coanda flow will be created in this case.

In the third scenario, the jet becomes fully attached to one side of the
diverging wall. This will lead to the formation of a Coanda flow on this wall
as the jet flows adhering to this wall. Flow will be drawn in on the other side
of the jet as shown in Figure 1.17 (c).
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FIGURE 1.17
Schematic of three cases of a jet experiencing sudden expansion: (a) unattached non-deflected
jet; (b) unattached deflected jet; (c) fully reattached jet on one side of the wall.

1.4.2 Coanda Effect in Compressible Flow

We have so far considered Coanda effect in incompressible and low-speed
flows. Coanda flows found in compressible and high-speed flows are sub-
stantially different from incompressible flows. The density changes signifi-
cantly alter the characteristics of the flow with the possibilities of formation
of compressive or expansion waves and separation bubbles.

Just as in the incompressible case, the compressible jet will draw in ambi-
ent air from the surroundings, giving rise to a Coanda flow as demonstrated
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FIGURE 1.18
Schematic of Coanda flare in a compressible flow from the exit of a nozzle. (After: Gilchrist and
Gregory-Smith, 1988 [14].)

by Gilchrist and Gregory Smith [14]. Some of the flow features are shown in
Figure 1.18.

1.5 Basic Flows Associated with Creating the Coanda Effect

From the qualitative description presented in Section 4, it appears that the
flow physics of a Coanda flow is dominated by free jet flow and boundary
layer flow. Thus, greater knowledge of jet flow attachment and its detach-
ment on various surfaces are essential if we are to eventually manipulate
Coanda flow for a particular outcome.

For the sake of discussion, we will refer to an unbounded jet, that is, a jet
that flows in the absence of any solid surface as a “free jet.” This jet may be
produced by a nozzle, which may be initially located external to and away
from a wall before it flows over the wall. A “wall jet” may be produced inter-
nally from within a wall and ejected tangentially to its surface outside. We
will often refer to bounded flows that flow in the presence of a wall as “wall
flows.”

Since a jet flow is a class of free shear flows, we will discuss it broadly
under this heading. Our objective in this section is to gain an understanding
of free shear and boundary layer flows.
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1.5.1 Consideration of Free Shear and Boundary Layer Flows

Free shear flows have their origin from some form of surface upstream, such
as a nozzle, a splitter plate, or a stationary or moving body. Such flows can
be laminar or turbulent. All shear flows have the tendency to move from
laminar to turbulent state quite rapidly, and once turbulent, they remain tur-
bulent then onwards.

Boundary layer flows are flows over a surface requiring a no-slip velocity
condition to be valid. These flows can also be laminar or turbulent. In nature,
most commonly occurring free shear and boundary layers are turbulent.

In this section, we intend to gain some preliminary ideas about the origin
and growth of these shear and boundary layer flows as they propagate. We
also want to know how they transition from laminar to turbulent flows and
the process whereby such flows remain attached to a body or suffer break-
down. These are complex issues, and despite decades of work, large gaps still
exist in our understanding. We will, therefore, restrict ourselves mainly to
some relevant aspects and provide descriptions that are essentially of intro-
ductory nature.

1.5.1.1 Velocity Profiles of Free Shear and Boundary Layer Flows

All free shear flows can be characterized by velocity profiles. Velocity profiles
are a useful way of gathering information regarding any flow. These profiles
can be represented graphically expressing the flow velocity as a function of
the distance perpendicular to the direction of flow.

We will first look at the representation of free shear and boundary layer
flows in terms of velocity profiles and to extract general information from
such profiles to aid our understanding.

Some of the commonly encountered free shear flows and their velocity
profiles are shown in Figures 1.19 (a)-(e). They include jet flow, mixing layer,
wake flow, boundary layer flows on a flat plate, and inside a pipe. The first
four of these flows can loosely be called external flows without or with the
presence of a solid boundary, while the last is an internal flow within the
confines of a solid boundary.

1.5.1.2 Laminar or Turbulent Flow from Velocity Profiles

Laminar flows propagate in an orderly manner in parallel layers without any
disruption between the layers [15]. The flows do not contain eddies or swirls,
lateral mixing, or cross-currents that are perpendicular to the direction of
flow. Turbulent flows, on the other hand, are chaotic, produce eddies, switls,
and lateral mixing [16].

The effect of viscosity, if present in a flow, can be captured by velocity pro-
files. Generally, laminar velocity profiles can be represented by some math-
ematical functions, such as a sinusoidal function, that can be differentiated
to give a measure of the skin friction at the wall directly. This is not possible
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FIGURE 1.19

Velocity profiles of some shear and boundary layer flows: (a) free jet flows; (b) mixing layers;
(c) wake flows of a non-lifting body; (d) boundary layer flows on a flat plate; and (e) boundary
layer flow in a pipe.

for the turbulent flows and empirical correlations have to be used for the
purpose. In fact, we can easily distinguish qualitatively between laminar or
turbulent flows simply by looking at their velocity profiles. To demonstrate,
we have provided laminar and turbulent velocity profiles in pipe flow in
Figure 1.20.

1.5.1.3 Inflectional Velocity Profiles

All free shear and boundary layers are also characterized by inflectional
mean velocity profiles. The inflectional attribute can be used to identify
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FIGURE 1.20
Velocity profiles in pipe flow: (a) laminar flow and (b) turbulent flow.

whether the flow will suffer inviscid instabilities or not. In such flow’s vis-
cosity acts as a damping mechanism and vortical induction plays the major
role in producing instabilities.

To illustrate the process, let us consider three types of boundary layer
velocity profiles, namely, a Blasius profile, a separation profile, and a flow
reversal profile on a surface. These profiles are shown in Figures 1.21 (a)—(c).

In each of these figures, the first profile represents the normal profile
in the streamwise direction while the second and the third profiles repre-
sent the first derivative and the second derivative, respectively, with respect
to the direction normal to the surface (y-direction).

Generally, Rayleigh’s “Point of inflection theorem” can be applied to an
inviscid flow to determine whether a flow is stable or not. Rayleigh’s theorem
states:

A necessary (but not sufficient) condition for inviscid instability is that
the basic velocity profile [U(y)] has a point of inflection [17].

In situations where Rayleigh’s theorem is inconclusive in determining
whether a flow is stable, Fjortoft’s theorem can be applied. This theorem
states:

If yo is the position of a point of inflection, [42U/dy*=0 in the basic pro-
file U (y) and Uy= U,,(y,)], then a necessary (but not sufficient condition
for inviscid instability is that (d2U,/dy?) (U-Uy) < 0, some where in the
flow [17].

1.5.1.4 Displacement and Momentum Thickness from Velocity Profiles

Some very useful design parameters can further be obtained from the veloc-
ity profiles. These are displacement and momentum thicknesses.

Displacement thickness, 3,, is defined as the distance by which the exter-
nal flow is displaced by the decrease in velocity in the boundary layer and
can be calculated using the following formula:

o ou
x = 1-
o=l o
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FIGURE 1.21

(@)—(c): Normal velocity profiles and their first and second derivatives with respect to the
y-direction: (a) Blasius profile; (b) steady, two-dimensional separation profile; (c) flow reversal
velocity profile.

In a similar manner, momentum thickness, 6,, is defined as the distance
to compensate for the reduction in momentum in the fluid caused by the
boundary layer and can be obtained using the expression:

T u
0.=[-L-|1- |y

0 Io ooUoo Uao
A graphical representation of the momentum and displacement thicknesses
for a boundary length of & is given in Figure 1.22.
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FIGURE 1.22
Relative magnitudes of displacement and momentum thicknesses for a boundary layer flow.

1.5.2 Free Jet Flow

We will now look at free jet flows in some detail.

A jet or a plume has excess momentum, which can be contrasted with a
wake that has a deficit in momentum. The processes whereby excess momen-
tum or momentum deficit are produced may vary. In the case of a free jet, for
example, the excess momentum is produced by pressure gradient at source,
whereas for a plume the excess momentum comes from the density gradi-
ents or buoyancy.

The structure of a free jet is highly dependent on the configuration from
which it originates. Usually this configuration is a nozzle, as we have noted
before. Consequently, the shape of the nozzle, whether it is round or elliptic,
can have significant bearing on the nature of the boundary layers that form
on the nozzle’s inner walls that finally impact the characteristics of the free
jet exiting the nozzle.

As an example, in the case of a thin jet issuing from a nozzle with laminar
boundary layers, the jet produces coherent structures whereas the structures
are less organized and random when the jet is thick and the nozzle bound-

ary layer is turbulent.

1.5.2.1 Development of a Free Jet

A free jet, like all other free shear flows, as it develops in the absence of
boundaries, becomes inhomogeneous and occupies an unbounded region
of a large body of fluid that has either excess momentum or momentum
deficit.

We will now consider the development of a subsonic free jet with the help
of Figures 1.23 and 1.24.
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FIGURE 1.23
A schematic of plane laminar jet development.
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FIGURE 1.24
Schematic diagram of plane turbulent jet development.

1.5.2.1.1 Plane Laminar Jet Development

During the plane laminar jet development, the jet draws in the ambient fluid
causing the flow rate across successive cross sections to change while the
momentum of the flow starting at the orifice remains unchanged and is car-
ried downstream.

A schematic of the typical development of a subsonic laminar free jet when
it is introduced to an ambient atmosphere is shown in Figure 1.23.

1.5.2.1.2 Turbulent Jet Development

A plane turbulent development is shown in Figure 1.24.

The turbulent jet development is also similar to laminar jet develop-
ment. The differences lie in the structure and the nature of their velocity
profiles. The turbulent jet is made up of two plane mixing layers with a core
of irrotational fluid in between. The turbulent jet develops as the two lay-
ers mix. The turbulent layer is chaotic and the size of eddies contained in
it depends on the Reynolds number of the jet. The mean streamlines of the
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turbulent layer may not describe the actual flow patterns between the jet and
the surrounding air. However, after mixing of the two layers, the jet becomes
fully developed and becomes self-preserving.

1.5.2.2 Supersonic Jet Development

The supersonic jet flow development is, however, dependent on the relative
magnitude of the nozzle exit and ambient pressure. Thus, there are three
possibilities: one, an overexpanded supersonic jet when the nozzle jet pres-
sure is higher, a matching supersonic jet when they are equal, or an underex-
panded supersonic jet when the nozzle jet pressure is lower. Figures 1.25 and
1.26 show the cases of overexpanded and highly underexpanded jet.

For greater details about compressible flows, the reader can consult vari-
ous textbooks [18, 19].
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FIGURE 1.25
Schematic of various regions of an overexpanded supersonic jet.
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FIGURE 1.26
Schematic of highly underexpanded jet.
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1.5.3 Flow Entrainment in a Jet

We have noted earlier that a free jet is created by pressure differences at
the source. This means that it possesses velocity gradients that are caused
by some upstream mechanism and are generally smoothed out by diffusion
and convective deceleration. Since the jet discharges into an ambient fluid
and is driven by its initial momentum, the jet spreads in a direction normal
to the primary flow. The surrounding ambient fluid being stationary and
irrotational leads to the creation of a low-pressure region. This draws in the
irrotational ambient fluid that is incorporated into the turbulent region. The
overall process whereby the free jet draws in the surrounding fluid is called
“entrainment” as we have mentioned earlier in Section 1.4.1.

The lateral boundaries of a jet determine the spread rate of flow entrain-
ment. A favorable pressure gradient, flow acceleration or heating increases
the entrainment rate, whereas an adverse pressure gradient, or flow decel-
eration decreases it. The entrainment rate becomes significant, particularly
when the flow is laminar or when there is not enough mixing. Under such
circumstances, the radial spread of the mean velocity field and the decay of
the mean velocity at the center-line in the downstream direction are hardly
affected by any changes in the Reynolds number and are governed by the
local velocity and length scales.

Studies by Fisher et al. [20] and Turner [21] found the entrainment coef-
ficient of the jet to be lower than that of the plume. This implied that for the
same local momentum flux, the dilution rate, or the rate at which irrotational
fluid was incorporated into the turbulent flow was lower in jet than in plume.

Currently, however, no model exists that can satisfactorily explain all of
the observed entrainment behaviors in jets. A simple expression for entrain-
ment velocity, U,, derived by Morton et al. [22] using the Taylor hypothesis,
appears to have some appeal. Morten et al.’s formulation can be written as:

U,=aU,,

where U, is the time-averaged centerline velocity at that location, and a is
the coefficient of entrainment whose numerical value depends on the local
velocity profile and the chosen length scale.

The above equation of Morten et al. is found to be equally applicable to
predict the behavior of plume. This may be because both jets and plumes are
driven by the phenomenon of momentum excess, the former by their pres-
sure gradient, and the latter by buoyancy. It is often convenient to compare
the characteristics of both for a clearer understanding.

The effect of off-source heating, pressure gradients and other body forces
on the entrainment of jets and plumes has been considered by Sreenivas and
Prasad [23]. This is summarized in Figure 1.27.

Various models have been proposed to parameterize and explain entrain-
ment in jets and plumes [24-27]. None of them appear capable of providing
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FIGURE 1.27
Effect of off-source heating, pressure gradients, and other body forces on jet and plume
entrainment. (After: Sreenivas and Prasad, 2000 [23].)

the physical model that is required to explain the mechanism of entrainment
in the near- and far-field adequately.

Based on the works of Gebhart et al. [28], near the origin of a shear flow,
a vortex sheet separates the fluid containing momentum from the station-
ary ambient fluid. This vortex sheet travels downstream. It soon becomes
unstable and rolls up forming a series of discrete vortices.

Vortex sheet roll-up is considered to be an instability process where the
separation between these vortex structures is found to be proportional to
the local width of the flow and the velocity profile. These formed eddies
interact thereafter by a process of rolling and mutual induction of veloci-
ties. The rolling movements of these eddies entrap the irrotational ambient
fluid that gets incorporated into the turbulent flow in a manner as shown
in Figure 1.28.

The process of entrainment described appears to take place sequentially
in three phases:

1. The induction phase [29] where the inducted fluid remains irrota-
tional while it moves with the turbulent fluid, although still irrota-
tional, forms a part of the moving turbulent.

2. Turbulent straining of the inducted fluid, which reduces its spatial
scale to a small value with viscous diffusion dominating.

3. Infusion produced as a result of the viscous diffusion when
the inducted fluid mixes at the molecular level with the turbulent
flow.
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Axisymmetric jet in the near field; the shaded region indicates entrapped ambient fluid during
the process of rolling around of eddies. (After: Sreenivas and Prasad, 2000 [23].)

Based on the above findings, Sreenivas and Prasad [23] concluded that
the key step in the entrainment process is the induction phase or the rate
at which ambient fluid is incorporated into the turbulent region. Works of
Winant and Browand [30] and Brown and Roshko [31] provide further sup-
port to such eddy formation and rolling around in the near- and far-field of
a mixing layer. Similar eddies are seen both in the near- and far-field of jets
and plumes [32-37]; however, the mechanism of rolling of eddies around
each other is seen only in the near field [34, 36, 37].

The mechanism of induction in jets and plumes appear to be different from
mixing layers where the rolling around of eddies in mixing layers gives rise
to the coalescence of eddies and the formation of a single larger eddy. Mixing
layer entrainment also involves both the sweeping in of fluid by the induced
velocity as well as the physically entrapping of the irrotational ambient fluid
during rolling around of eddies. The jets and plumes, on the other hand,
only involve the first mechanism. Thus, it is fair to conclude that in any
shear flow, the entrainment process is heavily dependent on the induction
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velocity produced by the eddy structures, and any mechanism that hinders
the induction process will subsequently affect the entrainment process.

Mungal and Hollingsworth [38] have found that eddies rolling around and
coalescing in the far field of a buoyant jet is weak. A possible explanation
suggested by them was that the induction mechanism in jets and plumes
arose from a single eddy structure as sketched in Figure 1.29.

1.5.4 Instabilities in Shear Layers

Injetand flows transitioning from laminar to turbulent flows, instabilities are
encountered and uncontrollable features may dominate the flow. Predicting
such instabilities are not easy. We can, however, learn a lot by examining the
velocity profile U_,. Further treatments of the velocity profiles, such as their
spatial first derivation or second derivation, can reveal additional features.
The nature of these spatial velocity derivatives may also signify inflection

FIGURE 1.29
Jet-plume in the far field: (a) instantaneous entrained fluid motion with an eddy and instanta-
neous interface; (b) time-averaged entrained fluid motion and interface. (After: Hunt, 1994 [24].)
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points of the velocity profiles, which in turn may indicate the onset of insta-
bility. Stability theories of flow are mathematically complex, and progress in
this area has been slow.

1.5.4.1 Role of Viscosity

In an inviscid flow, to maintain equilibrium, the inertial and pressure forces
need to stay in balance. A small change in velocity, from any source of dis-
turbance, produces a pressure gradient. Thus, if there is acceleration due to
a pressure gradient, then the addition of even a slight viscosity would retard
the flow. For very low Reynolds number flow, this would produce a destabi-
lizing effect.

Instabilities in jet profiles are, however, inviscid in nature and are caused
by vortical induction. The function of viscosity in these flows is simply of
damping nature. Jets are, therefore, characterized by inflectional velocity
profiles similar to wakes or mixing layers. The jet velocity profiles are created
when the jet exists from the surface of a body, such as a nozzle. Consequently,
instabilities in jets generally have their origin at such exit surfaces.

1.5.4.2 Role of Reynolds Number and Mach Number

Both the Reynolds number and Mach number can have significant bear-
ing on jet flows as they transition from laminar to turbulent flows. Jet flows
undergo transition at much earlier low Reynolds numbers compared with
wall flows. Usually the turbulence levels and flow entrainment are found to
be lower in jet flows than in wall flows.

The transition process in jet flows is considered to be a consequence of the
non-linear response of the laminar shear layer to random disturbances, such
as the turbulence levels present in the jet stream. We will discuss transition
issues further in Section 5.5 while discussing wall flows.

1.5.5 Wall Flow and Its Development

We will now look at wall flows. Compared to free shear flows, wall flows
are more difficult to detect and characterize [39]. Despite a lot of work being
conducted on wall flows, as evidenced by the vast amount of literature that
is available in the public domain, the complexities associated with the nature
of flow fields involved have exposed the limitations of existing methods of
investigation. This has meant qualitative assessments and high dependence
on flow visualization and correlation experiment results [40-46]. As a con-
sequence, there exists a large divergence of opinions regarding the origin,
structures and mechanisms associated with these flows. In this section, we
will only highlight some of the relevant issues pertaining to wall flows. The
interested reader is further encouraged to consult books and reviews [11, 17,
47-53] written on the topic for more details.
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One way to get an appreciation of wall flows is to gain an understanding of
the role that boundary layers play in such flows. It was realized, long before
Prandtl, that the velocity at the interface between a stationary solid and a
moving fluid must be zero. This is the “no-slip condition” that causes the
shearing motion or produces the viscous effect with the consequence that
velocity gradient must exist near every interface. Navier and Stokes were
able to account for both the inertial and viscous terms present in a fluid flow
in their momentum equations. But, as we have noted earlier in Section 1.1,
that these equations proved too difficult to solve explicitly without resorting
to some sort of drastic simplifications. In such circumstances, the Reynolds
number, which indicates the relative importance of the inertia and viscous
forces, was used to determine the extent to which these simplifying assump-
tions would hold for a particular condition. At a very low Reynolds number,
mostly below the value of unity, inertia forces were ignored and Stokes law
for drag was used to determine the drag for different shapes such as cylinder
or sphere.

On the other hand, at a very high Reynolds number, that is, in the limit
where the Reynolds number value tends toward infinity, viscous effects
were ignored or assumed to be zero. Navier-Stokes equations were then
reduced to the form of the Euler’s equations. But these simplifications often
gave results that did not correspond to what actually happened and pro-
duced the d’Alembert paradox that predicted zero drag on a circle or sphere
in a stream, which was not borne out in physical experimentation results.

Prandtl’s contribution was vital in providing the missing link between
the theoretical and practical results. He argued that viscosity could never
be totally ignored at a high Reynolds number and that viscous effects mani-
fested in a thin layer above the solid boundary. This layer he had originally
called the “transitional layer.” But Blasius’s subsequent reference to this layer
as “boundary layer” became more popular and has since become universally
accepted.

Within the boundary layer, as the Reynolds number increases, the bound-
ary layer becomes thinner. For the no-slip condition to remain valid, high
shear rates would be required to compensate for the decrease in the bound-
ary layer. Since shear represents dissipation of momentum and energy, high
shear rate implies a significant loss of total pressure within the boundary
layer. Without knowing this loss, we cannot apply Bernoulli’s equation to
the velocity variations within the boundary layer since Bernoulli’s principle
is based on the assumption of constant total pressure.

Furthermore, a major problem arises when we seek to quantify the bound-
ary layer thickness. Near the solid—fluid interface, the problem is easy
enough to resolve because at the inner limit the flow velocity approaches
a zero value almost in a linear fashion. But the situation is different for the
outer layer as there is no upper limit of the boundary layer and the flow
velocity approaches the free stream velocity asymptotically with increasing
distance from the interface. So, the choice of the upper limit of the boundary
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is often arbitrary and is dictated by the circumstances under which it is con-
sidered. As a rule of thumb, as we have shown in Figure 1.22, the boundary
length is taken to be the distance from the interface when the local velocity
reaches approximately 99% of the free stream velocity.

Earlier, in Section 1.5.1.2, we observed velocity profiles to differ for laminar
and turbulent flows. While the velocity profile for laminar profiles are some-
what easy to obtain, the same cannot be said for turbulent flows.

There appears to be eddies of various shapes and sizes that are superim-
posed on the overall horizontal turbulent flow over a surface. These eddies
are very sensitive to factors such as buoyancy, temperature, or surface rough-
ness. When buoyancy and temperature effects are negligible, the variation
in velocity with height from a solid surface tend to follow somewhat of a
logarithmic function. This conclusion has been arrived at from three differ-
ent approaches. The first was the mixing length analysis by Taylor [54] for
vorticity and later by Prandtl [55] for momentum, the second involved the
dimensional analysis or similarity rule by von Karman [56], and the third
was the asymptotic analysis by Millikan [57]. The essence of the log law or
the law of the wall can be captured in the following expression:

U = iln(u]
k Yo

where
k is the von Karman constant, generally taken as 0.4
a is the displacement length, taken to account for the extrapolation of
the logarithmic value to a zero value on the surface
Yo is the roughness length related to the size of the eddies generated on
the surface
y is the height above the surface, and
U- is the shear velocity or skin friction velocity obtained from the square

root of the shear stress divided by the density of the fluid: U- = /t/p

In a turbulent flow, it has often been the common practice to divide the
flows above a surface into various regimes, such as viscous layer, an overlap
layer, and an outer layer. The extent to which these regimes extend are usu-
ally described in terms of a new distance, y*, which is a ratio of kinematic
viscosity and skin friction, as expressed by:

+

=Y
y d’

where d is the inner-layer length scale.

The viscous layer is further subdivided into two layers depending on the
contribution of the turbulent shear stress. Between the region of 0 < y* <5,
the viscous stress dominates, and the turbulence shear stress is essentially
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negligible; hence this region is called the viscous layer. Between 5 < y* <
30, however, both viscous stress and turbulent shear stress become impor-
tant, and this region exhibits a constant stress behavior and is often called
the buffer layer. The region above y* > 30 is marked by the beginning of
the outer layer where the turbulent shear stress begins to diminish and
the regime within which the logarithmic law applies is called the overlap
layer.

Using the notation of u* introduced by Spalding [58] to represent U/U-,
a curve of u* is drawn against y*, and the various layers are shown in
Figure 1.30.

The law of the wall has been questioned from time to time [11, 59-65]. We
will not go into detailed discussion of these as they are beyond the scope of
this book.

We will now look at the development of wall flows. A typical example of
a straight wall flow is a two-dimensional flow on a flat plate. A flat plate by
definition does not have any curvature and produces zero pressure gradi-
ent. As the flow moves from the leading to the trailing edge on the flat plate,
there is initially a laminar boundary layer formed which is followed by a
region of transition flow that eventually becomes turbulent due to some dis-
turbance initiated at or near the surface of the wall.

The three flow regimes are shown in Figure 1.31.
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FIGURE 1.30
Various regimes of a turbulent wall boundary layer.
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FIGURE 1.31
The three regimes of a fluid flow.

1.5.6 Transition in Boundary Layers

The causes of transition, be it in shear or wall flows from laminar to tur-
bulent flows, are many and remain difficult to address. Laminar flows on
a wall are extremely sensitive to the influence of any disturbance and the
sources of such disturbances are many. Once transition has taken place, the
flow becomes extremely unpredictable and the presence of various linear
and non-linear mechanisms including Tollmein-Schlichting [66], Reynolds
[67], centrifugal [68], crossflow [69-71], or Gortler [71-73] instabilities, may
dictate the flow behavior of the boundary layers.

One way to explain the causes of the transition process is to use the stream-
line curvature and the rate of strain of the two processes [74, 75]. Generally,
streamlines will curve due to the existence of pressure gradient in the direc-
tion across the streamlines. This pressure gradient causes centripetal force to
be generated, which acts on the fluid particles and changes the direction of
their flow paths. This leads to the balance between the pressure force and the
centrifugal force to be changed and the flow may become unstable.

1.5.6.1 The Routes to Turbulence

The other approach involves stability considerations using the Morkovin
approach [76-78], and we will now use this approach to get some idea of
the transition process. To that end we have drawn up a flow chart presented
in Figure 1.30. This flow chart is essentially a simplified representation of
one of the versions of the “Morkovin Map,” which appeared in the book by
Panton [17]. The map is credited to Morkovin, who used it to describe the
routes to transition of laminar flow to turbulent flow. But the fact that this
map has been changed several times, and has the potential to change further
in the future, underscores the many ambiguities and complexities that still
remain unresolved. The significance of the map, however, lies in its ability to
serve as a good guide to adopt some broad theoretical approaches that may
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involve linear, non-linear, or transient methods. It must, however, be stressed
that none of these approaches can provide a complete picture of the flow
transition process.

In Figure 1.32, the sources of disturbances have been grouped into two,
one originating on the surface (as shown in Figure 1.31) and the rest are
grouped under the heading “other disturbances.” Very often, vigorous inter-
actions between all sources of disturbances may take place making the pro-
cess extremely difficult to analyze.

Roughness, curvature, vibration, or non-uniform temperature distribu-
tions are the main sources of surface disturbance [76, 79-83]. These give rise
to instabilities in the laminar flow. The pathway to turbulence through insta-
bility is considered to be the natural way how the transition takes place.
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FIGURE 1.32
Flow chart of the route and processes associated with the transitioning of laminar flow to
turbulent flow.
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The primary instability in the flow chart of Figure 1.32, as the name implies,
is the simplest form of instability in the boundary layer. It is linear and often
viscous; a good example of primary instability is the disturbance originating
from the Tollmein—-Schilichting (TS) mode. The TS disturbances grow slowly
and are dependent on particular Reynolds numbers for their amplification
before they give rise to secondary instabilities. Often the TS disturbances
fade away from the action of viscosity. The linear Orr-Sommerfield theory is
often used to describe them.

In secondary instability, A-shaped patterns or hairpin vortices are seen
to appear, which soon disintegrate completely into turbulence [84]. Various
theories have been put forward [85-87] to explain the phenomenon. Once
the primary instability attains a particular amplitude, the TS mode with
the original laminar flow becomes periodic in nature with sub-harmonic
growth. Secondary instability takes place, allowing faster inviscid growth,
which eventually produces three-dimensional modes [88]. The final breakup
of the three-dimensional modes is often called the tertiary instability, a pre-
cursor to turbulent flow on the wall.

Apart from the natural instability modes to turbulence, laminar flow can
follow other routes. One route involves the free stream disturbances [89, 90]
mixing with the laminar flow and proceeding directly to secondary instabil-
ity. In this case, because of the absence of primary instability, it is called the
“by-pass” route.

A third route to turbulence is through “transient growth” as shown in
Figure 1.32. Plane Couette and Poiseuille flows fall under this category.
These flows become unstable even at very low numbers [91] and have proved
difficult to model using standard linear methods of analysis.

1.5.6.2 Role of Viscosity and Reynolds Number

We have already noted that a small change in velocity, from any source of
disturbance, produces a pressure gradient and addition of small viscosity
retarding the flow. Wall flows, both external and internal, are subject to the
characteristics of the boundary layers formed on the wall surfaces. Under
adverse pressure gradients, these boundary layers may also produce inflec-
tional velocity profiles.

Generally, adverse pressure gradients encourage Tollmein-Schlichting and
Mach instabilities. Convex surfaces, on the other hand, produce centrifugal
instabilities [75] while inflectional cross flow velocity profiles or concave sur-
faces produce Gortler instabilities. The entrainment and turbulence levels of
Coanda flows that are axisymmetric also increase noticeably through flow
divergence [75, 92].

But unlike jet flows, viscosity plays a far greater role than just acting as
a damping mechanism in wall flows. Thus, the instabilities produced are,
to a greater extent, viscous in nature. Often the viscosity effect can also be
destabilising to an otherwise stable profile. Viscous stresses generated near
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the wall have a time lag and can take some time to diffuse to the free stream.
When the pressure force changes sign, the viscous force can combine with
it to accelerate flow particles to larger amplitude giving rise to instabilities.

Viscous instabilities, however, are intrinsically stable. This makes the wall
flow instabilities more difficult to control than jet flow instabilities. Instead
of just looking at instabilities from an inviscid or viscous standpoint, they
can also be examined by their linear response when subjected to some initial
localized impulses. Huerre et al. [93] have used this approach and concluded
that, in the absence of any flow separation, no mechanisms are available by
which disturbances can propagate upstream of the boundary layers formed
on a rigid wall surface. However, in the presence of a backward step, the re-
circulating region caused by flow separation may facilitate the propagation
of these disturbances upstream.

Similar to jet flows, wall flows are also significantly affected by variations
in the Reynolds number and Mach number as they transition from laminar
to turbulent flows. Wall flows undergo transition later and at much higher
Reynolds numbers compared with jet flows. The Reynolds numbers have
significant effect on the free-stream. With changes in the Reynolds numbers,
the outer layer structure also changes. An accurate and reliable picture of
the Reynolds number effect on the viscous sub-layer is still wanting. This is
because the viscous sub-layer is very thin; this region poses significant dif-
ficulties to any physical mode of investigation, since most probe dimensions
are greater than a viscous sub-layer thickness of y* = 5. This in turn leaves
the results of any numerical investigation unvalidated.

1.5.7 Flow Separation

The final, important consideration in this chapter is flow separation on a sur-
face. Viscosity creates friction on a wall flow that acts against the direction
of the flow. This reduces the momentum of the flow and creates the adverse
pressure gradient, dp/dx, in the boundary layer flow. The adverse pressure
gradient is one of the causes of flow separation in a wall boundary layer flow.

In an incompressible flow, sharp edges may also lead to flow separation.
In Figure 1.33, we have shown a horizontal flow that is impinging on a solid
brick-like configuration. The flow, as it tries to negotiate around the corner,
will separate from its edges as shown in Figure 1.33 (a). If, however, the fron-
tal end is slightly rounded to a nose shape, the flow is better able to negotiate
the corner. It may separate initially but may re-attach again, forming a region
of zone of equilibrium pressure called a “separation bubble,” as shown in
Figure 1.33 (b). Further shaping of the body may eventually lead to what is
called the “streamlining” of the body. The streamlining concept forms the
basis of most lifting bodies, such as an airfoil, which is shown in Figure 1.33
(c). Here flow separates from the body at its trailing edge. Other situations
when flow separation occurs is when there is a discontinuity in the surface,
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and a wake is formed downstream, such as at a step of a body as shown in
Figure 1.33 (d).

The nature of boundary layers are important in flow separation. Laminar
boundary layers are very susceptible to any disturbances, and are, therefore,
more prone to flow separation than turbulent boundary layers. Turbulent
layers can readily mix the low and high momentum fluid within the bound-
ary layer. This helps slow down the adverse pressure gradient build up. This
is one of the reasons why, in many practical scenarios, designers prefer to
initiate turbulent boundary layers before adverse gradient is reached, and
thereby prolong attached flow.

A flow in which the shear stress, 7, which is proportional to the velocity
gradient, du/dx, becomes zero, generally indicates the point of separation on
a surface. The shear stress also becomes zero at an infinite distance from
the wall. This means there exists a maximum stress within a flow which in
turn suggest the existence of a point of inflection in a velocity profile. This
inflection point can be more easily determined in a laminar flow than in a
turbulent flow.

1.5.7.1 Laminar Boundary Layer Separation

Direct and inverse numerical methods can be employed to determine the
point of separation for a steady two-dimensional laminar boundary layer.
The direct method involves prescribing a known pressure gradient to solve
theboundary layer equations [94]. This method, also known as the Goldstein’s
method, gives a singular solution where its shear stress becomes zero while
the normal velocity, v, displacement thickness, §,, and longitudinal shear
stress gradient, dt/dx become infinite at the separation point. Inverse meth-
ods were developed to avoid the singularity and provide improved and eas-
ier solutions. In these methods [95, 96], generally the displacement thickness,
d,, and the velocity distribution at the edge of the boundary layer u,(x) are
prescribed to obtain the pressure gradient, dp/dx.

Separation bubbles formed in the laminar boundary layer separation can
also be calculated using inverse methods [97, 98]. If, however, the shear stress
becomes negative, there is back flow or flow reversal near the wall. This
poses some difficulties in continuing with the boundary layer calculations.
In such circumstances, some form of a boundary layer interaction method
[99] can be used to obtain solutions.

1.5.7.2 Unsteady Boundary Layer Separation

In unsteady two-dimensional flow, even with vanishing shear stress on
the wall or with flow reversal, flow separation may not occur. Rott [100],
Sears [101], and Moor [102], working independently of one another, came
to the conclusion that the unsteady boundary layer separation was akin to
a situation when both the shear stress and velocity of separation vanished
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simultaneously over a moving wall, or when observed in frame of refer-
ence that moved with the separation point. This was further reinforced by
the works of Sears and Telionis [103, 104]. But the difficulty of ascertaining
the velocity with which the separation point moved made the approach
difficult to locate the separation point when the wall was stationary. The
problem was solved by Williams and Johnson [105, 106], who used the
method of semi-similar solutions to transform a given unsteady flow into a
steady flow for the moving wall flow and obtain solutions that were related
to the unsteady case.

1.5.7.3 Turbulent Boundary Layer Separation

Turbulent boundary layer separation is also an area of immense practical
importance. The structure of separated turbulent flows exhibit significant
differences compared to attached flows. There are large scale structures in
the separated shear layers that produce large pressure fluctuations, which
can influence the back-flow zone, which has low velocity. Generally the back-
flow is re-entrained into the outer flow region produces strong interactions
between the pressure and velocity fluctuations. Although most separation
occurs on walls with curvature, the effect of curvature is still not well under-
stood. Other aspects such as imposed and self-induced unsteadiness can
also affect separated layers significantly. These still remain areas of further
studies. More detailed discussion regarding turbulent boundary layer sepa-
ration can be found in text books and publications [107-109].

1.5.7.4 Three-Dimensional Boundary Layer Separation

We have so far considered only two-dimensional flows. Flow separation
in three-dimensions are much more complex. There are some fundamen-
tal works done on various aspects of the topic [110-115]. Figure 1.34 shows
flow separation on a three-dimensional body and the formation of a bubble
and flow re-attachment. Figure 1.35 shows flow separation on a delta wing,
where the flow separates along its edges, making the separation a controlled
process. The separated flow rolls up into vortices which reattach back on the
delta wing surface, giving rise to secondary flows and additional lift on the
delta wing.

In three-dimensional boundary layers, we may see thin, viscous regions
formed. This depends on whether there is lateral convergence or divergence
of the flow. If the flow diverges away, say from an axisymmetric stagnation
point, then the conservation of mass principle will ensure that there is thin-
ning of the boundary. In a similar argument, the boundary layer will thicken
if the steam lines converge to the stagnation point.

Longitudinal pressure gradient causes a plane flow to accelerate or deceler-
ate. If transverse gradient is present, it adds another dimension to the layers
and changes the direction of the streamlines to sideways. The static pressure
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within the boundary layer, however, does not change and remains constant.
This has the effect of making the low velocity particles nearer to the surface
of the boundary layer follow a tighter curve than the higher velocity par-
ticles at the edge of the boundary layer. The consequence is the initiation of
a secondary flow.

The slight presence of transverse pressure gradient can make the stream-
line path highly curved, and the flow becomes three-dimensional. In gen-
eral, separation in three-dimensional flow is a complex phenomenon and
most of our knowledge has been formed based on flow visualization experi-
ments and, therefore, can be characterized as qualitative in nature [116-118].
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1.6 Concluding Remarks

From the introductory discussions we have presented in this chapter, it is
apparent that jet flows and wall flows are complex and fundamentally dif-
ferent in character. The interactions of these two distinct flow mechanisms
produce some mixed and complicated flow characteristics that form part of
the Coanda flow phenomenon. Studies have shown the Coanda flows, in a
global sense, are quieter and more stable than many conventional flows [119,
120]. Incorporating acoustics behavior adds further complexities to the study
of Coanda flows, which will be evident in Chapter 4 and Chapter 5.
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2

Tools of Investigation

2.1 Mathematical Treatment

The standard tools of investigation involve both theoretical and physical
experimentation [1]. The theoretical approach requires application of the
conservation laws in creating a mathematical description of a flow in terms
of a set of equations. Direct analytical solutions of these equations are rare
except for very simple cases. With the advent of high-speed computers, com-
putational fluid dynamics has emerged as a powerful tool to solve equations
numerically. These numerical methods, however, require, reliable and accu-
rate data for validation and further advancement.

2.1.1 Conservation Equations

The Coanda effect can be studied theoretically by deriving the appropriate
equations from the first principle and obtaining their numerical solutions.
The primary sources of generating these equations are the conservation
laws of mass, momentum, and energy. Starting with such numerical inves-
tigations first may be a good strategy from a design perspective because it
can avoid many of the pitfalls of the trial and error approach or cost and
time associated with physical experimentation. The main difficulty, how-
ever, lies in the fact that in every instance, the number of equations gener-
ated always falls far short of the number of unknowns that are present in
these equations.

Further approximations and simplifications of the conservation equa-
tions are, therefore, inevitable if meaningful solutions are to be obtained.
Careful examinations of the underlying assumptions and limitations of the
conservation equations are essential before choosing procedures for their
solution.

There are some good fluid mechanical books [2-9] that deal with the
detailed derivation of the conservation equations and their practical signifi-
cance. Such books are readily available in the open public domain and inter-
ested readers are encouraged to consult them for greater detail.
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We will consider the conservation equations mainly in their final form and
highlight the rationale that can be used to simplify them further for different
scenarios. The objective is to reduce the number of unknowns with rational
arguments before seeking solutions. This, we hope, will also help the reader
understand the flow physics better and interpret more effectively the results
obtained utilizing these equations.

We will often adopt Einstein’s summation convention [10] to describe the
equations for notational brevity.

2.1.1.1 Conservation of Mass Equation

The law of conservation of mass states that mass cannot be created or
destroyed. For a fluid flow, a necessary assumption is that the fluid behaves
like a continuum medium. This essentially transforms the conservation of
mass equation into a continuity equation. A further assumption can be made
that the fluid is non-reacting.

Then the following continuity equation can be obtained:

op 0

—+ —(pu)=0 21

ot | o (P k ) 2.1
It should be noted that since mass is a scalar quantity, only one equation can
be constituted from the conservation of mass or continuity equation.

2.1.1.2 Conservation of Momentum Equation

The law of conservation of momentum is derived from a consideration
of Newton’s second law of motion which states that the rate of change of
momentum can be directly linked to the forces generated. In an inertial
frame of reference, the conservation of momentum can be thought of as a
balance between the inertia, pressure, viscous, and body forces.

The final form of the equation when expressed in the unit of force per unit
volume can be written as:

Ou; Ou; 0Xu
L] _l = —l l 2-2
p[ -, H 3k)— e, (P )+pg 22)

Momentum being a vector quantity, equations such as the one derived above
gives rise to three component equations, one each for the x, y, and z direc-
tions, respectively.

2.1.1.3 Conservation of Energy Equation

The law of conservation of energy states that in non-relativistic motions,
energy can neither be created nor destroyed. It can be expressed in different
forms.
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The thermal form of the energy equation can be written as:

Oe Oe oqy 02 u;
= -2k yy. 2.3
p( ot e Oxy J Oxy * Oxy @3

Here again, energy being a scalar quantity, the law of conservation of energy
furnishes one equation only.

2.1.2 Reducing the Number of Unknowns

The three conservation laws of mass, momentum, and energy outlined in
Equations (2.1), (2.2), and (2.3) provide us with five differential equations as
depicted in equations. But in these equations there are a total of 17 unknowns,
namely p, u;, Y, e and g;. In other words, there are more unknowns than
equations. Clearly, therefore, the equations do not constitute a determinate
set, and no solutions can be obtained by using them.

To make the equations determinate, we need to impose several justifiable
assumptions that may help to reduce the number of unknowns.

Below we describe some of the assumptions that have been adopted and
the rationales behind them:

* No body couples. This causes the stress tensor to become symmetric,
reducing the number of its independent components to six.

* Thermodynamic equilibrium. This allows justification of linear rela-
tionships to be considered between the stress-rate of strain and heat-
flux temperature.

* Newtonian fluid. This implies that a linear relationship between the
stress tensor and the symmetric part of the deformation tensor, or
the rate of strain tensor, can be adopted.

¢ Isotropic fluid. This signifies that the constant of proportionality is
scalar and helps to reduce the constants of proportionality dramati-
cally, from over 81 to only two [7].

* Fourier fluid. This suggests that the conduction part of the heat flux
vector can be linearly related to the temperature gradient. Along
with the isotropy assumption mentioned above, this Fourier Fluid
assumption implies that the constant of proportionality in this rela-
tion is just a single scalar.

* Fluid behaves like an ideal gas. This enables the application of
the gas law relating the density, pressure, and temperature to be
applied:

p=pRT 2.4)
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* Stokes hypothesis. This helps link the first and second coefficients of
viscosity (1 and A) using the relationship:
2

A In=0 2.5)

® There is no radiative heat transfer. This makes another set of relation-
ships available to link spatial temperature gradients to heat transfer:

2.6
o (2.6)
With the above assumptions, the momentum and energy equations can
be simplified further, while the continuity equation will remain unchanged.
The complete set of conservation Equations (2.1), (2.2), and (2.3) can now be
re-written as:

op 0
—+ 0 2.7
or | oy (Puk) 2.7)
Ou; Ou; op 0 ou; Ouy Ouyy
tu — [=———+ — +0h—= | [+pg:i 2.8
p( a ax,,) ox, o [“[ax,, Rk |

where, expressed as per unit volume,

P(au' +u %)= inertia forces

ot Xy
_% = pressure forces
Xi
o n %+ Oy + Ok Ot = viscous forces,
Oy ox,  Ox; ox;
pg;= external forces
O 0 9T Ok, L) pou, o 29)
o axk axk Oxy Oxy
where,
2 2
2 \ox,  ox Ox;

Equations (2.7), (2.8), and (2.9) now contain six unknowns, namely, p, u; p,
and T. The equation of state provides the sixth equation relating p, p, and
T. So, in theory, using these equations and specifying a sufficient number
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of boundary conditions, under most circumstances, and for most fluids,
numerical solutions of both laminar and turbulent flows can be obtained.

The above equations can also be used for compressible and high-speed
flows, as long as the Mach number of the flow is less than 2. The Mach num-
ber is a non-dimensional number that represents the ratio of inertia force
and compressible force or, put in another way, how fast the flow is moving
compared to the speed of sound in the flow medium. As a rule of thumb, the
equations are usable if the Mach number of the flow is less than 2; in other
words, in flows that are highly subsonic or supersonic but produce weak
shock waves. Greater care has to be exercised if the flow is transonic, that is
when the flow’s Mach number equals one or is close to one.

2.1.3 Well-Posed Incompressible Equations

Further simplifications can be made to the above equations, namely to
Equations (2.8) and (2.9), if the flow is incompressible, that is, when com-
pressibility effects are negligible. In general, this is the case when the flow’s
Mach number is less than 0.3. The density p in this flow, then, is a constant
or virtually remains a constant. This would reduce the number of depend-
able variables to five. Since we have five equations from the conservation
laws, the set of equations becomes determinate, and is, therefore, amenable
to solution.

Furthermore, it is worth noting that the convection of enthalpy in the
incompressible flow is balanced by heat conduction and viscous dissipation.
So, Panton [11] has suggested that in the energy Equation (2.6), the specific
heat at constant volume, C,, should be corrected by replacing it with the spe-
cific heat at constant pressure, C,.

The simplified incompressible flow equations can now be written as:

U _ @11)
axk

Ou; Ou; op 0 Ou;  Ouy
Lvuyp — |=—F+ —|p| —=+=—=+ | |+pg; 2.12
p( ot e 6xkj ox;  Oxy [p[axk Oox; J:| Pg ( )

or oT 0 or

C | =—+ —|=—| K, — +q)incom ressible 2.13
P "(at ""ax,,J ax,,( faka presi @13)

Equations (2.11)-(2.13) are valid for both non-turbulent and turbulent
flows. When centrifugal, gravitational, electromagnetic, or other forces
are absent or insignificant, the non-dimensional Reynolds number, which
signifies the relative magnitude of the inertia and viscous forces gener-
ated in a flow, can be used to characterize whether a flow is non-turbulent
or turbulent.
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2.1.3.1 Non-Turbulent Flows

For cases where the Reynolds number are very small (Re < 1), that is, the
inertial forces are very small compared to the viscous forces, the inertial
forces can be neglected in the momentum equations. Such flows can be con-
sidered to non-turbulent or laminar. On the other hand, when the Reynolds
numbers are very high, that is, when the inertial forces are much larger than
the viscous forces, the flow becomes turbulent and transient in nature.

2.1.3.2 Turbulent Flows

Most flows of practical significance are turbulent. Except for simple cases, turbu-
lent flows have always proved extremely difficult, if not impossible, to solve. This
is because the dependable variables in turbulent flows are random functions of
space and time for which no general stochastic solutions exist. Some non-sto-
chastic solutions may be possible by adopting the method of “Reynolds averag-
ing,” named after Osborne Reynolds, who first proposed [12] the approach in
the late 19th century, and this approach remains relevant to this day.

The Reynolds method involves ensemble averaging, which can be tempo-
ral or spatial of the dependable variables where the conservation equations
are written for the various moments of the fluctuations about their mean. The
possibility of achieving a solution increases if the flow field can be assumed
stationary or homogenous. This makes the time derivative of any statistical
quantity become zero and the temporal functions independent of space.

To understand the process better, let us consider a Newtonian turbulent
flow with constant density and viscosity in which velocity, pressure, and
temperature fluctuate randomly. In this instance, there are five random vari-
ables, namely u;, p, and T. Reynolds proposed the decomposition of each ran-
dom variable to its mean and fluctuating components, so that:

u; =U,; +ul;

p=P+p
and

T=T+T

where the symbols U;, P, and T (with bars) and ] and p’ (with primes) rep-
resent the average and fluctuating quantities of instantaneous values of u;, p,
and T, respectively.

Substituting the instantaneous values of #;, p, and T in Equations (2.11),
(212), and (2.13) with their corresponding average and fluctuating compo-
nents, the Reynolds averaged turbulent flow equations become:

a0,

Ox, k

=0 (2.14)
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Now there are five equations and 11 unknowns in the Equations (2.14), (2.15),
and (2.16). Apart from the viscous stresses and pressures, there are addi-
tional turbulent stresses, called the Reynolds stresses, —puju;, present in the
momentum equations. To close the system of equations, the Reynolds stress
terms are generally expressed as a function of the mean flow without any
reference to the fluctuating components. This computational procedure is
known as turbulence modelling [13].

For most engineering applications, detailed information of the turbulent
fluctuations are not required and different turbulence models have been
devised to seek solutions for different situations.

2.1.4 “Karman Approach” for Incompressible and Compressible Flows

If a flow is two-dimensional or axisymmetric in the mean, then a possible is
one that was developed by von Karman [14], which resulted in what is now
known as the Karman integral momentum equations. Pohlhausen [15] was
able to obtain results for two-dimensional laminar flows that established the
approach to be a viable one. The approach soon became quite effective for
both laminar and turbulent flows [16, 17] irrespective of whether the flow
was Newtonian or not.

As mentioned in Section 2.1.3.2, for turbulent flows, the decomposition
method of Reynolds’ offers a practical way to consider the additional tur-
bulent stresses. Let us examine the Karman equations before integration,
which is given below:

0, o8 B0 R 05 ) o

- 217
or ax P o Pox @17)

The last two terms of the equation, namely, pi(v2 —uz) and %, deserve
some attention: ox oy

e The term pai(ﬁ - E) is difficult, and often, impossible to integrate.
X
An order of analysis carried out by Hinze [18] shows the term could
be neglected in the context of boundary layer approximation.
* When the term pai(?—?) is neglected, the solution obtained by
X

integrating Equation (2.17) makes the Karman integral method of
first order magnitude.
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® The term o can be obtained using the mean streamwise velocity,

U. In the absence of suction or injection, the wall shear stress term

can be obtained from 1, = pa—U}
y=0

We will now consider Karman'’s approach further. In an external uniform
flow, Karman observed similarity in the velocity distributions within the
boundary layer at different sections. This feature allowed him to treat the
partial differential equations of the boundary layer as ordinary differential
equations, and consequently enabled him to combine the continuity and
momentum equations into a single equation.

Integral equations can also be obtained in a similar manner from kinetic
and thermal energy differential equations.

For a two-dimensional incompressible flow, Karman’s integral equation
can be written in the following form [19]:

Cro 10 (y,5,)+ B _Puvs +s{(z+53xjia"w +ia&} (218)

2 Ul A Pove 0 )JU, 0x p. ox
where,
C =+ Tw (2.19)
~ aoUci
5P
a_U] wa_V] 2.20)
ay y=0 ax y=0

The second term of Equation (2.20) can be neglected when injection or suc-
tion are absent.

An important feature of Karman’s equation is the appearance of the dis-
placement thickness, §,, and momentum thickness, 0,, terms. These terms
carry special physical significance (see Section 1.4.1.4 of Chapter 1), and can
provide useful information in practical applications.

To solve Karman'’s integral equation, however, we have to know in advance
or prescribe velocity profiles of the flow. In a laminar flow, appropriate
velocity profiles are easy to define. From these velocity profiles, the velocity
gradients normal to the wall can be obtained and shear stress at the wall
determined for laminar flows.

Velocity profiles for turbulent flow are much more difficult to define.
Various velocity profiles and empirical relationships have been proposed
for turbulent flows with varying degrees of success, and application of
Karman'’s equations have been mostly limited to simpler cases. An empirical
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correlation, due to Ludwig and Tillman [20], is generally used to evaluate the
skin friction coefficient in turbulent flow, is given as:

0246
/= W

2.21)

where H is the shape parameter (= F‘)

A rapid rise in the value of the shape parameter, H, (H > 2) can be used
to predict the onset of flow separation on a body. For more accurate deter-
mination of the point of flow separation, a modified shape parameter, Hx,
proposed by Head [21] is often used. Head hypothesized that the controlling
factor in the growth of a turbulent boundary layer is dictated by the entrain-
ment of the fluid into the boundary layer from the mainstream flow adjacent
to it, and he derived the following relationship:

Uie%[ue(a—ax)] =F(H.) (2.22)

5-8,)

where H. =

Head further argued that if a one-parameter family of turbulent veloc-
ity did exist, then there should also exist a unique relationship between the
shape parameter, H and his modified parameter, H., giving:

H.=G(H) (2.23)

Head went on to determine the functions F and G that were used to deter-
mine the separation value of H+ to be equal to 3.34 [9].

2.1.5 Equations for Fluid Flow near a Wall with Little or No Curvature

Since the Coanda effect is concerned with free jet flow and flow near a sur-
face, it is important to obtain the relevant wall equations that represent
the amount of fluid that crosses the wall in a flow per unit time at any one
instant. These equations can be derived from the global conservation equa-
tions we have presented earlier. Since a solid surface is the cause of vorticity
generations in a flow, the resulting equations can also be used to determine
vorticity of the flow.

Let us consider an incompressible fluid flow over a stationary straight wall,
that is, on a wall that has a small or zero curvature.

In this flow, let v,, represent, at y = 0, the velocity normal to the wall. The
positive or negative value of v, signifies injection or suction, respectively. If
the body forces are neglected, then the instantaneous momentum equations
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for both laminar and turbulent flows in the streamwise, normal, and span-
wise directions at y = 0 can be written as:

2
PV 6—"} +6—p] —6—“} 6—”} =ua—‘2‘} (2.24)
ay y=0 Ox y=0 6y y=0 ay y=0 ay y=0
9 &
Plo=nls (2.25)
Yl ¥
2
v, 6_} d _6_»] @} pa_] 226
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The above equations can be useful in determining the streamwise and span-
wise vorticity as well.

2.1.6 Equations for Fluid Flow near a Wall with Curvature

Coanda flows occurring on walls with curvature are significant and com-
plex. Bradshaw [22] has provided a comprehensive review of the longitu-
dinal streamline curvature on turbulent flow. The review shows that the
streamline curvature imposes an extra rate of strain, which is often an order
of magnitude more important than the explicit effects of the extra terms that
appear in the equations of motion. This suggests that the first order solutions
obtained by Karman integral equations would be inadequate and second
order terms should be retained.

To capture the curvature effects properly, we have to appreciate the distinc-
tion between the curvature on a body and the curvature of the stream sur-
face in a flow around the body. While the curvature of the physical body may
be accurately defined, the curvature of the stream surface may be dependent
on a number of varying factors, such as the angle of incidence of the incom-
ing flow impinging on the body, or the state of the body, i.e,, whether it is
stationary or rotating.

It has been a normal practice to liken the longitudinal and transverse cur-
vature effects to boundary layer flows and generate relevant equations fol-
lowing approaches similar to boundary layer approximations.

Using the above approach, two orthogonal directions may be found at any
point on a three-dimensional surface in which the curvatures are maximum
and minimum. The curvature effects are then captured using a “triply-
orthogonal” coordinate system formed by three families of surfaces, with
coordinates, x; (i = 1, 2, 3). In this coordinate system, an elemental length ds
in space is given by:

(ds) = (dx ) +(hadx, )’ +(Isdxs )’ 2.27)

where h; are the metric coefficients corresponding to the coordinate x;.
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The curvature of the surfaces is essentially the rate at which the orthogo-
nal surfaces converge or diverge and can be given by, Kj;, such that:

K, = Zf} fori# j (2.28)
The boundary layer on an arbitrary three-dimensional body can be studied
using a body-fitted coordinate system where the body surface fits or is rep-
resented by one of the surfaces of the triply-orthogonal coordinate system.

Howarth [23] has shown that a coordinate system that is orthogonal every-
where can be constructed around the body with the curves x, = constant and
x; = constant coinciding with the lines of the principal curvatures of the body.

Patel and Sotiropoulos [24] have found such a generalized orthogonal coor-
dinate system very restrictive in boundary layer analysis. For thin boundary
layers, it was found to be sufficient to choose a parallel coordinate system in
which the parametric curves x; and x; form an orthogonal net on the surface
and the curve x, perpendicular to the surface. By considering the relative of
orders of magnitude (1 for significant and ¢ for less significant) of the basic
flow parameters, such as velocity and pressure as well as the metric coeffi-
cients and curvatures, they were able to obtain the necessary boundary layer
equations by reducing the Navier-Stokes for laminar flow and applying the
Reynolds averaging approach to turbulent flows.

2.1.6.1 First Order Boundary Layer Equations

Without going into the details of the derivations, we will describe here the
final form of the Reynolds averaged turbulent boundary layer equations.

2.1.6.1.1 Continuity Equation

100,80, 12U,
hl axl aX2 h3 6x3

+(K31U1 _K13U3)=0 (229)

2.1.6.1.2 Momentum Equation in the x; Direction

ﬂ%*_[jzﬂ_'_ﬁ%
hl 6x1 6XZ h3 8x3

+(K13U|—K31U3)U3 (230)

L, 0 ()L 20
h Ox, Ox, 2] Re ox2

2.1.6.1.3 Momentum Equation in the x, Direction

ai;(pw_g):o 231)
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2.1.6.1.4 Momentum Equation in the x; Direction

ﬂ%+[j2%+%%
hl axl 8x2 h3 6x3

_ 2
h3 6X3 6.7C2 Re a7‘72

2.1.6.2 Some Comments on the Above Equations

We will now comment on some of the aspects of the boundary layer equations:

* The second metric coefficient has been set to a value of unity, that is,
hy =1. Under this condition, x, becomes the physical distance along
the line drawn perpendicular to the local surface.

® The pressure variation across the turbulent boundary layer is of the
order of g, but the gradient is of the order of 1. This implies that
the boundary layer approximation is more effective in laminar flows
than turbulent flows.

In both laminar and turbulent boundary layers, however, the
derivative of the pressure term is zero, suggesting that the pres-
sure remains constant from a point on the surface along a normal
direction.

For a given velocity distribution at the edge of the boundary layer,
U (xl,xg,), the inviscid analysis can be used to obtain the pressure
distribution, p(x,x;).

oU, oU;
® The terms o and — represent the components of the mean rate-
X3 X3
of-strain tensor.
e The terms —uu, and - uu; represent the components of the Reynolds
stress tensor or turbulent stresses.
¢ The curvature terms K;; and K, are absent in the above formulation
of boundary layer equations. This is possible if turbulent fluctua-
tions are small.

We will consider in the next section the cases when the curvature
terms need to be retained.

* Often the molecular and turbulent stresses are expressed together as

one total stress term. The total stresses denoted by symbols 1, and t;
in the x; and x; directions combined this way are given by:

T =—T———UWnu, (233)
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T3 =———— Ul (2.34)
The equations (2.28) and (2.30) can then be re-written as:

h1 6x1 h2 6x2 h3 6x3

L1 Ou_
hl axl 6X2

and

ﬂ%*_(jz%.‘.%%
h] 6X| 6XZ h3 aX3

+ L 6_}7 + % =0
h3 6x3 6X2
* At a wall, the turbulent shear stress is zero (no-slip condition), so
that:
Ty = L[ot 2.37)
Re\ 0x, ),
1 (8Us
3 = —| — 2.38
i Re( ax2 )xz:O ( )

* The approximations applied to the Navier—Stokes equations and the
turbulent boundary layer equations obtained above are applicable to
mean flow conditions.

2.1.6.3 Second Order Boundary Layer Equations

We have already noted that the curvature terms Kj; and K3, can be neglected
in the boundary layer equations if turbulent fluctuations are small. This is
often not the case.

During the Coanda effect, the entrainment process may produce higher tur-
bulent fluctuations. In such circumstances, these terms need to be retained to
reflect the corresponding curvature effects in the boundary layer equations.

Patel and Sotiropoulos [24] have examined this issue and developed the
second order boundary layer equations by incorporating the effects of the
curvature terms of K;; and Kj,. The resulting equations are given below:
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2.1.6.3.1 Continuity Equation

i%+%+L%+K3|U1 +(K32 +K12)U2 +K13U3 =0 (239)
h 0Ox Ox; h3 Oxs

2.1.6.3.2 Momentum Equation in the x, Direction

U, oU,
— 4+
hl 8x1

o, Uy U,
8x2 h3 8x3

2

+KpUlUs +(Ki3Us — K31Us ) Us

L0 (i) () + L2 (oms
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+(2K12 +K32)m+2K1217us+K31 (u12 —uf)

1 62()1 abl
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2.1.6.3.3 Momentum Equation in the x, Direction

i(,17“‘14?)—1{32(/32 -KpUi =0 (241)
6X2

2.1.6.3.4 Momentum Equation in the x; Direction

ﬂ%“‘Uz%“‘ﬂ%
h Ox Ox, M Ox;
+(K31U3‘K13U1)U1+K32U3U2
10— 06 ,(— 1 0 —
+——(u1u3)+a—xz(u2u3)+——(p+u3)

hl axl h3 aX3 (2.42)

+2K3llTu3 + (2K32 +Ki )17143 +Kis (143?—-14—12)

1 | 8°U, U,
| T (K + K2y —2
Re[ o? +(Kip + K) 0x,

=0
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2.1.6.4 Reduction of Second Order Boundary Layer
Equations for Two Dimensions

2.1.6.4.1 Continuity Equation

10U, U,

+K;5U;=0 243
n ox | on, 13U3 (243)

2.1.6.4.2 Momentum Equation in the x; Direction

UL aU, 30,
h] 6x1 6X2

1 0 -
+K,,UU +——( + )
12U1U2 I o, pru;

2 ) ) (244)

+2K12u1u2

1 9 |ay
Re ox,

—+KpU |= 0
ax2 12! lj|

2.1.6.4.3 Momentum Equation in the x, Direction

i(p+u_§)—KuU12 =0 (2.45)
6X2

2.1.7 Special Mathematical Models for Blowing

Here we present two models to study the vortex wake characteristics from
the effects of blowing:

* Enhanced viscous diffusion from blowing

¢ Point vortex model

2.1.7.1 Viscous Diffusion

We will start with the vorticity equation, which is equally as significant as
a momentum equation. If we consider a Newtonian fluid of fixed density
and viscosity, then the vorticity equation for potential body forces can be
written as [11]:

Do

D - (OV)i+vVe (2.46)
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where,

D . . -
F(;) is the rate of change of particle vorticity

(a.V)u is the rate of deforming vortex lines
vV2% is the net rate of viscous diffusion of @

Expanding Equation (2.46),

%‘;’ +(iV)o=(aV) i)+ VW (247)
If the second and third terms of this equation are ignored, then the equa-
tion represents convection diffusion or vorticity diffusion through viscosity.
The reduced form of the equation, generally known as the Poisson equation,
becomes:
Do _ v (2.48)
Dt
Lamb [25] was probably the first to use the above equation to model viscous
laminar decay of a two-dimensional line vortex. He obtained a solution of
the form:

- 4nvt 4—vt

g (rt)= -1 exp(_rzj (2.49)

The kinematic viscosity in the above expression appears in the denominator
of the exponential term, suggesting that the decay of the vortex in a lami-
nar viscous diffusion would be a slow process. Following the discussion of
Squire [26], it appears that a better representation of the vortex decay would
be to replace the kinematic viscosity, v, by an equivalent viscosity, vr.

The resulting tangential velocity distribution can be written as:

U, (r,t)= ;Tlexp(l— i ] (2.50)

2.1.7.2 Point Vortex Model

Westwater [27] was probably the first to attempt the point vortex method to
model and investigate the effect of discrete jet blowing on the characteris-
tics of vortex-wake rollup. Despite being a very idealized representation of
the characteristics, the method has been found to provide useful pointers
regarding them.

The method assumes an inviscid flow where the time-dependent rollup
of a vortex sheet is represented by an equivalent array of two-dimensional
line vortices. A pair of counter rotating vortices are introduced to model the
effect of discrete jet blowing.
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Downstream of the wing, the line vortices are assumed to be represented
by point vortices. The strength of each vortex is dependent on the bound
circulation distribution.

In applying this method, the vortex sheet is divided into a number of dis-
crete points, say n, where each vortex has a strength of I';. The bound circula-
tion is discretized over each subdivision to determine the vortex strength of
each vortex.

The Biot-Savart law is used to determine the velocities induced on each
other at the point vortices. The resulting expressions obtained are:

i 3L 5% 2.51)
dt ; 20 (y—y,) +(z-2)

dzi=_ - L yi_yj 2.5
Y P e, -

Integrating Equations (2.51) and (2.52) with respect to time, the movement
of the point vortices are obtained. The process is repeated for a new vortex
position.

Westwater [27] had assumed that the strength of the vortex at each sub-
division was equal in magnitude. He produced results that showed the for-
mation of smooth spirals from vortex rollup. These results were difficult to
reproduce in subsequent attempts by other works [28, 29]. It was concluded
that that the large time-steps and integration method adopted by Westwater
may have contributed to smooth but inaccurate results.

Another problem with the method arose from the chaotic motion observed
at the tip region. The spiral produced was, however, nearly asymmetric in
nature, leading Moore [28] to suggest that it would be better to combine the
finite number of vortices into a single vortex center rather than have them
scattered on the spiral. This approach helped to suppress the chaotic motion
produced near the tip. The method then produced smooth spirals and
detailed rollup of vortices.

2.2 Physical Experimentation

In this section, we will introduce some important aspects of physical experi-
mentation that would be useful in any Coanda effect investigation. We will
conduct the discussion under the following headings:

¢ Facilities for controlled experiment
* Flow diagnostic techniques
* Reduction of data and analysis
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2.2.1 Facilities for Controlled Experiment

A common experimental facility is a wind tunnel. This facility offers the
opportunity to conduct fluid mechanical investigations under controlled
environment. The need for such experiments arises because they offer
greater control over the effects of the features under investigation.

The basis for modern wind tunnels can be traced back to the Wright broth-
ers who conducted controlled experiments to study the behavior of lifting
bodies and their flight mechanism. Their efforts eventually paved the way
for the first successful manned flight in human history.

A main feature of any wind tunnel is its “test section” where the flow is
maintained as uniform and one-dimensional. When a test model is placed in
this section, the flow behavior is altered. By comparing the behavior of the
altered flow with the original flow, the forces and their moments acting on
the body are assessed and their characteristics determined.

We have to decide first the objective of the experiment and the flow param-
eters that we want to evaluate. The type, size, and capabilities of the testing
facility become the next set of considerations as they dictate the configura-
tion details of the test models that need to be constructed and the instrumen-
tation required for testing.

Various types of wind tunnels [30-32] such as subsonic, transonic, super-
sonic, or hypersonic flows have been designed over the last hundred years
and have reached, somewhat, a state of maturity. These facilities, however,
are expensive to construct, operate, and maintain. Thus, particular attention
to cost is also essential.

Due to cost considerations, constructed test models must be small but rep-
resentative of the real case, and adequate plans must be made to conduct a
minimum number of tests without compromising the quality of the data.
Careful pre-planning and greater appreciation of issues involved are, there-
fore, necessary.

Dimensional analysis is often a procedure that may be used in any experi-
mental program because such analysis may lead to a fewer number of tests
by combining several variables to be grouped together and expressed as
functions of non-dimensional numbers.

In many complex flow studies, a qualitative assessment of the nature of
the flow can assist in the proper formulation of the quantitative test pro-
gram that may follow. The qualitative assessment may take the form of a
flow visualization investigation where smoke, tufts, surface oil, or a laser
light sheet are used [33-36]. Figure 2.1 (a) and Figure 2.1 (b) show sketches of
tufts depicting attached flow and separated flow, respectively, on a surface.

In quantitative investigations, the choice of flow diagnostic technique
and instrument become important considerations. If we take the case of a
body immersed in a stream, lift and drag forces would be the most impor-
tant information we would seek. We can, for instance, use a force balance
to obtain these forces. This will provide the magnitude of total lift or drag
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(b)

FIGURE 2.1
Flow visualization using tuft, showing the (a) flow remaining attached to a surface and (b) the
flow separating from a surface.

forces acting on a body. However, if we want to obtain detailed information
of the flow behavior that is related to these forces, such as regions of suction,
flow deceleration, or breakdown, we may have to resort to other techniques,
such as obtaining information of the pressure distribution or temperature
distribution on or around the surface of the body. In such cases, we may
install pressure tapping points or hot films on the body itself. Or we may
conduct pressure or velocity measurements very near to the surface or away
from it to gather the necessary information.

2.2.2 Flow Diagnostic Techniques

In this section, we will describe three standard flow measurement tech-
niques, namely, pressure based, hotwire anemometry, and laser anemometry.
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These are point-flow measurement techniques. The first two are intrusive
while the third is a non-intrusive technique in nature.

2.2.3 Pressure-Based Measurement Technique

The origin of pressure-based techniques goes back nearly three hundred
years. In 1732, Henry Pitot discovered [37] a direct connection between pres-
sure and velocity, which was modified nearly a century later by Darcy [38],
which subsequently formed the basis of pressure and velocity measurement
at a point.

2.2.3.1 One-Dimensional Velocity Measurement

The early pressure probe that emerged as a consequence of the Pitot discov-
ery was a single hole probe, the Pitot probe, capable of measuring the total
or stagnation pressure of a flow. The probe, however, had to be aligned in
such a way that its hole faced the oncoming flow directly. With the addi-
tion of another hole or a static port, the probe evolved into a two-hole or a
Pitot-static probe. Since this probe could now be used to measure both the
static and total pressure at a point, it provided a simple method to deduce
the velocity at that point. Figure 2.2 shows a schematic of how the original
Pitot tube with the introduction of a static port has become a Pitot-static
tube [39].

According to the law of conservation of energy, the total energy at any
point in a fluid stream remains constant. If this energy is expressed in terms
of pressure (energy per unit volume), we can express ignoring losses, Foui,
the total pressure, as being made up of P, the static pressure, and Pyamic,
the dynamic pressure. Since the magnitude of the dynamic pressure is given

by %pUi , We can write:
|
B = Baatic + 5 ono
rearranging,

2 (Rotal - 1)static )
P

U, =

The fact that the Pitot technique has survived to this day is a testament
to the reliability and robustness of the technique. Other flow-measuring
techniques are often calibrated against measurements obtained from
this technique. Even today, in aviation, a Pitot-static system is used to
provide the airspeed, Mach number, or altitude of an aircraft in flight.
The total and static pressures, however, are obtained separately using
a total head Pitot tube aligned in the flight direction while the static
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FIGURE 2.2
A Pitot-static tube. (After: Chaos386, 2007 [39].)

pressure is obtained from an additional static port located on the air-
craft body. Figure 2.3 shows a schematic of the Pitot-static system used
in aviation that consists of a Pitot tube, a static port, and Pitot-static
instruments [40].

Although there have been modifications and improvements to the Pitot
probes, the underlying concept has remained the same. We will now discuss
some of these improvements and developments.

In 1910, Prandtl made a significant modification to the shape of the Pitot-
static probe and the location of the static pressure port based on his bound-
ary layer theory. This made the measurement of the total and static pressures
more reliable, and this modified version of the Pitot-static probe is widely
used [41] today in fluid mechanical measurements.

The limitation of the Pitot-static probe is that it is one-dimensional, i.e.,
capable of measuring one component of the velocity or when aligned to the
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FIGURE 2.3
Diagram of a pitot-static system used in aviation. (After: [40].)

direction of the flow. A Pitot-static probe is well suited to measure velocity
of the wind tunnel at the test section because the flow in it, by design, is one-
dimensional and uniform. In practical application, the direction of the flow
is often not known; the probe has to be aligned with the flow direction by
trial and error.

2.2.3.2 Two-Dimensional Velocity Measurement

Yaw or three-hole probes have been developed to measure two-dimensional
flows. The limitation of this probe is that it has to be nulled, that is, two
of its side holes located at equal angle and distance from the central hole
have to be made equal by trial and error rotation in the two-dimensional
plane of measurement. This helps to determine the angle and total velocity
of the flow and from them its two-dimensional velocity components. Other
methods using three and four holes have also been attempted for two- and
three-dimensional velocity component measurements, mostly with nulling
requirement.

2.2.3.3 Three-Dimensional Velocity Measurement

Five-hole and seven-hole pressure probes were the natural extensions of
pressure-based methods to obtain velocity components in three-dimen-
sions. These probes can be considered more user-friendly because they can
be used in non-nulling mode in a flow where the direction of the flow is not
known.
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The drawback of the non-nulling method, however, is its dependence on cali-
bration curves that have to be generated prior to an actual experiment. From
these calibration curves, the total pressure, static pressures, and flow angle
can be obtained, and thence, the velocity components in the three directions.
A sample of the three calibration curves [42] is shown in Figures 2.4, where
R, P, B, P,and P, denote the ports of the five holes on a probe head such that A is
located at the center, P, and B on the yaw plane, and P, and P; on the pitch plane.

Three calibration curves are produced by placing the probe and gather-
ing data at some pre-determined values of pitch a and yaw angles p. The
pressure readings from each of the ports are expressed in non-dimensional
forms of four parameters, namely:

C
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Calibration charts of a five-hole probe. (a) praw versus Cppi,ch; (b) Cpmﬁc Versus oc;
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where,
oo )
o)
5
and,

5_(R+B+PR+P)

) (2.53)

It is worth noting that the calibration curves are not symmetric about the
lines of zero angles of pitch and yaw. Also in these curves, as the values of
pitch and yaw angles become larger, the values of C,yaw, Cppitchs Cpstatic, and
Cooa also become very large. Beyond the values of pitch and yaw angles
of +10°, the errors in the deduced pressure and velocity components start
becoming very large, and beyond +30° highly unreliable.

Pisasale and Ahmed [43] found that the cause of the above behavior of
the calibration curves was due to the singularity caused in the denominator
when (Pl - 1_’) — 0. They therefore conducted a theoretical calibration [44] on
a five-hole probe with a spherical probe head, shown in Figure 2.5 and pro-
duced trends similar to those obtained in practice (Figure 2.4). The results
are shown in Figure 2.6.

From their theoretical studies, Pisasale and Ahmed [43] were able to con-
firm the existence of singularity in the conventional calibration procedure of
defining the denominator used in the determination of Cpyaw, Cppitchs Cpstatics
and Cpua. The authors found that the singularity was found to occur at
+54.7° by plotting a curve, C,4,, against a, as shown in Figure 2.7, where,
Cpien =$ and g =%pwU§,.

Based on the above work, Pisasale and Ahmed [44] proposed a new proce-
dure to overcome the singularity problem in calibration of a five-hole probe
and gave a detailed step-by-step procedure of how to use this technique.
Here we will highlight the basis of their procedure.

In the proposed procedure, the denominator was treated as a single
unknown and its magnitude was determined by establishing a functional
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FIGURE 2.5
A schematic showing locations of the holes of a five-hole pressure probe. (After: Pisasale and
Ahmed, 2002 [43]))

relationship between the denominator and the pressures recorded in a real
flow. For the functional relationship, the following conditions were imposed:

* Any combination of pressures used to form a parameter must be
independent of any reference pressure or Reynolds number. This will
make the relationship between the denominator and the measured
pressures valid in all unknown flows, and will allow the probe to
be used regardless of the particular flow conditions. Consequently,
pressure parameters will be non-dimensional.

* The relationship must be true for any combination of pitch angle and
yaw angle. That is to say that the relationship between parameters
are not functions of a or B, although the parameters themselves may
be a function of pitch and yaw angles. This is necessary as neither
the pitch nor yaw angles are known before the calibration coeffi-
cients are calculated.

* Individual parameters must avoid singularity wherever possible.

This will allow the procedure to be used over the greatest possible
range of flow angles, without significant loss of accuracy.
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The three theoretical calibration curves for a five-hole probe. (After: Pisasale and Ahmed,
2002 [43].)
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FIGURE 2.7
Demonstration of singularity in the denominator in calibration. (After: Pisasale and Ahmed,
2002 [43].)
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The following two parameters were found to meet most of the above
requirements [44]:
N, =E,
DEN
Where/ DEN =131 - IJStatic + Aqa

BR-P

N, =
J(P.—P) +(P—R)’

The functional relationship between the parameters, N, and N,, using data
from a range of flow conditions were plotted that confirmed that these
parameters were independent of the Reynolds number, pitch angle, and yaw
angle. The plot is shown in Figure 2.8.

In Figure 2.8, a singularity in N, can be observed near zero pitch and yaw
angles. The N, values are, however, nearly constant in this region and stan-
dard calibration methods [44] can be used instead.

The other point worth noting in Figure 2.8 is that the DEN terms become
indeterminate when N, = 0. An alternative, functional relationship between
N,. and N, was suggested to resolve this issue, to obtain the value of DEN
with,

_ DEN
J(P.—P) +(P—R)’

N,

This new relationship is given in Figure 2.9. Values for DEN can be obtained
using either Figure 2.8 or Figure 2.9, but there is more scatter in the data in
Figure 2.9 than in Figure 2.8.

FIGURE 2.8
Functional relationship curve for N yand N,. (After: Pisasale and Ahmed, 2002 [44].)
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FIGURE 2.9
Functional relationship curve for N« and N,. (After: Pisasale and Ahmed, 2002 [44])

It is generally assumed that the multi-hole pressure probe head would be
placed in a stream of flow, even when high flow angularity is encountered,
with most of the pressure ports exposed to the oncoming flow directly. In
cases where the probe head is erroneously placed, such as in a reversed flow,
then the readings recorded in all of the pressure ports may become the same.
The objective would, therefore, be to correctly orient the probe head in the
direction of flow.

One possible step would be to rotate the probe head through 180° and
compare the measured pressures at this position with those obtained in the
previous position and make a judgement about the correct direction based
on the calibration of the probe. The flow may also be highly unsteady and
the use of different measurement instruments may be more effective. These
issues have been discussed in more detail in Reference [45, 46].

2.2.3.4 Skin Friction Measurement

In a pressure-driven flow field, the introduction of an intrusive technique,
such as a pressure probe, may produce error in the measurement due to flow
interactions between the stream lines and the probes. Such effects, however,
are not severe, and in shear driven three-dimensional boundary layers or
in cases where the curvature is not very strong, as the studies of Vagt and
Fernholz [47] suggest, the probe effect can be neglected.

With the appropriate choice of probe geometry along with a high-quality
pressure transducer or micro manometer, it has also been demonstrated [47,
48] that it is possible to measure flow angles in turbulent boundary layers
quite accurately, to within +0.1°.

Various direct and indirect methods are available for skin friction mea-
surements [49-53]. Compared to the indirect methods, direct methods are
difficult to implement. Indirect methods use devices such as a Preston tube
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[54], Stanton tube [55], sub-layer fence [56], and so forth. These methods use
analytical correlations to relate the total or static pressure or heat transfer
data to evaluate the skin friction.

The indirect skin friction methods require the similarity law or the loga-
rithmic law of the wall to be valid in the boundary layer near the wall.
If the flow is one-dimensional or if the flow angles are restricted below
+15° [57], then the Preston method [56] appears to be quite effective in
measuring skin friction. Several attempts [58, 59] to extend the Preston
method, however, to flows with higher flow angularity have not been very
successful.

Lien and Ahmed [60] found that it was possible to apply the five-hole pres-
sure technique in two-dimensional skin friction measurement. They there-
after attempted to measure shear stress angles to determine the skin friction
in three-dimensional turbulent boundary layers [61].

In three-dimensional flows, boundary layers may be skewed and a knowl-
edge of their velocity profiles can help determine the shear stress angle near
the wall as the ratio of velocity components, w and u, in the crosswise and
streamwise directions.

Figure 2.10 shows velocity profiles in the streamwise and cross flow direc-
tion, where, y,, is the shear stress angle, which can be given by:

Y, =tan”' (EJ
u

Y

Crosswise

profile (w) Streamwise

profile (u)

z

Tw

FIGURE 2.10
Schematic of velocity profiles in a three-dimensional turbulent boundary layer.
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When a five-hole pressure probe is used (with reference to Figure 2.5) and if
the total velocity is L., the velocity components, # and w can be obtained as:

u=U,cosasinf (2.549)
w=U,sina (2.55)

From Equations (2.54) and (2.55), the yaw angle measured by the five-hole
pressure probe is then the shear stress angle and can be expressed as:

Yw = tan”' (tan a.cosB)

The wall effect on the readings of a five-hole pressure probe is shown in
Figure 2.11 (a) and Figure 2.11 (b). When there is a gap between the wall and
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e

WALL

(®)

FIGURE 2.11
A schematic of the wall effect on pressure readings on a five-hole pressure probe reading: (a)
gap exists between the wall and the probe; (b) no gap exists between the wall and the probe.
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probe, as shown in Figure 2.11 (a), flow can move around the probe head.
However, when there is no gap between the wall and probe, as shown in
Figure 2.11 (b), the flow movement in the streamwise direction is affected,
which in turn affects the reading from each port of the multi-hole probe.
Based on one-dimensional pipe flow measurement, Lien and Ahmed [61]
determined that when a five-hole probe was placed in line with the flow, the
maximum departure of pitch and yaw angles from the zero value was around
4° and 2°, respectively. This implied a greater impact of wall on pitch angle
readings than the yaw angle readings of the five-hole probe, which trans-
lated to +0.3% error in the raw pressure readings, which was on par with
the Preston tube readings. Since the five-hole probe application is also based
on the similarity principle, the method would also be effective for probes
with different geometries and sizes provided they were small enough to be
submerged in the boundary layer and had reliable calibration coefficients.

2.2.3.5 Fluctuation Considerations

The pressure-based measurements mentioned above are not effective in
providing instantaneous information of a flow. In a turbulent flow, the fluc-
tuating pressures at the sensing points are generally damped out and the
differential pressures recorded will be of steady values with the effect of
turbulence imbedded. Some form of corrections may be attempted from the
following considerations:

Let us re-consider Bernoulli’s equation in the form:

1
Rotal = Ftatic T 5 pUazo

By decomposing each of the flow parameters in terms of their mean and
fluctuating components,

D ’
Rotal = ltotal T Protal
D ’
PRaic = Ruatic + Dstatic
u=U,+u'+V +w
We get:

1_) =P ! 1 ’ (7 ' ' 2
total T Protal = static+pstatic+§(p+p) otU +V +W

Applying Reynolds rule of averaging and re-arranging,

}_)total _Etatic = %(5)02; +(A1?+A2F+A3W'2)
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where the term (AIF + Azﬁ +Asw'? ) represents the effect of turbulence in

the measurements, and the coefficients A;, A,, and A; may change depend-
ing on the turbulent nature of the flow, and are difficult to obtain.

Gatto et al. [62-64] have shown that it is possible to determine both the
mean and fluctuating pressures on a surface over which a fluid flows using
plastic tubes which connect the surface tapping points to a remote pressure
transducer provided the transfer functions that relate the fluctuating pres-
sures at the opposite ends of the tubes are known.

Instantaneous velocity information in a turbulent flow are generally
obtained using hot-wire techniques [65, 66] which we will discuss next.

2.2.4 Hot-Wire Anemometer

The hot-wire anemometer, throughout the last hundred years, has proven
itself as one of the most effective flow measurement devices that is widely
used in laminar, transitional, and turbulent flow investigations. Its ability to
determine temporally fluctuating velocity components has made it an indis-
pensable tool in most fluid mechanical investigations.

The hot wire anemometer is a thermal anemometer that depends on con-
vective heat propagation into its surrounding fluid. It consists of a sensor
in the form of a very fine wire that is only few microns in diameter and a
set of electronic equipment that converts the information of the signal into
an electrical signal. Because of the fineness of the hot-wire, it is very deli-
cate and must be handled with care. Many laboratories for this reason are
equipped with hot-wire repairing accessories. Industrial versions of a hot
wire anemometer are also available where the wire is encased, making it
more robust, but this comes at the expense of being larger and providing
lower measurement resolution.

The hot wire measures the normal component of the velocity of an oncom-
ing flow. Depending on the number of wires, the hot-wire probes are called
single, dual (or X), or triple-wire, and are generally used to obtain a one-, two-,
or three-dimensional velocity component of a flow at any instant of time.
Often a single hot-wire probe can be rotated and measurements obtained at
two locations. The information can be combined to give two velocity data
points if the assumption that the flow behavior at the two moments of time
of measurement has not changed. Using the same assumption, a slant hot
wire can be used to obtain two- or three-dimensional velocity information
through rotation at different positions. Often a four-wire probe is used,
where the fourth wire is used for additional data for validation of the data.

Figure 2.12 shows a schematic of the various hot-wire probe configurations.

2.2.4.1 Principle of Operation

The principle of operation of a hot-wire anemometer can be explained as
follows. An electric current passes to heat the hot wire above the ambient
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FIGURE 2.12
Examples of hot-wire probes: (a) single normal wire and (b) single slant wire.

temperature when it is placed in fluid stream. The heat is transferred from
the wire to the fluid flowing over it. This results in the cooling of the wire,
and the thermal balance of the wire changes, which in turn is reflected
in changes in the electrical resistance of the wire. The electronic equip-
ment then measures these changes from which the speed of the fluid is
extrapolated.

The hot-wire anemometry technique is an indirect method, meaning
velocity information cannot be gathered directly, but are obtained in terms
of voltage. This necessitates some other method to establish the functional
relationship between voltage and velocity by calibrating a given hot-wire
anemometer against known velocities.

There are various modes of implementing hot-wire devices. The constant
current anemometer (CCA) and the constant temperature anemometer (CTA)
are the two most common [67-70], with the CTA being the most commonly
used one. Depending on the mode, the circuit within the electronic equip-
ment is used to maintain the current or voltage constant to achieve ther-
mal balance. The performance of the electronic circuitry, therefore, plays an
important role in the proper functioning of the hot anemometry system [71].
A classical resistive Wheatstone bridge circuitry used in a constant tempera-
ture anemometer is shown in Figure 2.13.
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FIGURE 2.13
Schematic of the classical Wheatstone bridge circuitry.

2.2.4.2 Calibration Methods

Various hot-wire calibration methods have been developed with various
degrees of complexities and success [72, 73]. In general, differing calibration
methods are considered based on whether the velocity range is above or
below 1.5 m/s.

For velocities above approximately 1.5 m/s, the hot wire is calibrated
against data obtained by placing a Pitot-static probe in a wind tunnel test
section or in a uniform steady nozzle flow [74-76]. Figure 2.14 shows a typi-
cal setup for this velocity range calibration using calibration equipment
available commercially (such as from DANTEC), where the nozzle flow of a

_,| ANEMOMETER I_.l LINEARISER |

@ l_cLom@

| NOZZLE UNIT |_.| CONTROL UNIT I——ol CONVERTOR |

| AIR SUPPLY |

FIGURE 2.14
Block diagram of a hot-wire calibration setup.
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known velocity at a particular pressure is used. The nozzle can be changed
to produce different velocities.

However, the use of this conventional method becomes ineffective for
velocities below 1.5 m/s, when the pressure or velocity reading from the
manometer becomes difficult to read accurately. Consequently, various
methods have been developed including the laminar pipe flow method
[77-79], rotating disc method [80], vortex shedding method [77, 81], swing
arm apparatus [82], pendulum technique [83], towing tanks [73, 84], and so
forth.

Once the calibration data for a single wire is obtained, it is then fitted to the
widely used King’s law [74, 84], as expressed below:

E*=A+BU"

where
E is the voltage across the wire
U is the velocity of calibration flow and
A, B, and n are the King’s constants for the particular hot-wire

Various authors have fitted their data to obtain values for # for different
ranges of the curve generated. Tsanis [85], for example, separated his velocity
range, of 0.04 m/s to 2.5 m/s, into three parts. To simplify the process, often
a value of n = 0.45 or 0.5 can be fixed and then the values of the constants A
and B determined [66].

Various analytical methods have been developed for data processing of
the information obtained under static conditions taken from two sensor
probe [86—89] or triple or multiple sensor probes [90]. These are time-con-
suming processes requiring a large number of data points from calibration
for greater precision. But the probe characteristics may change with time due
to many factors, such as the deposition of very minute dust particles on the
hot-wire altering the characteristics of the calibration curves. In many situa-
tions, calibration before and after the experiment are conducted to check for
reliability of the calibration data, requiring even more time. Lecic [91] claims
to reduce the time of calibration significantly by proposing a new method of
dynamic hot-wire calibration in a quasi-stationary air tunnel jet.

For measurements in a fluctuating freestream flow, the dynamic calibra-
tion method developed by Perry and Morrison [92] can be used. The pro-
cedure involves shaking the hot-wire probe with a small sinusoidal motion
and small frequency range, from 0 to 10 Hz, in a uniform flow of known
velocity. Apart from introducing complexity in the experimental task, the
frequency range is also considered too small for most turbulent flow studies.
Hence many workers still use static calibration data based on the assumption
that, because the size of its active element is so small, it will have low ther-
mal inertia and, therefore, be capable of faithfully capturing the fluctuating
components [93].
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Measurements near a wall pose severe problems because the probe and
its intrusive nature are similar to what we have seen with pressure probes
before, i.e., they alter the flow around the probe and near the wall. Although
various corrections to the readings of the hot-wire anemometers have been
proposed [74, 94], the inherent difficulties associated with experimentation
invariably require additional numerical investigation to complement the
near-wall study results.

In turbulence measurement, the concept of “conditional sampling” intro-
duced by Kovasznay et al. [95] can be considered a significant development.
In conditional sampling, the statistical averages are performed on data gath-
ered over periods of time for which the flow satisfies some condition chosen
by the experimenter, such as an “intermittent average” where data is accu-
mulated only over the periods for which the flow at the measurement point
is turbulent.

2.2.5 Laser Anemometry

The word LASER is an acronym for “Light Amplification by Stimulated
Emission of Radiation.” Today LASER is also written in small letters as
“laser.”

The helium-neon (He—Ne) laser was developed in 1962 at the Bell Telephone
Laboratories in the USA. It produced at a wavelength of 632 nm a continuous
wave of electromagnetic radiation in the visible spectrum [96]. Two years
later, Yeh and Cummins [97] published a paper showing that fluid flow mea-
surement would be possible from the Doppler effect on a He—Ne beam scat-
tered by very small polystyrene small spheres entrained in the fluid. This
led to the development, the following year, of the first laser Doppler flowme-
ter [98] using heterodyne signal processing. Today, the anemometer based
on this principle is known as the laser Doppler velocimeter (LDV) or laser
Doppler anemometer (LDA). This non-intrusive optical diagnostic technique
[99, 100] has found wide-ranging applications and has been used to measure
speeds of flow ranging from a few mm/s to 1000 m/s.

Apart from the LDV, the laser two focus velocimeter (L2F) is another tech-
nique that has been developed using the laser for velocity measurements
(the L2F is also known as two-spot or time of flight laser measurement).
Both the LDV or L2F techniques require two exactly similar laser beams in
their operation. The action takes place at the waists of the laser beams in
both cases. The waist can be likened to the throat of a diverging—converging
nozzle where the laser light has the highest intensity. Figure 2.15 shows the
waist of a laser beam.

There are three main components of a LDV or L2F system: a laser source,
a receiver, and a signal processor. The scattered light signals can be very
weak and a photomultiplier tube is used to count the photons and increase
their intensity before signal processing. In the case of LDV, the signal pro-
cessing involves auto-correlation of the data whereas cross-correlation is
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waist

wavefronts

FIGURE 2.15
Waist of a laser beam.

performed between the scattered signals passing through the two waists of
a L2F system.

The earlier versions of LDV or L2F equipment had to be placed near the
measurement location. The development of single and mono-mode optical
fibers and laser diodes and their inclusions has given greater scope to reduce
the sizes of the equipment. The transmission of laser light and the receiv-
ing of the scattered signal can be performed via these optical fibers, and the
experiment can be conducted remotely.

Both the LDV and L2F can be operated in forward scatter, back scatter,
or oblique scatter modes depending on the availability of the optical access
to receive the scattered signal. The strength of the scattered signal in the
forward mode is the highest and can easily be 200 times higher than that at
back scatter mode. In most practical applications, however, optical access to
receive the scattered signal is very limited, and resorting to back or oblique
scatter is the norm.

There is a third optical measurement technique that has been developed
and is worth mentioning. This is the particle image velocimetry or the PIV
technique. The main difference between the PIV and the LDV or L2F tech-
nique is that the PIV is capable of producing two-dimensional or even three-
dimensional vector fields, while the other two techniques of LDV and L2F
measure the velocity at a point.

All these optical diagnostic techniques require “seeding” or introduction
of particles in the flow that are light reflective and faithfully follow the flow
without producing any distortion to the flow [101].

2.2.5.1 Laser Doppler Velocimeter

There are various types, such as the reference, two-scatter, or fringe type for
which a LDV can be designed and operated. The “fringe” type or mode of
operation appears to be the most commonly used and will be discussed here.

In a fringe LDV, two identical laser beams are made to intersect to form
fringes, as shown in Figure 2.16. The center of the fringes define the location
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FIGURE 2.16
Formation of fringes by two identical laser beams.

of the point of measurement in a fluid. As the fluid particles pass through
these fringes, there is a Doppler effect. The frequency of the Doppler shift that
takes place is found to be proportional to the velocity of the fluid particles.

In a fringe LDV, the signals captured from the passing of photon particles
through the fringes are autocorrelated. The correlator data is subjected to
statistical analysis using the Fourier cosine transform that eventually pro-
duces a velocity distribution where a peak can be identified that signifies the
velocity of the flow at the point of measurement perpendicular to the fringes.
Bragg cells or a frequency shifting device can also be used to determine the
direction of the flow. A typical representation of correlator data and the final
velocity distribution are shown in Figure 2.17.
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FIGURE 2.17
Typical form of (a) correlation data and (b) velocity distribution of fringe LDV system.
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We can explain the underlying principle of a fringe LDV using the follow-
ing two simple expressions [102]:

A

§=——~
2sin(gj
2

2Vsin(%)
fos| 7

where,
A is the wavelength of the laser
a is the angle between the two converging beams
V  is the velocity
fp is the Doppler frequency

Say, for example, we want to measure velocity up to a maximum value of
100 m/s and we have a correlator whose maximum frequency capability is
20 MHz. Then the shortest fringe crossing time would be the inverse of 20
MHz or 100 x 50 x 10-° seconds, giving the minimum fringe spacing to be
100 x 50 x 10~ meters or 5 micrometers. By choosing a laser of a particular
wavelength, A, and by adjusting the angle, o, the required fringe spacing can
be obtained.

Figure 2.18 shows the front section of a three-dimensional LDV designed
by Ahmed et al. [103] to work in back scatter mode. In this design, the two
equal laser lights are crossed on the mechanical axis of the probe head. By

FIGURE 2.18
Front head view of the three-dimensional fiber optic laser probe head and the formation of the
fringes. (After: Ahmed, Elder, Foster, and Jones, 1990 [103]))
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rotating the probe head at three known angles, the velocity components in
all three directions can be obtained.

Further details of the various components used in the probe head of this
three-dimensional fringe LDA [103] are given in Figure 2.19. A block diagram
of the overall LDA system developed is shown in Figure 2.20.

In Figure 2.19, laser light from the fiber is from a light source is fed into
the probe head using a single-mode fiber. The laser light from the fiber is
passed through a plano-convex lens to create the laser beam waist at a pre-
determined distance. In fact two waists are required to form fringes. This is
done with the help of a beam-splitter. The laser light exiting the lens is made
obliquely incident on one end of the beam-splitter. The beam-splitter helps
split the laser beam into two identical beams that come out at its other end
at converging angles. The two beams thereafter recombine to form fringes at
the waists. Using a mirror, the fringes are then re-positioned at an angle on
the mechanical axis of the probe at the point marked as “M.” The light scat-
tered by particles as they pass through this point are collected obliquely
through a second mirror and using a biconvex lens focussed on the end of a
multi-mode fiber.

2.2.5.2 Time of Flight or Laser Two Focus System

The basic principle behind the time of flight or L2F system [104] involves the
determination of the time it takes for the fluid particles to cross the waists
of the two identical laser beams. The laser beam from a laser source is split
into two identical beams, but unlike the LDV system, instead of crossing,
the beams are placed parallel to one another at a fixed distance between the
waists of the two beams. By knowing the distance and the time it takes for
the fluid particles to cross the waists of the two beams, the velocity of the
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FIGURE 2.19

Internal details of various components of the LDV. (After: Ahmed, Elder, Foster, and Jones, 1990
[103].) Keys: 1-Front Cover; 2-Mirror; 3-Beam-splitter; 4-Transmitter lens; 5-Transmitter mod-
ule; 6-Single-mode fiber; 7-Multi-mode fiber; 8-Bearing; 9-Cover; 10-Main body; 11-Pinhole;
12-Receiver lens; 13-Reciever lens module; 14-Window; T-Transmitter window; R-Receiver
window.
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FIGURE 2.20
Block diagram of a fiber optic LDA system.

flow at the point of measurement can be determined. So the task boils down
to the determination of the time. This is achieved by statistical means. In L2F,
instead of auto-correlation, cross-correlation of the correlator data registered
on the correlator is performed.

Figure 2.21 (a) shows particles passing through the waists or spots and
Figure 2.21 (b) shows the determination of the time between the two peaks
of the velocity distribution during their passage.

A histogram of the cross-correlator data helps to obtain the mean veloc-
ity and mean angle of the flow at the measurement location, as shown in
Figures 2.21 (c) and (d).

The design of a time of flight incorporating fiber optics has also been
reported by Ahmed et al. [105]. The process is very similar to that of the
fiber optic laser, LDV, described earlier. In this design the light from the laser
source was launched at the measurement volume using a monomode fiber.
Multimode fiber was used to collect the scattered signals, which were ampli-
fied and processed electronically.

Figure 2.22 shows the details of this design.

Although laser anemometry is now an important tool in fluid mechanical
investigation of complex flows [106], further useful guidance is provided in
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(@) Basic working principle of L2F and (b) time determination between particles, passing
through the waists; (c) mean velocity determination from velocity distribution; (d) mean angle
determination from angle distribution.

the book of Durst et al. [100], the review of Buchhave et al. [107], and the dis-
cussion of errors by Gould and Loseke [108].

2.2.6 Particle Image Velocimetry (PIV)

PIV is a later invention compared to LDV or L2F and has its origin in what
is often referred to as Laser speckle velocimetry, a technique that was devel-
oped in the late 1970s. By the early 1980s it was realized that individual par-
ticles could be tracked if the particle concentration in a flow was reduced to
certain levels and the flows could be split into very small areas of “interro-
gation” and obtain the velocity for each area [109, 110]. With the availability
of advanced recording capabilities by digital camera and high computing
power, the technique has been developing rapidly [111-115].
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FIGURE 2.22

(@) General arrangement of a L2F design; (b) details of 1A; (c) details of 1B. (After: Ahmed,
Elder, Foster, Jones, and Tatum, 1992 [105]) Keys: 1-Laser source; 2-Monomode fiber;
3-Launcher; 4-Microlens; 5-Laser beam; 6-Prism; 7-Microscope objective; 8,9-Waists imaged
to form measurement volume; 10-Lens assembly; 11,12-Waists at measurement volume;
13-Measurement volume; 14,15-Received beams; 16,17-Transmitted beams; 18-Prism; 19-Lens;
20-Magnifier; 21,22,23-Received beams; 25,26-Monomode fiber; 27,28-Multimode fiber holder;
29,30-Photomultiplier tube; 31-Stepper motor; 32-Worm gear; 33-Transmitted beam; 34-Metal
cone; 35-Bearings.

We can explain the principle of PIV in the following simple manner.
Suppose two images of the same fluid particles are captured at two inter-
vals of time. If we can track the distance that each particle has traversed
during that time, then dividing the distance by time would give the
velocity of each particle within an area of interest. This task is performed
by using statistical means of conducting auto-correlation of each parti-
cle at the two time instances and cross-correlating with other particles at
the same.

A typical PIV apparatus consists of a digital camera, a strobe, and a syn-
chronizer. The camera records the image, the strobe illuminates the flow,
and the synchronizer activates the whole system. A fiber optic cable or liquid
light guide may also be used connect the laser to the lens setup. Figure 2.23
shows a simple PIV setup.
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FIGURE 2.23
Basic PIV system setup.

Particle image velocimetry methods do not, in general, measure velocity
components along the z-axis. Parallax errors may also be introduced in the
velocity measurements in the x and y directions. To overcome these prob-
lems, stereoscopic PIV, which uses two cameras, may be used to measure
all three velocity components. Other complex PIV setups that may be used
include dual plane stereoscopic PIV, multi-plane stereoscopic PIV, holo-
graphic PIV, thermographic PIV, and so forth.

In PIV measurements, velocity vectors are obtained by cross-correlating
the intensity distributions over small areas of the flow field to produce spa-
tially averaged representations of the actual velocity field. This often impacts
the accuracy of the subsequent spatial derivatives of the parameters such as
the vorticity or spatial correlation function. The discussion of PIV errors by
Lourenco and Krothapalli [116] are instructive.

2.3 Reduction of Data and Analysis
2.3.1 Theoretical Derivation of the Pressure Coefficient of a Jet Sheet

Figure 2.24 shows the geometry of a jet bending on a Coanda surface (bound
surface) on one side and the other being free to atmosphere. Based on the
works of Roderick [117] and Korbacher [118], the pressure coefficient of the
jet for incompressible and compressible jets are provided. The notations and
assumptions used are also summarized below.
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FIGURE 2.24
Geometry of jet on a Coanda surface.

NOTATIONS

ps: Coanda surface pressure
P ambient pressure

p: total pressure

Ap: pressure difference

Cp pressure coefficient

Cpincomp: iNcompressible pressure coefficient for thin jet
Cpeomp:  cOmpressible pressure coefficient for thin jet
Cpincomp: incompressible pressure coefficient for thick jet
Fe centrifugal force

Fp: pressure force

R: radius curvature of jet

W: jet width

by jet thickness

Upee: jet velocity

TH: thrust per jet unit width

pu ambient density

ae: elemental angle

b/W:  aspect ratio of the jet

u,: free stream velocity

M, free stream Mach number

oo

2.3.1.1 Assumptions

* Thejet is thin.
* The aspect ratio of the jet is high.

* The jet thickness is very small compared to the radius of curvature

of the Coanda surface.

95
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* The jet momentum is constant along the jet sheet.
* The pressure gradient across the jet sheet is negligible.
e The flow is ideal (inviscid and irrotational).

2.3.1.2 Coefficient of Pressure for Incompressible Flow

The centrifugal force acting on a flow element is:

2
Fe = poR dOdR UT?O

The pressure force acting on a flow element is:
Fp =R d0odP

If the centrifugal force and pressure force acting on a flow element are in
equilibrium, then:

U2
dp = p,dR —=—
p=p R

Thus, giving:

pR dOdR % = RdOdP
With pjet = dR,

Ut
dp = prjet T

Across the curved jet sheet, the pressure difference:

Ap=—(Ps—P)
With AP = dP,
U.’
= —pdR =2
Ap=-p R

The thrust per unit of jet sheet width:

Ty = pcuoﬁjel[jno2

We can also express AP as:
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I
=R
The standard definition of coefficient of pressure:
Cp = 1 AP
A ooUo%w
2 P
or,
2b;,
Cr=""%

Thus, for a given thin jet sheet thickness, the pressure coefficient is indepen-
dent of the pressure ratio.

2.3.1.3 Coefficient of Pressure for Compressible Flow

For compressible flow, we have to find an appropriate expression for the den-
sity term which is no longer constant. Consequently,

=W—02°

2.3.2 Determination of Pressure Coefficient
from Static Pressure Port Data

The pressure coefficient at any port point, 1, is given by:

Cp= 7117" _pO:
A ooUoo
ZP
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In physical experimentation, it is worth noting that we can only measure
pressure (static or total) differentially, that is with reference to another pres-
sure. In other words, in the laboratory, the readings you obtained were not
the direct values of:

Pns P, P1

so that:

Apn = DPreft — Pn
Apoo = Pref — Po
Apr = pret — Pr

and:

Apn_Apno

Cpp = Pn= P

ApT_A1700

Generally, the reference pressure is the ambient or free stream pressure, so
that:

DPref = Po
Apret = Apo,

2.3.3 Lift and Drag Coefficients from Surface
Pressure Coefficient Distribution

It is customary to drill several tapping points on the top and bottom sur-
faces of an airfoil. For a subsonic airfoil, more points are allocated towards
the leading edge than the trailing edge because the pressure coefficients are
expected to be changing more rapidly at the leading edge with changes in
the angle of incidence. Figure 2.25 is a schematic of an airfoil on which 20
pressure holes have been drilled. Pressure tubes from each hole can then be
connected to a multi-tube manometer.
The steps, thereafter, to be followed are as follows:

* Calculate C; at each static pressure tap for each incidence and enter
in a single table.

¢ Plot C; distribution against both (x/c) and (y/c).

* Graphically evaluate Cy and C; at each incidence angle (suffix N

and T denote normal and tangential directions to chord line, respec-
tively). Use the following formulae:
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Tapping points on an airfoil.

2.3.3.1 Lift Coefficient

The lift coefficient can be obtained using:
C, = Cycoso. — Cysino

Generally, Cy > Cr, and the angle of incidence is small. Then the following
approximation may used:

C; =~ Cycosa.
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2.3.3.2 Drag Coefficient

The drag coefficient can be expressed as:
Cp = Cysina. + Crcosa

Since, Cp, is expected to be small, further approximation to the above expres-
sion is not advisable. Furthermore, the drag coefficient obtained from the
above method captures only the pressure drag, and not the total drag.

2.3.4 Determination of the Profile Drag by the Wake Traverse Method

Wake traverse method can be used to determine the profile drag on a body.
The principle behind the method can be explained as follows. The presence of
the body alters the flow field. The changes are more significant downstream
of the airfoil than upstream in a subsonic flow. The changes are caused by a
loss of momentum of the fluid downstream of the body.

To determine the loss in momentum, we need to determine the density
and velocity changes between the upstream and downstream flows about
the body. Assuming that the density changes are negligible for most sub-
sonic flows, we only need to find changes in velocity or the momentum defi-
cit in the wake of the body. This can be done from a consideration of the
velocity distribution both upstream and downstream of the airfoil using a
variety of methods.

We will describe here the most commonly used method, which employs
static and total pressure measurements using pressure probes. The velocity
distributions upstream of an airfoil, placed in a wind tunnel, are expected to be
uniform, and often a single velocity measurement of a static-total head probe
upstream of the airfoil may be sufficient to produce the velocity distribution.

In the wake, however, the velocity distribution will not be uniform and
measurements at several points would be required to obtain the velocity
profile distribution at a measurement plane of the wake. In this situation,
we can use a rake, which is made up of a number of thin total head mea-
suring probes and static pressure measuring probes. Because of losses in a
wake, the velocity cannot be accurately determined because of uncertainties
in both the total and static measurements.

The problem could be avoided if we could take measurements at a distance,
far downstream, where the static pressure recovers to become the same as
that of the upstream, so that the loss in the total pressure provides the mag-
nitude of the velocity reduced in the wake. But because of viscosity, the wake
begins to fade rapidly in the downstream direction making it difficult to
detect the velocity reduction in the wake. A practical solution, therefore, is to
take measurements at a location about a quarter chord distance downstream
of the airfoil and apply some corrections to the results obtained.
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2.3.4.1 Theoretical Approach

We will now describe an approach that blends theoretical analysis and prac-
tical approach to produce a useful method for fluid mechanical investiga-
tion. The basis of this method has its origin in the works of Jones [119] and
details of the procedure are given by Ahmed [120].

Consider the control volume ACGE around the airfoil as shown in
Figure 2.26. The fluid is assumed to be incompressible, i.e., density to be

constant or negligible:
E

Mass flow crossing AC (top) and EG (bottom) |p,, (U, —u)dz
Consider momentum: y

G
Momentum out over CG = I Puti’dz
C
E
Momentum in over AE = I Pl dz
A
G
Momentum out AC and GE = Ipw (U —u)U.dz
C
Force acting on fluid= -D

Since the rate of momentum increase equals the sum of all external forces,
we get:

- w

u
U DRAG WAKE

u

w
______________ -
=== |

dy ! oaz
] ]
e ,
----- <
FIGURE 2.26

Determination of drag by wake traverse method.
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G
D= _[ [Pott® = puUs + P (Uno —tt) U] dz
c

G
Simplifying, D = I Pt (U, —u) dz
But c

Coor D
~ oanzo
5 Pee

Hence, in the wake:

()

2.3.4.2 Practical Approach

Coanda Effect

In practice, Y,Y, is taken close to the airfoil, where local static pressure has
not yet recovered to the free stream static pressure value. So, we measure
total and static pressure at Y,Y, instead of at Z,Z,. Outside of the wake, the
total pressure is assumed constant; in other words, we have a situation simi-
lar to a potential flow. Now, in order to apply Bernoulli’s equation, we make
the following assumption: the total pressure does not vary within the wake.
Remember also that we have assumed incompressible flow. Then in the wake,

1 1
H=p,+—po’=p+—pw
p ZP p ZP

From continuity, with constant density,

w-dz=-u-dy
Therefore,
»2
D= J‘pmw(UL,o —u)dz
»n
But
u2=H_Pw;w2_H_P
1 1
2P 2P
Also, by definition
Cp= I D
~ oanzo
o P==e
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FIGURE 2.27
Test setup for wake traverse experiment.

and with
2
u H-p,
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Figure 2.27 shows the test setup generally used in profile drag determination.

2.3.4.3 Data Reduction and Plotting

* Calculate g and C, for each position in the rake, where

H_ao
g=7 p2
_aoUno
2P
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FIGURE 2.28
Qualitative plot of C, versus ¥, /c.

A ooUo%w
2p

¢ Calculate and enter the product C, (sectional drag coefficient) where

Ca=2{2-C, (1-g)

* Thereafter, graphically determine the total drag coefficient, C;, where

CD =chd(ywake)

c

A typical plot of C, versus y,/c (here y, is y,,..) is given in Figure 2.28.

2.4 Concluding Remarks

We are still a long way off from claiming that we can model complex
flow phenomena with absolute confidence. Physical experimentation is,
therefore, a necessary prerequisite on which to build confidence. Most
flows of practical importance, such as Coanda flows, are complex, turbu-
lent, and highly three-dimensional. Investigators, therefore, will have to
consider carefully the pros and cons before employing any numerical or
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experimental method or some combination of them. Consequently, it is
almost inevitable that Coanda flow will rely on some degree of empiricism,
which in turn would require an excessive margin of safety while evaluat-
ing the unknowns.
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3

Coanda Effect in Aeronautical Applications

3.1 Early Development of V/STOL Aircraft
Using the Coanda Effect

The concept of V/STOL aircraft was implicit in the patent of Henri Coanda
(Patent no. 1,108,652) as shown in Figure 1.1 of Chapter 1. The objective of
the idea was to create acceleration of an airflow over a concave disc. During
occupation of Paris in the Second World War, the German military became
aware of Coanda’s work and sought his help to design a large flying vehi-
cle that could be powered by its latest jet engine technology. Accordingly,
Coanda came up with the design of a disc-shaped vehicle that was 20 meters
in diameter and required 12 004B large jet engines to power it. The year
was 1944. At that point of the war, the Germans were losing and the Reich
was fast collapsing. So Coanda’s vehicle [1], as sketched in Figure 3.1, did not
progress beyond the wind tunnel testing phase.

Post-war, Coanda’s concept was revived by the Allied scientists, and in par-
ticular by Jack Frost in Canada. In Figure 3.2, Frost can be seen demonstrating
[2] the Coanda effect by allowing pressurized air from the end of a tube to
flow over the top of a metal disk. The flow curved down along the edges
without separating and supported the disk in the air.

Frost was able to convince the US military to provide funding. By 1958, the
AVRO Car VZ-9, which resembled a flying saucer [3], as shown in Figure 3.3,
was built in Canada by Avro Aircraft, Ltd. as part of a secret, US military project.

From the onset, the development of Avrocar was marred by technical prob-
lems and desired performance was hardly achieved. The project was eventu-
ally cancelled in 1961. Although the Avrocar never became a reality as an
operational vehicle, it nevertheless inspired many innovations, such as the
technology of ducted fans. Today, a full-scale replica of the Avrocar can be
seen as an exhibit at the Western Canada Aviation Museum in Winnipeg [4]).

The dream to integrate lift generation with propulsion remains as strong
as ever, and interest in the Coanda effect is not diminishing. Most of the
research efforts involve a combination of boundary layer control and circula-
tion control. Various aeronautical conferences, forums, and workshops, such
as those organized in 1986 and 2004 [5] on circulation control by the National
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i Boundary layer auction

FIGURE 3.1
Coanda’s design of an Aerodyne in 1944. (After: Coanda, 1935 [1].)

FIGURE 3.2
Picture of Jack Frost demonstrating the Coanda effect. (After: Arnodt [2].)

Aeronautics and Space Administration of the USA, are further testament to
those efforts.

The rapid progress in the development of suitable power plants, such as
the gas turbine with low specific weights (engine weight/static thrust), has
given hope and further impetus to the development of aircraft requiring
short runway lengths, and work continues toward the goal, continuing at
full steam [6].
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FIGURE 3.3
The first Avrocar at the Avro factory in 1958. (After: Bzuk, 2012 [3].)

This has resulted in the development of radical concepts of short take-off
and landing (STOL), vertical take-off and landing (VTOL), or V/STOL air-
craft as possible solutions. Unfortunately, aircraft produced thus far have
poor performance during take-off and landing and high drag in cruise.

Various types of schemes have been proposed to achieve V/STOL perfor-
mance. These include, amongst others:

¢ Compound aircraft, i.e., a helicopter with fixed wing

Tilt-wing aircraft, which rotate the entire wing and propellers
through 90 degrees while keeping the fuselage fixed

Tiltjets, tilt-propellers, or tilt-rotor aircraft, which rotate the thrust
producers while maintaining the fuselage horizontal

* Fan-in-wing aircraft, which use fans submerged in the wings

Jet powered aircraft, which use vectored thrust engines

The aircrafts seeking to exploit the Coanda effect, however, fall outside the
types mentioned above and generally involve suction, blowing, or circula-
tion control, or a combination of all three. It is, however, important to be
aware of the aerodynamic concepts that define their distinguishing features.

3.2 Some Basic Aerodynamic Considerations

It is clear from the above discussions that high lift generation with low drag
is an important driver of aerospace vehicle performance, and the Coanda
effect can play a significant role in that narrative. To make sense of the
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process, the reader needs to have a greater appreciation for the flow mecha-
nisms involved. We will, therefore, explore how lift is produced, how the
production is associated with “circulation,” and why “circulation control”
studies are relevant.

These issues are not limited to aeronautic studies only. Suitable means of
control and integration of lift production with a propulsive mechanism for
marine vehicles are also important in hydronautics, and in many non-aero-
nautical applications, such as for performance enhancement of road vehicles,
and so forth. Thus, the topics covered below will also be of benefit to any
reader who may be interested in manipulating forces generated on moving
bodies submerged in fluids.

3.2.1 General Description of Lift

When a body moves through air, it creates aerodynamic force around it. For
convenience of analysis, the aerodynamic force can be resolved into drag
and the lift force components. The drag force acts in the direction against the
motion of the body, while the lift force acts in the direction perpendicular to
the motion of the body. A schematic of forces acting on a moving airfoil is
shown in Figure 3.4.

While lift force is pressure driven, drag force is viscous driven. It is custom-
ary to express these forces in their non-dimensional forms, that is, in terms
of their lift and drag coefficients; and their relative importance is measured
by the aerodynamic efficiency of the body. This aerodynamic efficiency, 1,
is given by:

Naero = Llft/Dl‘ag =C./Cp

On a lifting body, such as on a wing, a low-pressure region is created on the
top surface and a high-pressure region on the bottom surface. Since a force is

Drag

Lift Total aerodynamic force

Flow direction /’T
¥ L

FIGURE 3.4
Aerodynamic force on an airfoil.
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the product of pressure and area, the magnitude of the total lift force gener-
ated on a body is given by:

L=A (pu—p]_)

where,
L = Lift force (N)
A = area (m?)
pu = pressure on the upper surface (N/m?) and
p. = pressure on the lower surface (N/m?)

From the above expression for L, the higher the suction pressure on the top
surface in relation to the pressure on the bottom surface, the higher is the lift
force acting on the body. In other words, to produce high lift, the pressure-
driven forces must dominate over viscous-driven forces and the flow must
remain attached to the body. This reinforces again why the Coanda effect
with its ability to prolong flow attachment has attracted so much attention
in aeronautics.

But not all body shapes can generate lift force of sufficient magnitude
that would be useful to an aeronautical engineer. We have already seen, for
example, in Figure 1.33 (a) of Chapter 1, that a square-shaped body would not
be suitable for lift production because this shape can very easily induce flow
separation at its corner edges and lead to high drag forces.

For a given aerodynamic force, the lift component can be increased if the
drag component is decreased. On this basis, Jones and his team at Cambridge
University in the 1930s proposed the concept of “streamlining” of a body.
This was a significant step that provided an effective means to increase a
body’s lift-producing capability while reducing drag at the same time.

A streamlined body generally takes the shape of an airfoil. An airfoil is a
cross section of a wing and can be thought of as a wing of infinite span of
constant cross section. The infinite span aspect consideration implies that
the flow over an airfoil is two-dimensional because the three-dimensional
effects that originate from the flow breaking away from the wing tips and
the subsequent induced drag are absent. The lift coefficient of an airfoil
becomes greater than the lift coefficient of the whole wing and varies lin-
early with increases in the angle of incidence. This makes the mathematical
and experimental treatment of lift force simpler. However, for a particular
airfoil, beyond a certain angle of incidence, the viscous forces start to domi-
nate over the pressure forces. This leads to rapid boundary layer growth and
eventually to flow separation. The airfoil then stalls and loses its ability to
produce lift further.

To prevent an airfoil or a wing stalling, some control measures, such as
boundary layer control, are introduced to ensure that the flow remains
attached to the wing surface longer.
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3.2.2 Lift Generation Using Abstract Mathematical Concepts

Let us start with the best-case scenario and consider an “ideal” flow in which
the aerodynamic efficiency of a lifting body is so high that in the limit it
becomes infinity. This is possible when the drag force is zero or when the
fluid motion suffers no losses. A corollary to this is that the total energy or
the sum total of the potential and kinetic energies at every point in an ideal
flow remains the same or becomes a constant.

The adoption of ideal flow assumption leads to some interesting mathe-
matical concepts that have their origin in the 16th century. Although abstract
in nature, these concepts are quite simple to understand and develop, and
enable us to interpret effectively some important features of the associated
flow mechanism.

3.2.2.1 The Concepts of Stream Functions and Stream Lines

To highlight some of the important flow features, it is sufficient to consider
ideal two-dimensional flows. We will start with the abstract mathematical
function of “stream function” to describe such flows since the “streamlines”
that accompany this function are easier to comprehend as visual represen-
tation of paths traversed by fluid particles. Later we will see that we need
another abstract function called the “potential function” to generate an air-
foil shape.

The fact that a streamline is generated from a stream function makes it
an abstract mathematical entity. There are several properties imposed on a
streamline. One is that the velocity normal to a streamline at any point must
be zero (Figure 3.5), implying that no flow can cross any streamline. This
in turn makes the streamline a mathematical representation of a solid bound-
ary where no flow crosses the boundary.

Stream functions are formulated to be expressed in units of m?/sec so
that the velocity components at any point can be obtained by differentiating

_0 Une=0
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FIGURE 3.5
The concept of a streamline.
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the stream functions with respect to their spatial coordinates directly. Once
we have determined the velocity at a point, we can then proceed to apply
the Bernoulli’s principle and obtain the pressure at that point within the
flow field.

A virtue of the ideal functions (stream and potential) is that we can simply
add or subtract different functions to produce a new function and describe a
new flow. For example, when we add the stream function of a uniform hori-
zontal flow to the stream function of a uniform vertical flow, we create a new
function that represents an inclined uniform flow. More on these mathemati-
cal expressions and how to derive them can be found in various fluid and
aerodynamic books that are listed in the supplemental reading list.

3.2.2.2 Creating Body Shapes Using Stream Functions

A number of stream functions are singular in nature. This means that the
flow generated by a singular function contains a point where the velocity is
infinite or cannot be quantified. Such singular stream functions carry special
significance in aeronautics because they can be combined to generate useful
body shapes of determinable velocity and pressure fields.

In aeronautics, a useful stream function is that of a doublet, y, e This
function can be created by combining two singular functions of source and
sink of equal strength and placing them so that the distance between them
tends toward zero but does not actually become zero.

Let us see what happens when we place a doublet, 4,1, in @ free uniform
stream, y,, where the stream is flowing from left to right. This will create a
new function, say, y., that would be given by:

Yec=Vo +l|’doublet

or

uo.
c=Ue.y———sin0d
1} Y Sy sin
where
Yo =—Us.y

Wdoublet = Lsme
2nr
U. is the free stream velocity, and
u is the strength of the doublet.

The flow field of the function, y, is shown in Figure 3.6.

By examining the flow field shown in Figure 3.6, we can observe a sym-
metric pattern of streamlines existing on both side of the doublet. On one
side, the stream functions become more positive while on the other side, they
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FIGURE 3.6
Flow over a doublet.

become more negative. This means the stream function at the center must
have a value of zero. This streamline corresponding to this central stream
function bifurcates and encircles the doublet before meeting again and con-
tinuing downstream.

The bifurcating streamlines encircling the doublet create the shape of a
circle that has two stagnation points: one at the front and the other at the
rear. The flow located inside the circle cannot escape outside of the it because
the circle is a streamline. We can, therefore, ignore the inside flow altogether.
The circle can now be considered to represent the cross section of a circular
cylinder. In other words, we have created a streamline that is the mathe-
matical equivalent of a two-dimensional stationary cylinder placed in a free
stream, which is shown in Figure 3.7.

3.2.3 The Concepts of “Circulation” and “Vorticity”

The lift equation of Section 3.2.1 merely gives an expression to quantify
the magnitude of the lift force, but it does not explain the mechanism of
lift production. The existence of pressure differences between the top and
bottom surfaces is not sufficient to produce a lift force on a body unless
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FIGURE 3.7
Flow over a cylinder.

the pressure difference information is communicated between the two sur-
faces. The mechanism by which this communication takes place is called
“circulation.”

Mathematically, circulation can be obtained from a line integral of a closed
curve of a velocity field as given by the following expression:

r=¢vm

where I' is circulation, V is the fluid velocity vector, and dl is the differential
length vector of a small element of a closed curve.

Circulation, however, is related to rotation. This may appear confusing
since rotation produces “vortex flow,” or vorticity. And when vorticity is
present, the flow no longer remains potential and is dominated by viscous
forces. However, to generate lift, we need pressure forces to dominate. In
other words, we need dominant pressure forces as well as rotation simulta-
neously to produce lift.

Let us explore how we can meet these conflicting requirements. The “vor-
tex” motion creates vorticity with circulatory streamlines. Mathematically,
this produces a flow field that can be potential (ideal) everywhere except
at its center where the velocity becomes infinite. Because of the singular-
ity, this flow field cannot exist physically. To find relevance to reality, we
can imagine a nucleus to be present at its center, which would be rotating
and thereby able to contain all the effects of vorticity. This nucleus would
negate the singularity without altering the nature of the flow field around
it. The circulatory streamlines of a vortex flow with a nucleus are shown
in Figure 3.8.
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FIGURE 3.8
Circulation and vorticity.

3.2.4 Circulation on a Rotating Body (Rotating Circular Cylinder)

We can now obtain the stream function of the spinning cylinder, ¥, by add-
ing the stream function of a vortex, W, o t0 Wc, Where the nucleus has been
replaced by a cylinder, so that:

Y = \VC+ l'Ivortex

[}

Y= ( sin®—U, y)——ln—
2nr
where the new term Yyorex is given by:

T r

Wyoetex = — o "

I' is the strength of the vortex
r is the distance of any point from the origin and
1, is the radius of the cylinder created around the doublet

By setting y. =0, and at ¥ = 4, we get an expression for 4 or the radius of the
circle that encloses the doublet, based on the doublet strength, as:

u
2nl,

For ease of differentiation, re-writing in polar coordinate and re-arranging,
we get:

Y= Uw,sme[ —1}——111—
2nll,r? 2n 1
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Thereafter, the normal and tangential velocity components can be obtained
by differentiating y using:

Since the normal velocity component is zero on the cylinder surface, the total
velocity is equal to the tangential velocity at any point on the cylinder sur-
face, and is given by:

a

At the stagnation point, the total velocity is zero, so that: u; =0, giving:
I' = 4masin®

or,

8 =sin"' (—L)
4ma

The above expression can be used to study the movement of stagnation
points as the circulation value increases from zero to higher values.

3.2.4.1 Stagnation Point Movement on a Rotating Body (Circular Cylinder)

Four cases of movement of stagnation points with changes in the value of
circulation are sketched in Figure 3.9 (a)-(d).

From Figure 3.9 (a), when the circulation is zero, i.e, I" = 0, signifying that
the cylinder is not rotating, the two stagnation points on the cylinder are
located furthest apart, one at the front and the other at the rear. This is the
case of a stationary cylinder placed in an incompressible and inviscid flow.

As the circulation value increases, but I' < 4nall.,, the stagnation points
start to move and come closer to each other, as seen in Figure 3.9 (b); eventu-
ally they collapse to a point when I' = 4nall.., at the bottom of the cylinder,
which is shown in Figure 3.9 (c). If the circulation is increased further and
I' > 4nall.,, the stagnation points finally detach and move outside the perim-
eter of the circle.

It is clear, therefore, that for the stagnation points to remain on the circular
cylinder surface, the value of circulation must lie between 0 <TI" < 4nall_, sin 6.
The point where the two stagnation points collapse into a single point on the
cylinder surface is when I" = 4nall... This is also the maximum value of the
circulation, since the maximum value of sin 0 is 1. This value is significant
because it furnishes the condition from which the maximum value of the lift
produced on a fixed body can be determined. But we have to find a way to
link the circulation to lift.
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FIGURE 3.9

Stagnation point movements on a rotating cylinder with changes in circulation value: (a) I' = 0;
(b) T < 4nall; (¢) T = 4nall; (d) T > 4nall.

The connection between circulation and lift force was provided by
Zhukovski at the turn of the 20th century. He used the approach of the circu-
latory streamlines that we discussed earlier. By replacing the nucleus with a
rotating cylinder of infinite span and then imparting a translational motion
to move it with a given velocity, he deduced that the lift force generated per
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unit span was equal to the product of the circulation, density, and velocity of
the fluid. This is now known as the Zhukovski’s theorem of lift, and can be
expressed as follows:

L
—=p.U.I'
g P
where the symbols L, S, U, p,, and I" denote lift force, span, free stream
velocity, free stream density, and circulation, respectively.

It is worth noting that, according to the above expression, lift is indepen-
dent of the diameter of the circle.

3.2.4.2 Maximum Lift on a Rotating Body (Rotating Circular Cylinder)

Let us now determine the lift coefficient on a rotating cylinder when the
stagnation points lie on the cylinder. By definition, the lift coefficient is given
by:

R T
—p.UsaS
5P

Using the lift theorem of Zhukovski, and replacing the Lift force, L, by
p.U..4mall..sinBS:

_ p.U.4mal.sin8S

1
~p..U2as
g P

CL = 47tsin®

The maximum lift coefficient, when both stagnation points are located on
the cylinder, is when sin © =1, giving, C; =4r, or approximately 12.56. If a
higher lift coefficient is to be achieved, the stagnation points must lie outside
the cylinder as shown in Figure 3.9 (d).

3.2.5 Circulation on a Non-Rotating Body (Airfoil)

We have seen how circulation can be created in the previous section. We will
now look at creating circulation on a non-rotating body.

In the 19th century, Von Helmholtz [7] discovered that vortices can be used
to create circulation around a non-rotating body. But to create these vortices,
he suggested two methods. The first method involved using a body with
a sharp leading edge inclined to a flow resulting in flow separation at the
leading edge of the body. This created a stream of vortices with a dead flow
region downstream of it. The second method involved placing a non-sharp
leading-edged body in a flow. The friction generated on the body produced
a discontinuous flow at the trailing edge and created vortices as the flow left
the body.
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Kutta [8] and Zhukovski [9], working independently of each other, pro-
vided the method to quantify the magnitude of circulation produced on a
non-rotating body. Following Helmbholtz, they first produced a stream of
vortices or a vortex sheet that separated at the trailing edge of a streamlined
body with low thickness-to-chord ratio. In the process, Kutta and Zhukovski
realized that to produce circulation a smooth separation of the flow from the
trailing edge was also needed. This they found was possible when the flow
detached at the trailing edge from the upper and lower surfaces with veloci-
ties that were equal in magnitude and direction.

While the condition of equal magnitude in velocity could be easily
achieved, maintaining the velocity direction so that it was the same at the
trailing edge proved difficult. A mathematical solution was possible when
both the upper and lower velocities became zero at the trailing edge. This
implied that the trailing edge had to be sharp edged and become a stagna-
tion point as shown in Figure 3.10.

Kutta simply enforced a condition of zero velocity to achieve a stagnation
point at the trailing edge in his analysis. Zhukovski, on the other hand, pro-
duced a more robust mathematical treatment to arrive at the same conclusion.

On a rotating cylinder, as described in Section 3.2.4.2, the maximum circu-
lation was found to be I' = 4nall, based on the two stagnation points collaps-
ing onto a single point. This suggested that the movement of the stagnation
points could provide a means to determine the maximum lift possible on a
fixed body, such as on an airfoil.

Zhukovski [10] demonstrated that this was possible if the method of con-
formal transformation was applied to transform the rotating cylinder flow
into an equivalent flow on a non-rotating airfoil configuration, thereby main-
taining flow conformity.

3.2.5.1 Conformation Transformation of a Circular Cylinder to an Airfoil

To apply the conformal transformation method, apart from stream function,
we also need its equivalent 90°, out-of-phase function. Ironically, this func-
tion is called the “potential function” (note: an ideal flow is also called a
potential flow, and so a stream function can be called a potential flow).

A “potential function,” too, has “potential lines” similar to “streamlines”
of a stream function and can be formed by rotating streamlines through 90°.

>y

bﬂ"o,,,

FIGURE 3.10
The Kutta—Zhukovski condition of smooth detachment at the trailing edge with U, = Upgom-
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This makes the potential lines slightly more difficult to visualize to represent
the path of flow particles compared to streamlines. The potential functions
also have the same units as the stream functions, and their spatial differen-
tiations, therefore, give velocity components.

We can now proceed with the following steps for a two-dimensional flow:

(1). First, the stream function, ¥, and the corresponding potential func-
tion, @, of a circular cylinder described in a real plane, Figure 3.11,
(x—y plane, coordinates, x, y), are obtained:

(2). Then the cylinder is then represented in terms of a complex function,
w, for a complex plane, Figure 3.12, (z-plane, coordinates, x, iy) as:

w=®+i¥

(3). The cylinder is transformed into an equivalent airfoil shape in a
second complex plane, Figure 3.13, (G-plane, coordinates, ¢, i), while
maintaining geometry and flow conformity.

To achieve the transformation, we need a transformation function
to link the two coordinate systems. In other words:

E=1 (2)
There are various transformation functions that can be used. One
such function is the Zhukovski function, which is given by:

bZ
C=z+ .

where b is the Zhukovski constant

P(x)Y)
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x=rcos ©; y=rsin O

FIGURE 3.11
The real-plane.
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The complex {-plane.

It is worth pointing out that transformation is highly dependent
on the values of the parameters: a (radius of the circle), b (Zhukovski
constant), and r (distance of a point from the origin of the coordinate
system). Thus, when,

r=a=b,
the circle transforms into a flat plate or,
r =a,a>b,

the circle transforms into an ellipse.
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Similarly, if the following condition is satisfied, the circle will be
transformed into a cambered airfoil shape:

r#a;a#b,a=(1+e)

It is worth noting that e is the eccentricity that gives thickness to
the transformed airfoil. Also it can be shown that the chord length
of the airfoil, ¢, is equal to 4b.

(4). Once the shapes are obtained, we will impart circulation of equal
magnitude to both the cylinder and the airfoil. The movement of
stagnation points on the spinning cylinder is related to the flow on
the airfoil under the assumption that the flow leaves the trailing
edge smoothly, with the trailing edge becoming a stagnation point.

For ease of analysis, the movement of stagnation points on the
cylinder, the camber, and thickness of the airfoil will be expressed
in terms of angles rather than distances.

We will now describe the process of conformal transformation using
Figure 3.14 (a)—(d). We will start by placing a circle in the first complex plane,
the z-plane, with the center of the circle offset from both the axes at an angle
of incidence of a, as shown in Figure 3.14 (a). The offset is given to produce
the thickness and camber in a transformed airfoil shape.

The Zhukovski transformation function is used to establish conformity
between the flow field in the z-plane and second complex plane, {-plane, as
shown in Figure 3.14 (b). Notice that the stagnations points, S, and S,, on the
circle are 180° apart, with the flow pattern remaining symmetrical around
the cylinder. On the transformed shape, however, we will find the second
stagnation point, S,, to be located on the top surface of the airfoil.

We now introduce circulation in the form of adding vortex motion to the
circular cylinder. This has the effect of producing substantial changes to
the flow patterns around the cylinder. The flow symmetry is broken and the
stagnations points, S, and S,, move closer to one another as can be seen in
Figure 3.14 (c) from. S, and S,, to ‘a’ and ‘b’ respectively. On the airfoil, how-
ever, the stagnation point must be at the trailing edge. So in Figure 3.14 (d),
the stagnation point, S,, now moves and is now located at the trailing edge
of the airfoil at point B while there is also a movement of stagnation point,
S, point to point, A.

3.2.5.2 Relationship between Stagnation Point Movements
of Circular Cylinders and Airfoils

On an airfoil, pressure differences on the top and bottom surfaces are pro-
duced by the angle of incidence, camber, and thickness of the airfoil. Hence
the magnitude of lift needs to be expressed in terms of these two param-
eters. Let o and p represent the angle of incidence and camber of the airfoil,
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5

FIGURE 3.14

Conformal transformation: (a) flow around a circle without circulation in the z-plane; (b) flow
around an airfoil (transformed) without circulation in the {-plane; (c) flow around a circle with
circulation in z-plane; (d) flow around an airfoil (transformed) with circulation in -plane.
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FIGURE 3.15
Geometry to relate circulation to angle of incidence and camber of an airfoil.

respectively. Figure 3.15 has been drawn to illustrate how the circulation on
an airfoil can be related in terms of these angles to the value obtained on a
rotating cylinder.

On the cylinder, due to circulation, the stagnation point, S,, has moved to
point b because of the Kutta—Zhukovski condition enforcement at the trail-
ing edge. In the process, it has moved through an angle equal to (« + p). This
also means that the trailing edge stagnation point on an airfoil has moved to
point B, as can be seen in Figure 3.14 (d). Replacing 6 by (« + f), the circulation
on the airfoil becomes:

I = 4masin (o+p),
Using,
a=b(l+e)andc = 4b
we get:
Cp =2n(1+e)sin(o+p)

where e can have a theoretical maximum value of 1, giving the maximum
value of lift coefficient of an airfoil to be equal to 4n.

In practice, boundary layer growth on the airfoil always gives rise to vis-
cous effects and the flow separates at around 15-18°. Thus, the maximum
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value of 4n is never achieved. The reported maximum lift coefficient appears
to be 1.8 [11], achieved on a NACA 23012 airfoil. Hence various strategies and
methods have been deployed to arrest the development of boundary layers
and generate the high lift necessary during take-off and landing. We will
discuss some of these high-lift devices before considering the Coanda effect
as a circulation control device.

3.3 Lift Augmentation

The devices that are deployed for lift augmentation on an airfoil are called
flaps. The flaps can either be unpowered or powered. We will discuss both
of these types before considering their relevance to the Coanda effect. Before
that, we will consider the “thin airfoil theory” to get some basic understand-
ing how we can theoretically determine lift force generated on airfoil. We
will then proceed to apply this theory to quantify lift augmentation on an
airfoil.

3.3.1 Thin Airfoil Theory

The essence of thin airfoil theory is that an airfoil can be replaced by its mean
camber line, and the mean camber line subsequently by point vortices [12,13],
as shown in Figure 3.16. The following notations and assumptions will be
used to describe the thin airfoil theory.

NOTATIONS
Cc: chord length
C: lift coefficient

Ay AL A, coefficients

u,: free stream velocity

o: angular representation of distance
I circulation

¥: vorticity per unit length

s: distance

ds: elemental distance

3.3.1.1 Assumptions

* The angle of incidence is small, < 4°.
* The camber is small.
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FIGURE 3.16
An airfoil is replaced by its mean camber line.

Circulation, I’
=X Al

® The airfoil is thin, and in the limit it does not have any thickness so
that it can be represented by its mean camber line.

* The flow is ideal, that is, no viscous effects are present.

¢ The total circulation is not concentrated as a vortex on the airfoil and
the vorticity is distributed to produce the mean camber line, so that:

=) Ar=Yy(s)as

or

r= I’y (s)ds
0
* y(s) is zero at the trailing edge (Kutta—Zhukovski condition).
* x can be represented in terms of c and 6 by x = %(1 —cosb)
Since camber is assumed to be small, y(s) also becomes a function of 6. The
task in thin airfoil theory then boils down to finding an appropriate expres-

sion for the vorticity distribution y().
Using the assumed relationship,

x=%(l—cose)

an expression for y(8) is obtained so that:

Y(6) = 2U.. [Ao 1+C°;e +;An sinne]

sin
where,

Av=o— [ Wgq
nJo dx
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A, = EJ d—ycos n0do
T Jo dx
Then, for the unflapped case:

CL=m[2A+A]

3.3.2 Unpowered Flaps

The conventional high-lift systems generally include mechanical flaps.
Mechanical flaps are called unpowered flaps. They form integral part of the
wing and are installed at the trailing edge, leading edge, or at both. At the
trailing or leading edge, the flaps during take-off or landing may be extended
beyond or deflected downward from the main wing.

The choice of the flaps are defined by the mission and performance desired
of an aircraft. They generally involve considerations of the lift coefficient,
drag coefficient and moment coefficient variations with the angle of incidence
(particularly, below the stall angle) as well as flap angle. Figure 3.17 shows
a selection of the various two-dimensional representations of mechanical
flaps used on airfoils.

3.3.2.1 Thin Airfoil Theory Applied to Unpowered Flaps

The analysis will be carried out using Figure 3.18.

NOTATIONS

¢ main chord length

Cr  flap chord length

c:  total chord length

a:  angle of incidence

a,: effective angle of incidence
Br  flap angle

U,: free stream velocity

3.3.2.1.1 Assumptions
Cr
e small angle, o, =0t +Br —
c

d c
* constant slope of c,, d—y =0, —0=Pr —
x
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(b)

FIGURE 3.17
Sketches of unpowered flaps: (a) plain flap; (b) split flap; (c) Fowler flap; (d) Zap flap; () slotted
flap; (f) Kruger flap.
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Geometry of an unpowered flap.

Then, the slope for Cy:

dy Cr )
= = 1
dx BF( c

Ao—oc+[3p———J|3 C—Pde-ljﬁp(——1) 0

or,

11:61

Ay =+

where, 8, = cos™ (1 - 2%)
Similarly,

A,, = & sin(n01 )
nn
And substituting in C;,

Cr =2mn (0 +B.Br)

Where, the flap effectiveness, B, (change in the effective angle of incidence of
the airfoil with changes in the angle of the flap),

91 —sin91

e=1_
B T

The increase in lift coefficient due to the flap is given by Figure 3.19,
ACL =27tBel3p
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FIGURE 3.19

Lift characteristics of a flapped airfoil.

The increase in C;,,,, is lower than the increase in C; for a single flap, gen-
erally one-third lower. More accurate values can be obtained in References
[14, 15]. An interesting feature apparent from these references is that at a
Reynolds number of 6 x 10¢ or higher (based on extended cord length), the
maximum coefficient of lift is approximately 2.7, irrespective of the type of
flap used [16]. Figure 3.20 shows the pressure distribution on a multi-surface
airfoil.

The mechanical flaps, however, incur significant weight and volume pen-
alties in wing assembly. These assemblies are also very complex and the
flaps perform poorly at off-design conditions. The reduction of weight and
simplification of flap designs without compromising performance require
special considerations in aircraft design.

It is important to note that this value of 2.7 can be increased to as high as
3.7 if some form of boundary layer control is applied [16, 17].

3.3.2.2 Examples of Unpowered Flaps in Operation

Various flaps have been deployed on many aircrafts over the years.
Figures 3.21 through 3.28 show images of some of them.
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FIGURE 3.20

Pressure distribution on an airfoil with leading edge slat and trailing edge flap.

FIGURE 3.21
North American T-6 trainer showing its split flaps. (After: 2009 [18].)
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FIGURE 3.22
The three orange pods are fairings streamlining the flap track mechanisms. The flaps (two on
each side, on the Airbus 319) lie directly above these. (After: [19])

FIGURE 3.23
Plain flap at full deflection. (After: ILA-boy 2008 [20].)

3.3.3 Powered Flaps

Strictly speaking, blown flaps and pure jet flaps should be considered pow-
ered flaps. As high-lift device concepts, however, we will include descrip-
tions of reverse flow airfoils and jet airfoils in this section. The cross sections
and experimental results regarding performance of some of these powered,
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FIGURE 3.24
Split flap on a World War II bomber. (After: “the real KAM?75”, 2010 [21].)

FIGURE 3.25
Double slotted Fowler flaps extended for landing. (After: AlexHe34, 2011 [22])

high-lift devices developed at Boeing Aircraft Company in the USA can be
found in References [16, 37, 38].

3.3.3.1 Blown Flaps

Blown flaps involve both mechanical flaps and air jets. In this arrangement,
air improvement in the effectiveness of mechanical flaps is attempted by
installing high-velocity air jets on their upper surface. When only air jets are
used and mechanical flaps are dispensed with completely, the arrangement
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FIGURE 3.26
Krueger flaps and triple-slotted trailing-edge flaps extended for landing. (After: Pingstone,
2002 [23])

FIGURE 3.27
Flaps during ground roll after landing, with spoilers up, increasing drag. (After: ShareAlike
4.0 [24])

is called the “pure jet flap.” The pure jet flaps are deflected directly from the
trailing edge to produce the same effects as the mechanical flaps.

The concept of the blown jet flap has been around for along time. Schubauer
[26] was probably the first who explored the use of jets to enhance lift. The
concept garnered greater attention with the development of turbojets that
furnished a readily available means of blowing air. Further impetus came
with the realization that the lifting system could be combined with the pro-
pulsion system. Consequently, various designs of pneumatic devices that
use blown jets have been investigated. Most of them can be considered to be
unconventional design concepts with varying degrees of success. We will
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FIGURE 3.28
The position of the leading edge slats on an airliner (Airbus A310-300). (After: Pingstone,
2002 [25])

describe briefly some of these non-conventional designs as they offer inter-
esting insight into fluid motion problems and may provoke innovative ideas
in future.

After WWII, workers such as Lighthill [27], Glauert [28], and Williams [29]
proposed two-dimensional airfoils that used suction through a slot to pro-
duce sink effect to arrest the occurrence of sharp adverse pressure gradients,
thereby avoiding or delaying flow separation. These works were, in a sense,
a continuation of boundary layer control attempts that had started with
Prandtl [30]. The process has been aptly described by Lighthill [31] as follows:

If the drop from the summit to the foothills is replaced by a shear prin-
ciple, by a discontinuity in fact where the boundary layer is sucked away,
and the remainder of the velocity curve given an even declivity down to
the trailing edge, it is hoped that breakaway will be avoided.

Glauert [32] refined his earlier work [28] and produced the interesting find-
ing that it is possible to design thick airfoil shapes over which flow could
remain attached and laminar. The qualitative descriptions of the results of
his studies in terms of pressure distributions on the top and bottom surfaces
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FIGURE 3.29
Qualitative description of the pressure distributions over a lobsterpot airfoil with suction at
the trailing edge.

are shown in Figures 3.29 and 3.30. In both cases the pressure on the top sur-
faces have been maintained constant, and suction has been used to control
the boundary layer growth and the adverse pressure gradient. In the first fig-
ure, the suction was applied at the trailing edge of a lobsterpot airfoil while
in the second figure the suction was applied at a location on the top surface
of a thick airfoil. These theoretical trends were validated by the experimen-
tal works of Keeble and Atkins [33].

Kiichemann [34] observed that the constant pressure shapes and the lob-
sterpot airfoil studied by Glauert [32] were similar to the cavitation bub-
bles behind solid bodies as reported by Birkhoff and Zarantonello [35] and
Woods [36].

Various high-lift devices employing internally and externally blown
flaps and lifting characteristics against blown coefficients can be found in
References [37, 38].

3.3.3.2 Reverse Flow Airfoils

Figure 3.31 shows a ducted airfoil that has reverse flow taking place inside.
Flow features of such a shape were considered by Kiichemann [39]. The
air that comes out from its front end bifurcates into two streams that flow
around the two parts of the airfoil before joining again at the rear end; then
they re-enter the airfoil and repeat the journey continuously.
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FIGURE 3.30
Qualitative description of the pressure distributions over an airfoil with a suction at the upper
surface.

FIGURE 3.31
Schematic of a reverse flow airfoil.

In this type of airfoil, the requirement of the existence of a free stagna-
tion point at intake makes the task of designing the inlet slot a difficult task.
The pressure that exists at the stagnation point means that the air has to be
pushed in rather than being sucked in, with the consequence that the stagna-
tion point no longer remains fixed and the flow becomes unsteady. Heughan
[40] has shown that such unsteadiness can be overcome by placing a solid
plate symmetrically along part of the streamline to stop the movement of the
stagnation point. Since the flow accelerates on the flat plates, boundary layer
growth is inhibited and poses little difficulties.
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Using the hodograph method, different shapes of the frontal nose to eject
the flow in a manner similar to the reverse flow airfoil concept have been
calculated by Eminton [41]. But to keep the flow inside the duct moving con-
tinuously with low drag requires energy input. Cost effective means of pro-
ducing such energy, and delivery of it, are essential to make the concept of
the reverse flow airfoil viable.

The fundamental propulsion aspects associated with such airfoils have
been considered by Edwards [42] and others. However, to date, it has been
difficult to generate a complete lifting body shape with internal duct geom-
etry and a free stagnation point at the rear that produces minimum viscous
wake.

3.3.3.3 Jet Airfoils

Figure 3.32 shows a jet airfoil. Similar to the reverse-flow airfoil, this type of
airfoil also has a duct passing through it and the flow enters at the front and
leaves at the rear without changing direction. In this arrangement, a turbojet
engine with by-pass fans, where the by-pass duct is divided into two cold-
air ducts on either side of the gas generator may be readily integrated with
the wing, thus combining the generation of lift and thrust for the wing. This
means the jet wing will require a large number of fans. Keeping the losses
and noise produced from these fans to a minimum are fundamental chal-
lenges that need to be overcome. Other pneumatic schemes similar to the
jet wing concept to augment lift have also been considered with very little
success [43-47].

3.3.3.4 Pure Jet Flaps

The schematic of a pure jet flap is shown in Figure 3.33. In this configuration,
the jet emerges from a slot slightly upstream of the trailing edge of a small
flap and remains attached to it at the exit. It is interesting to note that lift is
produced on flapped jet airfoils even if the angle of incidence is zero.

The term jet flap came about from the analogy between a mechanical flap
and the jet effects. But, as Kiichemann [34] has pointed out, this is only par-
tially justified. The analogy holds in the sense that any vorticity downstream
of an airfoil may induce a lift on it, but otherwise the analogy is questionable.

A

————

Jet

FIGURE 3.32
Schematic of a jet airfoil.
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FIGURE 3.33
Schematic of a pure jet flap.

The term “jet flap” continues to be widely used in the literature. We will,
therefore, retain the use of the term.

The flow over the jet flap is a demonstration of the Coanda effect [48].
The flow leaves tangentially to the trailing edge. The jet is curved and the
angle at which it leaves the trailing edge relative to the mainstream is not
constant and can be varied. Across this curved jet, a significant pressure
difference is created. This in turn produces a load at the trailing edge.
This is highly significant; apart from lift being produced from circulation
around the airfoil, there is now the additional circulation from the reac-
tion of the jet.

The jet flap concept as an entity separate from direct studies of Coanda
effect has been attempted for a long time. The first known study on jet flaps
is attributed to Hagedorn and Ruden [49]. Just as with other schemes requir-
ing jets, the jet flap studies also garnered renewed attention with rapid devel-
opment of the jet engine after WWII [50-54]. Works by Kiichemann [55] have
been noteworthy and have helped to provide clarifications to some of the
important flow features pertaining to jet flap flows.

The theoretical works of Spence [56, 57] are a significant milestone.
Although he used assumptions of small perturbations and linearized two-
dimensional thin-airfoil theory, he was able to predict the performance
of jet flaps with extremely good effect. Experimental work carried out by
Dimmock [58], Malavard et al. [51] and others largely supported his theoreti-
cal concepts and results. We will discuss Spence’s work in more detail later.

The Hunting H 126 [59, 60] is the first research aircraft built that used the jet
flap concept. It carried out successful flights from March 1963 onwards with
lift coefficients of up to 7.5. The aircraft had sharp stalling characteristics
requiring a sufficient stall margin. This along with lateral control charac-
teristics limited the maximum usable C; value to 5.5 [62-64]. Figure 3.34 [61]
shows a picture of H 126.

3.3.3.5 Thin Airfoil Theory Applied to Powered Flaps

The thin airfoil theory can also be applied to powered flaps. The thin airfoil
theory analysis is similar for both blown and pure jet flaps. Sketch of a blown
flap geometry is shown in Figure 3.35.
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FIGURE 3.34
The H.126's blown flaps with wing tip thrusters and main exhausts. (After: Mark.murphy [64].)

FIGURE 3.35
Sketch of powered flap geometry: blown flap.

There are two models that we will consider; one is the Spence flap model
[56, 57], and the other is the Kiichemann Flap model [65]. Both are concerned
with producing lift through the use of jets. The analysis appears similar, too.
The models adopted in the two approaches are, however, open to different
interpretations. We, therefore, need to appreciate the approaches of both and
adapt our strategies accordingly to best suit the design requirements.

In Figure 3.35, the notations used are:

b, thickness of the jet
C: total chord length
ce:  flap length
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m;: mass flow rate of the jet
it mean jet velocity
U,: free stream velocity

A:  angle of incidence
Bt angle with which the jet leaves or the jet flap angle

Let us also consider a segment of a jet as shown in Figure 3.36.

Where
Ap pressure difference across jet
R radius of curvature of jet
U, velocity of jet
A@ differential element of jet

We now apply the momentum theorem to the differential element, A6, of
the jet:

miet . u]etAe = 'Ap . R . Ae,

FIGURE 3.36
Geometry of a jet segment.



Coanda Effect in Aeronautical Applications 149

or,

_ mjet ujet

3.3.3.6 The Spence Model

3.3.3.6.1 Theoretical Analysis

The notations shown for blown flaps can also be used to explain the Spence
flap model that is applicable to both blown and jet flapped airfoils. We will
describe Spence’s analysis with reference to Figure 3.35 and Figure 3.36.

The standard assumptions of thin airfoil are assumed to be valid. The jet
is assumed to be thin, with a finite momentum flux, 4, that acts along the jet,
so that:

K = Pjet ujetbjet

We will further assume that as the jet angle tends toward a zero value. Thus
a constant momentum flux acting along the jet gives:

1
n= ECquUiC

where C, is the coefficient of the jet momentum flux.
Equating the terms for u we get:

n
2P

The momentum flux appears to behave like a jet force or a reaction force.
In such comparisons, C, can be likened to the coefficient of lift. In fact, an
approximate value of C, is often determined by measuring the reaction
statically.

Some entrainment of the surrounding air will inevitably occur. This will
introduce errors in the measurement. A more accurate value should instead
be obtained by measuring the mass flow rate assuming an isentropic expan-
sion of the jet from the point of its introduction.

Let us now place an infinitesimal number of vortices, each of strength,
say, Y. along the jet such that the reaction produced on each element is
equal to Fj,;:

Fjet = Piet - ujet—yjet ‘R-A6
Also, on flow external to it, the jet produces a reaction, F,

Fe = ApRAS,
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Equating the terms for Fj,;:

mjetujet
p.RU..
When the jet is nearly horizontal, the radius of curvature is very large, and

taking x as the distance downstream of the airfoil, the radius in the above
expression can be approximated by:

Yiet =

Then:

mjetujet ﬂ
p.U. dx?
So that the total circulation due to the jet is given by,

YViet = —

1—‘jet = ijet dx
0

_ mlia [d%y
=—— |- X
p.U. ’ dx
dy

Since, at a small angle, == = o.+f; and at o, d_y =0,
dx dx

n;jetLLIIjet ((X +|3)

oo Ll oo

jet =

The total lift, L, generated is composed of lift from circulation, L, around the
airfoil and lift, L, from the vertical component of the jet reaction:

L=L +Lj
where
L =p.U.T',
and
Liet = pjerldjetjet
giving

2T,
U.c

Cr=="<+C,(a+p),
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or,
CL=A(Cy)o+B(Cy)bja

For given values of the angle of incidence, o, and C,, and taking bj; = Z—Z at

the trailing edge, Spence used thin airfoil theory and Fourier series analysis
for a symmetrical airfoil and obtained results for the vorticity distributions
on the airfoil and the jet. Without delving into the mathematics further, we
can mention the approximate expression for the coefficients, A and B from
his analysis that are valid for 0 <C, <10:

A(C,)=2m+1.152C,** +1.106 C, +0.051C,"*,
and
B(C,)=2"°C,% +0325C, +0.156C,'°

Following Spence’s analysis [57], typical trends for the vorticity distributions
along the jet can be obtained, as shown in Figure 3.37.

3.3.3.6.2 Validation of the Spence Model

Overall, Spence’s method has resulted in predictions that have been found to
agree well for flap deflection angles of as high as 60°.
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FIGURE 3.37
Vorticity distribution trends along a two-dimensional jet-flapped airfoil.
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As lift is produced, it also results in a tangential force component being
produced. The magnitude of the coefficient of this tangential force compo-
nent can be expressed as [34]:

Cr=—C,(1-cos Bjer)

There have also been attempts to incorporate the effects of thickness in the
expressions for the lift coefficients. These can be expressed as [66]:

CL= ch (1+ )+Cp. (a+B)

Maskell and Spence [67] also attempted to develop a theory (for three-
dimensional jet-flapped wings) to examine the effect of blowing on induced

t
drag and produced the following relation taking into account thickness, (—),
and the aspect ratio, A: ¢

C.= P[( ;ﬁ )B,et (aCL )a](né)—écu (0+B)

Where
aC
" J4nC, (1+0.151C, +0.139€,)
aC
5o =2m(1+01514/C, +0219C, )
A+2C
F(A,C
(4C)~ 2 ave 604J—+0 876C,

Further developments on three-dimensional flapped wing theory have been
carried out by Lissamann [68, 69], Lopez and Shen [70], Kerney [71], Shen
et al. [72], and others.

From the above works, as has been found for any conventional wing, the
lift produced on a jet-flapped wing was also affected by the finite span and
was lower due the production of the associated induced drag. The blowing,
however, had a favorable effect and produced some reduction in the induced
angle. The following expression derived by Spence [57] for induced angle
was used, Olinduced:

C
A +2C,

Qinduced =
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This enabled the induced drag coefficient to be determined using Cp, ,,..ar
so that the total drag coefficient became:

%
A +2C,

CD induced =

CD Total = CD viscous +CD induced

For attached flow on the wing, the drag due to viscous effects generally
remain independent of the angle of incidence and aspect ratio.

3.3.3.7 The Kiichemann Jet Flap Model

A case for a simpler jet flap model based on the Thwaites flap has been
advanced by Kiichemann [65] to provide greater insight into the jet flap prin-
ciple, as shown in Figure 3.38.

The Thwaites flap is a small, thin flap that is attached at the lower surface
and near the trailing edge, but perpendicular to the surface. The trailing
edge is different from conventional sharp ending trailing edges in the sense
that it is rounded. The Thwaites flap fixes the position of the rear dividing
streamline. Boundary layer control through some form of suction, blowing,
or entrainment mechanism is needed to ensure that the separated layer at
the trailing edge remains thin.

Pankhurst and Thwaites [73] had earlier shown that the Thwaites flap
worked well with distributed suction applied to a porous cylinder achiev-
ing an impressive lift coefficient of approximately 9. Kiichemann argued
that a jet introduced at the trailing edge could produce similar effects to
those of the Thwaites flap; this could be done by fixing the rear stagnation
point beyond the conventional trailing edge stagnation point location, thus
increasing the circulation produced.

Kiichemann has also shown that his jet flap model can be extended to
include other significant effects such as that of thickness, camber, finite span,
compressibility, and sweep for design purposes. For example, to ensure uni-
form loading on the wing chord, generally, camber could be introduced at
the leading and trailing edges.

Thwaites flap MjgUjes

FIGURE 3.38
Schematic of Thwaites flap.
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3.3.3.7.1 Accounting for Thickness in Kiicheman’s Model

The effect of thickness is explained in Kiichemann’s model. Figure 3.39 shows
a qualitative description of the pressure distribution that can be generated
using thin airfoil theory and Kiichemann’s model on a two-dimensional
elliptic airfoil.

The pressure distributions predicted higher acceleration both on the top
surface as well on the bottom surface compared to thin airfoil predictions.
The overall lift force appeared to remain largely unchanged. Experimental
results of Dimmock [58] supported the Kiichemann model predictions.
Despite viscous effects being present, particularly at the jet exit, the results
clearly demonstrated that the introduction of the jet provided the ben-
efit of overcoming the adverse pressure gradient built up by energizing
the flow.

The effect of thickness on Kiichemann’s model can also be applied to a
three-dimensional flapped wing, and a qualitative comparison is shown in
Figure 3.40.
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FIGURE 3.39
Qualitative description of the pressure distribution over a two-dimensional flapped elliptic
airfoil.
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FIGURE 3.40
Qualitative description of the pressure distribution over a three-dimensional flapped wing.

Experimental results of Williams and Alexander [74] on the effects of
span provide clear support for the suitability of the Kiichemann model, and
showed that the model could be used for design purposes. Once again, as
was observed for the two-dimensional case, the introduction of jets over a
three-dimensional flapped wing provides additional energy to overcome the
viscous effects present and mitigates the adverse pressure gradient growth.

3.3.3.7.2 Insight into Flow Physics Using Kucheman'’s Model

Kiichemann’s model assumes that the vorticity along the jet can be ignored,
and for a given overall circulation, the downwash produced by the loading
on the airfoil compensates only the vertical velocity component of the free
stream. This ensures that the lift produced from a jet reaction is independent
of the angle of incidence, similar to the Spence model.

To reinforce his ideas better, Kiichemann [34] considered a two-dimen-
sional flat plate at a zero angle of incidence and introduced a jet from a point
near the lower surface but slightly upstream of the trailing edge to fix the
stagnation point in a manner similar to the Thwaites flap. This demonstrated
fore-and-symmetry of airfoil loading. The downwash velocity becomes zero
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from zero upwash and zero downwash. The following qualitative descrip-
tion is based on Kiichemann’s explanation. Here the loading, F (x), along the
chord is assumed to be made up of two components of loadings, but of equal
and opposite magnitude, one, F; (x), inducing downwash and the other, F, (x),
inducing upwash, so that:

F-(x)=F-(x)-+F-(x)

The situation may be likened to that of two flat plate load distributions that
are back to back to each other as can be observed in Figure 3.41.

Insight as to what happens on a three-dimensional jet-flapped wing is also
provided by Kiichemann’s model where the distinguishing feature of the
flow on a wing is characterized by the shedding of wing tip vortices that
induce a downwash angle on the wing.

For a flat jet-flapped wing placed at zero angle of incidence, the downwash
angle may be assumed to be constant along its chord length. This time, how-
ever, the load distributions F; (x) and F, (x) are not going to be equal and oppo-
site in magnitude, as was the case for the two-dimensional jet-flapped airfoil.
Therefore, to maintain an overall zero downwash, the loading F; (x) has to
be reduced accordingly. This would make the chord-wise load distribution
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FIGURE 3.41
Qualitative description of the chordwise loading distribution (2D) of a jet-flapped airfoil.
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asymmetric. The suction force at the leading edge will be reduced, making it
smaller than the suction force at the trailing edge.

The asymmetric aspect in the distribution of bound vorticity and down-
wash along the chord of a three-dimensional jet-flapped wing where the
front end of the wing is loaded is shown in Figure 3.42. It is possible to
restore symmetric distribution by introducing a jet of weak momentum flux
on the wing of a very high aspect ratio (C, << m A/2) so that jet-induced thrust
becomes equal to the vortex drag.

Kiichemann [65] also toyed with the idea that the Thwaites flap be mov-
able and thus achieve controlled separation along sharp edges of the nozzle
as well as of the flap. This would ensure that the flow is well behaved and
efficient.

3.3.3.8 Design Implications of the Spence and Kiichemann Models

Both the approaches of Spence [57] and Kiichemann [65] can provide useful
guidance when it comes to designing jet-flapped airfoils or wings, particu-
larly when a designer is confronted with conflicting requirements as how to
best achieve the desired outcomes.
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FIGURE 3.42
Qualitative description of the chordwise loading distribution (3D) of a jet-flapped wing.
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The two most important decisions a designer probably has to make are
concerned with the:

* Shape of the trailing edge, and
* Fixing of the location of the rear stagnation point.

Conventional wings have generally involved a sharp trailing edge to
satisfy the Kutta—Zhukovski condition of smooth separation of flow at the
trailing edge. However, from a structural and manufacturing consideration,
a sharp trailing edge is never the best practical solution. Consequently, a
thicker, probably, round trailing shape becomes worthy of consideration.

On around-shaped trailing edge, the rear stagnation point does not remain
fixed, giving rise to unsteadiness with unpredictable behavior of the flow.
The introduction of jets can alleviate this problem by fixing the location of
the rear stagnation point.

It is important to appreciate the discussion we had before, that to gener-
ate high lift, we need to fix the rear stagnation point. The decision of how to
fix the stagnation point at a given location will determine the magnitude of
circulation we want to produce and hence the magnitude of lift on the airfoil
or wing,

We can, in general, adopt two strategies:

* Produce a highly curved jet from the trailing edge itself. This will
help maintain a large pressure gradient on the lifting body, or

* Shift the rear stagnation point away from the trailing edge to a point
on the lower surface of the airfoil or wing.

The choice of strategy will determine the shape of the trailing edge.

With the first choice, it may involve a sharp trailing edge. If a round-shaped
trailing edge were to be used, then the stagnation point must be shifted
through progressive deflections of the jet through increments of acute angle
steps downstream of the nozzle, similar to the original device that Coanda
had experimented with.

For the second choice, a round-shaped trailing edge may be used, but to
fix the location of the stagnation, a Thwaites type of flap point may be more
suitable.

3.4 Wall Jets

It is clear that the lift augmentation of jet flaps is heavily dependent on the
nature of the air jets and how they are introduced. We are interested in a jet
that is thin relative to other dimensions in the flow as it flows along a wall
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surrounded by a fluid which is otherwise at rest or coflowing. We will call
this jet a “wall jet” in this section. This jet has higher streamwise velocity
than the fluid surrounding it and is likely to be fully turbulent. When the
wall jet flows tangentially adhering to the surface, it displays what we have
seen before, the features of the Coanda effect.

3.4.1 Straight Wall Jets

For the purpose of easy understanding, we can assume that a two-dimen-
sional wall jet has, on one side, the characteristics of a free jet while on the
other side those of a boundary layer. This is, of course, an over-simplification
since the wall definitely exerts its influence on the outer region of the flow,
and similarly, the outer flow region affects the flow inside of the boundary
layer of the wall. The overlap of the two flow regions is determined by the
maximum velocity in the jet. The resulting velocity profile will be a compos-
ite profile of a half jet and a thin boundary layer, as shown in Figure 3.43.

The earliest experiments on walljets were performed in 1934 by Foerthmann
[75], followed by, in later years, Sigalla [76] and Barke [77].

Foerthmann [75] discovered that the velocity profiles are self-similar.
Ignoring the immediate downstream effect from the slit, these profiles could
be described by the equation:

u~x2 fy/ x)

where x is a fictitious distance from the exit slit.
Evaluating the distribution of the shearing stresses, Foerthmann deter-
mined the mixing length law of the form:

y =0.068 b

where b denotes the width of the wall jet.

Maximum
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Velocity \
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Slot Height Straight Wall

FIGURE 3.43
Velocity profile of a straight wall jet.
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The above relationship was also confirmed by the measurements under-
taken by Sigalla [76], who established that the local shearing stress can be
expressed empirically by:

T T
T =0.0565(—':)51)
= u}n
2P

where u,, is the maximum velocity of the wall jet, and 8, is the corresponding
distance from the wall.

For the adiabatic wall temperature for the wall jet, Riley [78] found the
recovery factor formed with the maximum velocity can be expressed as:

2

oo

R — 2CP (Tadiabatic - Teo ) — T(PT) ,
u
where the assumptions are:
(Tadiabatic - Too) ~ x_l, and u ~ x"l

For the special case of Prandtl number, Pr =1, r =0, T,giapatic = Tw, dissipa-
tion causes the transport of the total energy produced away from the wall.

We know that any flow over a surface, be it straight or curved, invariably
forms a boundary layer. The main difference between normal boundary lay-
ers and wall jets is that the wall jets produce a stronger attachment of the jet
to surface, hence they are capable of producing the Coanda effect. The wall
jets are able to resist the build-up of adverse pressure gradients for a longer
distance and consequently delay or prevent flow separation more effectively.

Since no flow can cross the boundary of the wall, this inhibits the growth
of pressure reflections from the wall. The wall acts a damping mechanism
that restricts the size of the large eddies that may be formed in the outer flow
regions. This reduces the entrainment of a wall jet compared to a free jet
with subsequent lowering of the level of turbulent energy transfer from the
streamwise to the flow in the normal direction.

The above scenario translates into positive shear stress in the outer
region and negative shear stress in the inner boundary layer of the wall jet.
Compared to a free jet flow, for the wall jet, this has the effect of lowering
the Reynolds stress normal to the wall [79]. The point of zero stress, which
is generally assumed to coincide with the location of the zero mean veloc-
ity gradient, now moves away from it and resides closer to the wall. The
assumption of coincidence of the two locations, which is the basis of the
simple algebraic turbulence model, no longer remains valid and cannot be
applied. Although the logarithmic velocity profile as applicable to the inner
layer of the boundary layer may still be valid, this is only the case for a small
part of the near-wall flow.



Coanda Effect in Aeronautical Applications 161

In an adverse pressure gradient, self-similarity laws can be applied to
straight wall jets with stream external to it providing the case for non-dimen-
sional properties to be taken to be independent of downstream locations.

Such assumptions, although not strictly true, nevertheless serve as good
approximations. Furthermore, the assumptions are valid only if the external
velocity to jet maximum velocity ratio remains more or less constant [80].
Overall, flow interactions between the outer and inner layers are complex
issues and are beyond the scope of this book.

3.4.2 Curved Wall Jets

When the surface is mildly curved, as happens in the case of blown flaps, the
jet thickness is approximately 1% of the radius curvature of the streamwise
wall radius. The function of blowing in this case is to maintain flow attach-
ment and delay flow separation. The trailing edge is still sharp, and we can
still enforce the usual Kutta-Zhukovski condition on these airfoils.

In such flows, the similarity assumption is valid [81], but only partially,
provided the ratio of radius of curvature to the jet width remains constant.
The streamwise curvature encountered generates additional strain on the
turbulent flow. The surface curvature effects on turbulent flows become quite
substantial and difficult to predict accurately. Figure 3.44 shows the curved
wall jet and possible shape of the velocity profile of the jet on the wall.

As the curvature of the wall increases, such as on airfoils that have a
rounded trailing edge, the jet thickness can increase significantly and
become several times larger than that for blown flaps. Since the trailing is
no longer sharp, we cannot enforce the Kutta—Zhukovski condition on such
configurations. The stagnation point moves outside of the trailing edge, lead-
ing to increases in the circulation value and higher lift.

Curved Wall

'

Slot Height — s

Maximum
Velocity

Radius of
Curvature

FIGURE 3.44
Velocity profile of a curved wall jet.
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Wall jets have been employed in practice for boundary layer control and in
film cooling [82]. The attachment of flow length or the movement away of the
stagnation point is a function of jet blowing. The amount of jet blowing can
be controlled and be used as a circulation control parameter.

The first attempts to describe the circumstances of a wall jet theory
was undertaken by Glauert [83]. His work was considerably improved by
Eichelbrenner and Dumarge [84]. The semi-empirical theory succeeded for
the first time in predicting the separation of a wall jet. Subsequently, based
on experimental measurements [85-87], Gartshore and Newman [85] were
able to propose an integral momentum method for wall jets with injection
and determined the numerical value of the momentum coefficient to prevent
the separation of the wall jet.

Experimental and theoretical investigations into the pattern created by
two-dimensional plane jets flowing along the contour of a circular cylinder
have been carried out by Gersten [88]. Dovarak [89] also performed calcu-
lation on two-dimensional turbulent boundary layers on highly convex,
curved walls with particular attention to wall jets flowing along curved
walls. Sforza and Herbst [90] have investigated three-dimensional aspects in
incompressible turbulent walls.

Most of the research on curved wall jets have used logarithmic spirals or
circular arcs, mainly because the assumption of self-similarity can be used.
From an engineering standpoint, however, the spiral shape is not very use-
ful, and efforts are continuing to develop numerical schemes that would be
capable of capturing the curvature effects on any arbitrary shape.

From a physical experimentation point of view, the high intensities pres-
ent in wall jets flows also present difficulties, and accurate measurements
are difficult to obtain. Most researchers have, therefore, attempted to create
two-dimensional flows in their studies. A review conducted by Launder and
Rodi [79], however, have found the results from these works to be deficient in
achieving two-dimensionality.

There appears to be three major reasons for flow non-uniformity in wall
jet experiments. One emanates from manufacturing errors in producing test
models with the right slot configurations. Fekete [91] found the manufactur-
ing errors to be responsible for wide variations in jet thickness as well as
unreliable pressure measurements.

Guitton and Newman [92] and Gartshore and Hawaleshka [93] have found
the vorticity created at the end of a slot to be another major cause that pro-
duces non-uniformity and three-dimensional effects. They used end plates
along the sides of the wall jet to arrest the transverse movement. This, how-
ever, gave rise to secondary flows from the interaction between the end wall
boundary layer and the wall jet, and created a somewhat U-shaped second-
ary flow that bifurcated around the end plates. Additional end plates [92]
were used to reduce boundary layer growth and reduce secondary flow from
developing. Attempts to inject energy into the wall boundary layer through
tangential blowing have not been very successful [92].
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A concave curvature may be another cause of a wall jet to contract and
produce flow non-uniformity. The contraction may lead to the formation of
longitudinal vorticity and the spanwise spread of the flow [94]. Large aspect
ratio slots are often used to reduce the three-dimensional effects, but con-
siderations of machining such large slots accurately limit their practical
applications.

There have been attempts to understand the three-dimensionality effects
through studies on free jets, wall jets, and wakes [95-97] from rectangular
slots. By studying the decay of maximum velocity, Sforza and Herbst [90, 90]
observed three distinct regions:

* Potential core.
* Characteristic decay.
* Axisymmetric decay.

In wall jet studies, although three similar regions can be observed [81], the
decay of the maximum velocity was found to be much more dependent on
the orifice configuration and its aspect ratio, with the spanwise spread being
more rapid. Results from annular wall jet studies of streamwise effects and
curvature effects also showed similar trends.

Three-dimensional wall jets with a finite ratio of the two sides have been
studied experimentally by several workers [90, 98-100]. The measurements
from these studies show a rapid rate of jet spreading in the spanwise direc-
tion and the existence of a very different fictitious origin for the growth of
the width of the jet in the parallel as opposed to the normal wall direction.

3.5 Circulation Control Airfoils

We are now in a position to talk about circulation control airfoils that utilize
the Coanda effect. We have seen earlier in Figures 3.9 (a)—(d) that circula-
tion can be affected by the movement of stagnation points. High lift can be
achieved by moving the location of the stagnation point beyond the sharp
trailing edge of a conventional airfoil or blunt trailing edge profile. This may
be achieved by either suction or blowing.

Prandtl [101] used steady suction to remove the low momentum fluid from
the boundary layer from a given free stream on one side of a circular cylin-
der. This helped to maintain flow attachment on the side of the suction slot
to produce lift. The concept has been applied to thick airfoil shapes as well,
to prevent or delay flow separation. However, to move the stagnation point
away from the trailing edge location without flow separation requires the
application of very large suction. This would incur a large drag penalty and
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lower the aerodynamic efficiency. Moreover, large internal ducts would be
required to implement the suction system. These are major drawbacks that
have proved very difficult to overcome.

Thus, from practical and performance considerations, the suction methods
on their own are not considered suitable for circulation control application
and their use has been limited to the prevention or delay of flow separation
on an airfoil surface.

Blowing is the other technique that has been found to prevent or delay flow
separation on an airfoil surface. Blowing can be used to produce wall jets,
which we have discussed in the previous section. Wall jets can, therefore,
be considered as another means of controlling the boundary layer. In that
sense, Kiichemann’s [65] concept of blowing over a moveable flap to prevent
flow separation and fix the stagnation point at the trailing edge essentially
becomes a demonstration of boundary layer control by wall jets. In this sce-
nario, the increment in lift, AC; is roughly proportional to the jet momentum
C,(.e, AC < C,) [102].

If the jet-flap effects described in Section 3.3.3 is exploited further and
incorporated in Kiichemann’s procedure, then the stagnation points could be
shifted beyond the conventional sharp trailing edge location to any desired
location. This movement of stagnation points (Section 3.2.4.1) will have the
effect of generating additional circulation, or produce “Super circulation”
and, therefore, higher lift. In this regime, the lift increment, however, is pro-
portional to the square root of the jet momentum, i.e, AC; < ,/C, [102]. The
process of creating high lift in this controlled manner forms the basis of a
circulation control airfoil.

The review paper by Willie and Fernholz [48] brought the case of the
Coanda effect to the fore to complement the circulation control efforts using
wall jets. The introduction of the Coanda effect meant additional complex-
ity into circulation control studies because the effect of air entrainment into
the jet had to be taken into account. This is highlighted in the studies by
Wygnanski [103], who has shown entrainment gives rise to some thrust
losses that should not be ignored. Loth [104], on the other hand, has shown
that the introduction of boundary layer suction just upstream of the circula-
tion control blowing slot produces entrainment that can have a beneficial
effect by increasing the blowing efficiency appreciably.

3.5.1 Lift Enhancement

Early attempts to use circulation control were concentrated toward producing
a stoppable rotor VTOL aircraft at the British National Gas Turbine establish-
ment in the mid-1960s. The concept developed by Cheeseman and his col-
leagues [105, 106] involved a blown two-bladed rotor that would produce high
lift during hover, but could also be stopped and stowed within the fuselage of
the helicopter during forward flight. To achieve the maximum lift coefficient
of 4n on a fixed wing (Section 3.2.4.2), an airfoil with a thickness to chord ratio
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of unity would be required. A circular cross-sectioned airfoil appears to be
the shape that meets this requirement, and in theory, the lift coefficient of 4n
can be achieved if the flow and the stagnation points remain attached to the
surface, in a manner as shown in Figure 3.9 (c). Further increases in the lift
coefficient are possible, such as if the stagnation points detach and lie outside
the circular cylinder surface, as is shown earlier in Figure 3.9 (d).

Lockwood [107] was able to achieve coefficient of lift values in excess of
4n by tangential blowing from surface slots on a circular lifting surface. The
ability to produce high lift independent of the angle of attack is a major fea-
ture of circulation control airfoils as shown in Figure 3.45.

But such high lift production requires high blowing (C,), which is also
accompanied by the generation of high drag, thus reducing the aerodynamic
efficiency of the lifting body to unacceptably low values [108]. Efforts to
reduce drag by replacing the circular cylinder with thinner elliptic shape,
however, have yielded limited success [109, 110].

The experimental investigations of Englar [111] performed with high
velocity Coanda wall jets on bluff trailing edge circulation control airfoils
have shown some clear relationship between blowing and slot height. The
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FIGURE 3.45
Qualitative description of the maximum lift coefficient versus thickness-to-chord ratio with

and without jet effect.
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geometry of a two-dimensional semi-ellipse model was used in this experi-
ment. Greater turning was achieved with a smaller height for a given C,. This

Vi
was attributed to larger flow entrainment as the ratio — becomes larger for

oo

a given C, for a smaller slot height. The static pressure distribution results

further confirm that high lift can be produced without flaps. The findings
are summarized in Figures 3.46 (a) and (b).

3.5.2 Drag Reduction

Drag reduction was key in more advanced circulation control airfoil designs.
Englar advocated two approaches [112-114]. The first approach involved a
fixed, simple radius reduction while the second included a simple circulation
control wing flap.

3.5.2.1 Fixed Radius Reduction

The first approach led to a super-critical type of shape. This airfoil was devel-
oped from a low-speed consideration. A summary of the performance in
terms of drag polar is shown in Figure 3.47. The main feature evident in
this plot is that a slight blowing can reduce C; and increase C, at the same
time. Details of the experiment and interpretation of the data can be found
in Reference 112.

3.5.2.2 Circulation Control Flap Addition

In the second approach, the circulation control airfoil flap had a short chord
with a curved upper surface and a sharp trailing edge. The airfoil was dual
radius and its leading edge had an inverted tangential slot to replace any
mechanical flap. The trend exhibited can be observed in the drag polar plot
as shown in Figure 3.48. The results demonstrate the ability to dramatically
interchange lift and drag when the flap is deployed. The thrust/drag inter-
change in this figure was also indicative of high lift and drag for the STOL
approach. More details can be found in References 113, 114.

3.5.2.3 Wing Tip Vortex Attenuation

Apart from decreasing aerodynamic efficiency, the trailing vortex of an
aircraft poses significant hazards to other following aircraft. The crash of
the American Airlines Flight 587 on November 12, 2001 over New York that
killed 265 people is attributed to wake turbulence shearing off the tail fin of
the Airbus A 300 [115]. Depending on the flight trajectory, several types of
induced aerodynamic loadings may be imposed on a following aircraft [116].
Figure 3.49 shows a schematic of an aircraft and its wake where such vortex
encounters may become hazardous.
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FIGURE 3.47
Qualitative description of the drag polar of a fixed radius reduction circulation control wing.

Simpson et al. [117-119] have studied the vortex-induced wake and the
effect of Coanda jets from lift enhancement, drag reduction, and safety con-
siderations. Simpson et al. [119] also explored the potential of Coanda effect
as a means of reducing drag through the alleviation of wing tip vortices.
They [119] conducted wind tunnel experiments on a NACA 0015 rectangular
half wing using straight jets and Coanda jets on both unflapped and flapped
wing configurations. The geometry of the test model is given in Figure 3.50.

Vorticity distributions within the vortex wake obtained with a blow-
ing coefficient of 0.065 at a fixed angle of incidence of 10° are given in
Figures 3.51 (a) and (b) for the basic wing and flapped case.

3.5.3 Integrated Propulsion and Lift System

The advent and development of jet propulsion were viewed with great excite-
ment as this method offered the prospect of integrating propulsion with lift
generation, which has been an important goal of aerospace researchers for
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Qualitative description of the performance of a dual radius circulation control airfoil.
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Vortex wake showing downwash and upwash that may produce hazardous encounters to fol-
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FIGURE 3.50
Geometry of the test model and coordinate system used. (After: Simpson, Ahmed, and Archer,
2002 [119].)

a long time [120, 121]. The interest continues unabated to this day. A simpli-
fied block diagram of an integrated wing and propulsion system is given in
Figure 3.52.

In the scheme shown in Figure 3.52, the thrust is produced by the primary
propulsion system. This thrust is boosted by the reactionary forces of the cir-
culatory system. But since air is bled from the engine to the circulatory con-
trol system, the overall thrust-producing capability of the engine is reduced.
The objective is to recover the thrust. How much this thrust can be recovered
depends on a large number of factors, such as on the losses incurred in the
ducting system and the efficiencies of the Coanda nozzle and overall circula-
tion control systems employed.

3.5.3.1 Power Requirements

A critical aspect of the successful development of propulsion integrated
lift systems is their total power requirements. Jones [122] has examined
the power requirements of typical Coanda jets that could be used in the
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Vorticity distribution within the vortex wake at downstream location of x/c = 1.67. (a) basic
wing (unflapped); (b) flapped wing. (After: Simpson, Ahmed, and Archer, 2002 [119].)

integrated propulsion and lift system. He defined C, or the momentum or
thrust coefficient for two-dimensional flow at the jet exit by:

thrust = mUjee  2hw gl
- - 2
% A U%he % allbe b aUs

C,=
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FIGURE 3.52
Block diagram for an integrated wing and propulsion system.

where,
bc span and chord of wing
h,w  slot height and width
m mass flow rate

U,, Uy, free stream and jet velocity
Pw Pt free stream and jet density

Assuming that the power expended was equal to the power necessary
for the jet velocity head and the power lost at intake, Jones then went on to
obtain an approximate expression for the ideal, non-dimensional coefficient
of total fluid power, Cgy, as:

h

3
2 4-—
E_11+-—C

22E Cu
V"¢

The interrelation between the three parameters in the above expression can
be graphically observed in Figure 3.53, where the trend is similar to that
observed for the lift coefficient in Figure 3.46 (a) and (b).

CFP =

3.5.3.2 Current Limitations

Finding suitable light-weight and cheap materials that could withstand the
heat has been difficult and impeded the development of lift-propulsive inte-
grated systems. As Cerchie et al. [123] have pointed out, with the exception
of MIG 21, most production aircraft such as the Lockheed F104 Starfighter,
Blackburn NA 39 Buccaneer, and Dassault Etandard IVM, therefore, generate
lift using compressed air generated before combustion by engines and duct-
ing the air to slots and blowing it over flaps.
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FIGURE 3.53
Qualitative description of power requirements for Coanda jets with different jet exit slot
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3.6 Circulation Control Aircraft
3.6.1 X-Wing Aircraft

An extension of Cheeseman’s concept [105, 106] mentioned earlier formed the
basis of the X-wing aircraft at the U.S. Navy’s David W. Taylor Naval Ship
Research and Development Center [124]. In this type of aircraft, the plan was
to use circulation control airfoils to produce lift in either direction and allow
the rotor/wings to maintain lift and control during starting and stopping
rotation [125, 126]. Figure 3.54 shows the diagonal view of Sikorski X-wing.
Converting the X-wing concept into reality was a technically challenging
undertaking. The blades had to be double-ended and very stiff to ensure
that they could operate in both forward-swept wing and stopped rotor flight
modes. The rotor blades had to carry lift without the use of centrifugal force
of a conventional helicopter. The use of the Coanda effect to control blade
lift required the design of a large compressor and highly complex control
systems to feed circulation air to the rotors. The starting and stopping
sequence required a high energy clutch and a braking system, and advanced
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FIGURE 3.54
Sikorski X-wing diagonal view. (After: NASA, [127])

computation capability to control the process. All these difficult demands,
constant delays to provide adequate solutions, and high cost eventually led
to the termination of the project [128].

3.6.2 No Tail Rotor (NOTAR) Flight Vehicle

The term NOTAR is now widely accepted as the description of a helicopter
that does not use a tail rotor. The MD-Explorer NOTAR helicopter [129] used
by the German police force and shown in Figure 3.55, exemplifies the suc-
cessful commercial application of the Coanda jet.

FIGURE 3.55
MD Explorer used by the German police. (After: Lehle, 2005 [129].)
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The original concept of NOTAR design was conceived in 1975 at Hughes
Helicopters Incorporated. A detailed description of the history and develop-
ment of the NOTAR can be found in Ref. [130].

In the NOTAR design, the conventional tail rotor is replaced by Coanda
jets blowing around the tail boom. The design includes an enclosed fan, ver-
tical fan, circulation control Coanda tail boom, and an array of valved turn-
ing vanes. The downwash from the main rotor is combined with the Coanda
jet that exists tangentially from the circular tail boom. This creates an anti-
torque side force on the tail boom. The side force thus created by the circula-
tion control boom provides the majority of the trim thereby counteracting
the main torque during hover. Helicopter flight tests have shown that the
NOTAR system provides improved safety, as well as having high handling
qualities at low speed, good hover stability out of ground effect, and reduced
vibration and noise [131].

3.6.3 Coanda Effect UAV/MAV (Unmanned Aerial
Vehicle/Micro-Aerial Vehicle)

The term UAV stands for ‘unmanned aerial vehicle’ or an aerial vehicle that
can be operated without any crew. UAVs are often called ‘drones’. An MAV or
micro-aerial vehicle is a miniaturised version of a UAV. UAV or MAV forms
one the components of an overall unmanned aerial system (UAS).

Historically, the earliest versions of UAVs were balloons and unpowered.
Nicola Tesla introduced the powered concept of UAVs in 1915 but the suc-
cessful implementation of powered UAVs occurred in 1991 during the Gulf
War when over 300 UAV combat missions were conducted by the US and
allied Forces [132].

Since then the role of UAVs has grown in significance, particularly, for mil-
itary use. This is spelt out in the road map prepared by the US army to use
UASs as their eyes [132]. Other military powers also view UASs with simi-
lar importance. The commercial and entertainment applications of UAVs are
also showing promise and receiving greater attention.

The traditional UAVs differ from Coanda effect UAVs in that the traditional
UAVs have fixed wings. These traditional UAVs require runways for take-off
and landing. They also have lower hover capabilities. Consequently, rotors
similar to those used in helicopters or VTOL/STOL aircraft are often used in
the conventional UAVs to improve their manoeuvrability.

The main aims of Coanda effect UAV or MAVs are to produce efficient
cruise as well as hover capabilities. The configurations of Coanda effect UAV
or MAVs are, therefore, generally semi-spherical or saucer types to help pro-
duce Coanda surfaces [133-135].

Coanda effect MAVs have been studied by Ahmed et al. [134] who used
saucer type configurations. The authors have developed the relevant equa-
tions from conservation principles and obtained the aerodynamics and
flight mechanics on their Coanda effect MAV shapes. The analyses, however,
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were two-dimensional in nature and based on simplifying assumptions.
They nevertheless, were able to model the forces and moments on their
chosen geometry. Other studies, such as those by Lee et al. [135] considered
the stability and control aspects of UAVs. They used a dynamic simulation
model where they incorporated approximate servo mappings to achieve the
required control on a saucer type Coanda effect UAV.

Most of these studies on Coanda effect UAVs, however, are at their nascent
stage and limited to numerical investigations or simulations. Greater efforts
are required before they are capable of producing practical solutions for mili-
tary or commercial applications.

3.7 Concluding Remarks

Technological advancement in new materials and computing power are
making the goal of fully integrating lift and propulsion capabilities more
attainable. Future efforts are likely to benefit from the introduction of new
modes of blowing and methods of flight control. Techniques to manipulate
circulation and incorporate the Coanda effect to produce high lift during
take-off, low drag during cruising for better fuel economy but high drag dur-
ing landing requiring shorter runway length, as well as lighter aircraft and
lower noise will drive the research of tomorrow.
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Miscellaneous Applications of Coanda Effect

4.1 Industrial and Environmental Applications

The list of areas where non-aeronautical applications of the Coanda effect
is possible is very large. Here we will only look at some selected industrial
and environmental cases that possess significant potential for Coanda effect
applications.

Section A: Industrial Applications
4.2 Metallurgical Processes

Various metallurgical processes require greater mixing and agitation of con-
stituent materials. In steel-making industries, for example, the commonly
employed technique is gas stirring in the processing of liquids. In these
instances, inert gas is introduced into a bath of molten metal. The use of inert
gas is meant to ensure that it does not take part in the chemical reactions,
but its upward movement facilitates larger agitation of the molten metal. The
agitation helps in the homogenization of the chemical and thermal proper-
ties of the molten mixture and provides accelerated absorption of hazardous,
non-metallic particles into an overlaying slag.

The gas stirring gives rise to the formation of bubbles which, depending on
the arrangement or process set up, may exhibit the Coanda effect. Our goal
here is to consider the way the Coanda effect takes place in bubble plumes
and whether the effect could be exploited toward achieving minimum mix-
ing time and optimum flow rates. From a manufacturing perspective, this
would maximize alloy addition recoveries in a cost-effective manner in met-
allurgical industries.

Bubble plumes have wide ranging applications: from wave damage allevia-
tion for building structures to prevention of channels and harbors becoming
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frozen, from stratification control of reservoirs and lakes for improved water
quality to pollution control in oil and sea exploration. We will, however,
focus on bubbles that have been found suitable in enhancing the mass and
heat transfer primarily in metallurgical processes [1-6]. The difficulty arises
when some of the bubbles attach to the side walls of a reactor or get trapped
in the molten metals during the process with undesirable consequences.
This may result in the reduction of the intensity of the mixing in the reactors
or serious erosion of the reactor walls. In a metallurgical context, this may
result in significant degradation [5] in the quality of the final products.

Removing the bubbles from the walls or trapped bubbles from the met-
als is not easy. This is because the buoyancy forces acting on them is low.
Thus, there is a simultaneous requirement of generating small bubbles for
agitation purposes, while at the same time ensuring that they do not attach
to the walls or remain trapped. Once trapped, removing the bubbles poses
significant practical challenges.

Coanda effect is likely to develop when an otherwise symmetrically devel-
oping bubble plume encounters a wall or another plume in close proximity.
Under this condition, the plume stops developing further in a symmetric
manner. It may bend sideways to the nearby wall or toward the second
plume as the case may be.

If the plumes are laminar in nature, the pressure difference that exists
between the plume and the wall or between the two plumes would be the
main driver of the bending phenomenon [7]. If, on the other hand, the plumes
are turbulent, then the pressure difference may play a relatively minor role,
and the asymmetric plume geometry is caused by turbulent entrainment.
Whatever the mechanism, the deviation of laminar and turbulent plumes
from their original flow pattern is taken by most authors as the demonstra-
tion of the Coanda effect [8].

In this chapter, we will look at the flow characteristics of bubble plumes
under the Coanda effect and whether the effect can be exploited for agitation
while also removing them before they form an unwanted part of the struc-
ture of the metals produced.

4.2.1 Bubble Plume

Freire et al. [8] performed laboratory experiments with a plume close to a
wall and also two plumes placed side by side to create the Coanda effect.
They wanted to test the hypothesis that the Coanda effect or the bending
of a turbulent round bubble plume is the consequence of momentum flux
imbalance created by entrainment restriction imposed by the presence of a
wall or another plume.

The main components of the experimental apparatus used were a glass
water tank filled with a sodium chloride solution, an air injection system
consisting of a mass flow meter and two injection nozzles, a two-dimen-
sional traversing mechanism, and a data acquisition and analysis system.
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In two-phase flow measurements, the difference between the electrical
conductivity or resistivity of the phases is used as the basis of practical mea-
surement by resistivity sensors. More details of the technique can be found
in the References [9].

Apart from plume deflection under various gas flow rates and distances
from the wall or between the two plumes, the authors also looked at the
relative importance of the flow inertia to external field and surface tension
in terms of modified non-dimensional Froude (F,) and Weber (W,) numbers,
respectively defined as:

PR =%

2

W, =201
os

g acceleration due to gravity

q gas flow rate of plume source

o surface tension

s half distance between the plume and wall or between the two plumes
Ap density difference

For ease of understanding, Figure 4.1 is provided to show the coordinate
system adopted by the authors. Here we look at some of the results from the
study of Freire et al. [8] that are given in Figures 4.2-4.5.

4.2.1.1 Near a Wall

The deflection of the plume for several gas flow rates and distances from the
wall are shown in Figure 4.2 in terms of x and y. This figure shows that most
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FIGURE 4.1
Coordinate system. (After: Freire, Miranda, Luz, and Franca, 2002 [8])
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Deflection of plume near a wall under varying gas flow rates and distances from the wall. Here
y=0 denotes the wall location. (After: Freire, Miranda, Luz, and Franca, 2002 [8].)
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FIGURE 4.3
Deflection angle of a plume near a wall plotted against Weber and Froude numbers. (After:
Freire, Miranda, Luz, and Franca, 2002 [8].)
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Deflection of two side-by-side plumes under varying gas flow rates and distances from the
wall. Here y=0, denotes the midpoint of the two plumes. (After: Freire, Miranda, Luz, and
Franca, 2002 [8].)
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of the trajectories can be approximated by a straight line, particularly when
the plume distance from the wall is large. The deflection angle, shown in
Figure 4.3, also shows a linear increase against the Froude and Weber num-
bers when plotted on a logarithmic scale.

4.2.1.2 Two Plumes Side by Side

The deflection of the two plumes is shown next in Figure 4.4, for varying gas
injection rates and separation distances between the nozzles generating the
plumes. The trends observed are also similar to the results shown in Figure 4.2,
with the trajectories of the plume at the centerline being approximated by
straight lines. The deflection angles are plotted in Figure 4.5 on a logarithmic
scale against the Froude and Weber numbers, and are found to increase loga-
rithmically with F, and W,, similar to those observed in Figure 4.3.

The work demonstrates the occurrence of the Coanda effect in both the
cases considered and finds a clear correlation to exist between the bending
angle of a bubble plume and the values of F, and W, that would be useful in
finding the entrainment coefficient. The experimental data were also in good
agreement with the results of the steady flow integral theory advanced by
several authors [10, 11] providing analytical means of generating and fixing
the location of the Coanda effect with appropriate flow entrainment.

Further evidence of the Coanda effect is provided more vividly in the com-
parative photographs shown in Figures 4.6 (a) and (b). The pictures show
flow patterns for the axisymmetric case where the Coanda effect is absent
and side bending plumes where the Coanda effect is present. These pictures
were obtained with long exposure times to capture the mean positions of the
plumes.

4.2.1.3 Bubble Characteristics

To find the bubble characteristics of bubbling jets subjected to the Coanda
effect, Iguchi and Sasaki [12] conducted experiments on two-phase bubbling
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(b)

FIGURE 4.6
(@)-(b): General flow patterns showing the Coanda effect: (a) one plume close to a wall; (b) two
plumes bending toward each other. (After: Freire, Miranda, Luz, and Franca, 2002 [8])

jets rising along the sidewall of a cylindrical vessel. A schematic of the exper-
imental set-up and the coordinate system used are shown in Figure 4.7.
Using an air-water mixture, the parameters they studied were the bub-
ble frequency, gas hold up, mean bubble rising velocity, and mean bubble
chord length. They used a two-needle, electro-resistivity probe to mea-
sure these parameters with particular attention paid to the vertical and
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FIGURE 4.7
(a)-(b): Bubble plume subjected to the Coanda effect experiment (a). Experimental apparatus
and (b) coordinate system. (After: [12])
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horizontal distributions of these quantities near the side wall. The vertical
region extended from the nozzle top to the bath surface.

The study found that the attachment length, L, or the vertical distance
from the nozzle top to the attachment position, was independent of the inner
diameter of the nozzle, d; The attachment length, Ly, however, was depen-
dent on both the air flow rate, Qy and the horizontal distance between the
nozzle top and the side wall. In other words, the attachment length was inde-
pendent of the inertia force of injected gas. The buoyancy force, however,
exerted some influence on the length. These findings are similar to those of
the Coanda effect studies in a single-jet flow [12].

Further evidence about the Coanda effect were evident from the peaks of
the horizontal f; and gas hold up distribution that shifted toward the side
wall with increasing z, as shown in Figure 4.8 (a) and (b). At the same time,
the mean velocity of bubble rise and mean chord length remained uniform
with little change in the vertical direction as given in Figure 4.9 (a) and (b).
These results suggest that the bubbles do not disintegrate or coalesce due to
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(a)—(b): Bubble characteristics near the side wall under the Coanda effect. (a) Bubble frequency;
(b) gas hold up. (After: [12].)
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(a)—(b): Bubble characteristics near the side wall under the Coanda effect. (a) Mean bubble ris-
ing velocity; (b) Mean bubble chord length. (After: [12])

the Coanda effect, and their structures remain intact as they rise along the
wall.

Information regarding the mean velocity and turbulence components of
water flow in and near an air-water bubbling jet under the Coanda effect
has been provided by Iguchi and Sasaki [13]. They used the same experi-
mental setup as shown in Figure 4.7 but used two-channel laser velocimetry
to obtain measurements at several z-locations with particular attention paid
to the horizontal distributions of the flow behavior near the vertical region
above the attachment location.

The turbulence quantities at different z locations are shown in Figure 4.10
(@) and (b). The mean resultant velocity vectors near the wall obtained for a
particular flow rate were plotted in the z— plane and are shown in Figure 4.11.

In Figures 4.10 (a), (b), and 4.11, the peaks of the mean resultant velocity
vector and the turbulence quantities can be seen to shift toward the cylin-
drical wall. From the results of this investigation, the following conclusions
were drawn:
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(@)—(b): Distribution of the r.m.s turbulence quantities (a) axial; (b) radial turbulence. (After:
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* The air-water bubbling jet, generated near the side wall of a cylin-
drical vessel, rose along the wall due to the Coanda effect.

* The horizontal distributions of the axial mean velocity above the
attachment point were similar and not affected by the flow rate of
the gas.

* The root-mean square (rms) values of the axial turbulence were of
similar distribution, and a similar trend was observed for the radial
turbulence distributions.

¢ The maximum values of axial turbulence and radial turbulence were

not influenced by the sidewall and almost in agreement with their
respective measured values in a vertical bubbling jet

4.2.1.4 Removal of Bubbles

We now turn our attention to the task of removing bubbles from the met-
allurgical processes. Several methods have been proposed to remove small
bubbles from gas and liquid mixtures, such as the proposal to use pipes of



Miscellaneous Applications of Coanda Effect 193

Qg :293x10% (m3fs)
L] 0.10 m/s

ol ://
*,/////T

ot \~,///

Zx102 (m)
T

|
|
|
|
|
|
|
}
f 1 | | 1
0 i
3 4 5 6 7 8 9 10
r x102 (m)

FIGURE 4.11

Resultant velocity vector distribution at a particular flow rate on a z—r plane. (After: Iguchi,
Sasaki, Nakajima, and Kawabata, 1998 [13].)

poor wettability in the bath [14-16] based on the fact that bubbles in a two-
phase flow are likely to attach to the inner walls of such bodies of poor wetta-
bility. Studies by Mizuno et al. [17] and Yamashita et al. [18] found that there
was a critical diameter for bubbles above which such an approach would
not be viable. Later works by Ogawa and Tokumitsu [19] and Iguchi et al.



194 Coanda Effect

[20] found that the occurrence of the Coanda effect made the requirement
of the poor wettability condition redundant. They observed that if a circular
cylinder was placed horizontally in a vertical water—air bubbling jet, then the
spreading of the bubbles downstream of the cylinder was suppressed and
bubbles attached behind the cylinder irrespective of the cylinder’s wettabil-
ity attribute. This fact also gave support to the conjecture that should some
of the bubbles not trapped on a cylinder of poor wettability could be trapped
by placing a second cylinder of poor wettability behind the first cylinder
[8, 19, 20].

For further investigation, Sasaki et al. [21] investigated the flow character-
istics of a two-phase flow of water—air bubbling jet downstream a circular
cylinder of good wettability. To make the task of experimenting and inter-
preting the results better, they placed the cylinder horizontally with respect
to the vertical direction of the bubbling jet.

The experimental setup [21] used is shown in Figure 4.12. Measurements
were conducted with reference to a Cartesian co-ordinate system whose ori-
gin was placed on the cylinder as shown in the box of Figure 4.12.

The bubble flow behavior was investigated in terms of bubble frequency,

fs gas hold up, a, the mean bubble rising velocity u; and the mean bubble
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FIGURE 4.12
Experimental setup and coordinate system for bubble removing. (After: Sasaki, Iguchi, Ishi,
and Yokoya, 2002 [21].)
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diameter, dp. Like Iguchi and Sasaki [12], a two-needle, electro-resistivity
probe was obtained to obtain these parameters. Additional information
regarding the vertical, u (or axial), and v (or horizontal) velocity compo-
nents were obtained using a two-channel laser Doppler velocimeter over
a sample period from which their mean values, # and v were determined.
The measurement methods adopted and similar details can be found in
references [21-23].

The gas hold up distribution in the x- and y-directions are given in
Figures 4.13 and 4.14. It can be seen in Figure 4.12 that the distribution of
a appears symmetrical in relation to the z-axis, suggesting that the gas
is divided equally as it flows over the cylinder. There are also two peaks
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Gas hold up distribution behind the cylinder in the x-direction. (After: Sasaki, Iguchi, Ishi, and
Yokoya, 2002 [21].)
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Gas hold up distribution behind the cylinder in the y-direction. (After: [21])

evident behind the cylinder that gradually fade away with increases in the
axial distance, z, from the cylinder.

The gas hold up distribution in the y-direction can be seen in Figure 4.14.
The trend appears similar to that observed in Figure 4.13, except that the
peaks are much weaker and less clear.

The mean axial and mean radial velocity distributions in the x-direction
are shown in Figures 4.15 (a) and (b), respectively. Symmetric distributions
and two peaks were observed in these Figures. A more useful indication
of flow behavior can be obtained by examining the reduced spread of the
bubbles downstream of the cylinder in the vertical direction in terms of
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the mean velocity vectors, as shown in Figure 4.16. The vector plot showed
that all the velocity vectors to be directed toward the z-axis indicating flow
attachment behind the cylinder. This is a demonstration of the Coanda effect
not occurring when bubbles are absent in the flow [20], giving support to the
notion that the Coanda effect could be used as a means of removing bubbles
in metallurgical processes.
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Mean velocity vector behind the cylinder. (After: [21].)

4.3 Grinding Processes

In the manufacturing of high-quality and high-precision mechanical and
optical products, “grinding” is a vital machining process [24]. Various inter-
actions take place during grinding, such as sliding, plastic deformation, or
cutting. Malkin and Guo [25] in their thermal analysis have found high tem-
perature grinding zones to form during the machining process of grinding.
Such heat generation degrades the quality of surface finish and requires sub-
stantial coolants to be used. However, the rotating boundary of the wheel
surface hinders the introduction of adequate amount of coolant fluid into the
required contact zone [26]. In other words, a large amount of fluid is wasted
during the coolant application.

In most manufacturing sites, air scrappers are generally used to elim-
inate the formation of rotating boundary layers and to provide cooling
in grinding with reduced grinding fluid usage. The function of the air
scrappers, however, depend to a large extent on the design of the nozzles
used in supplying the grinding fluid. There are various nozzles that have
been developed for this, such as coherent jet nozzle, spray nozzle, float-
ing nozzle [27-30], and so forth. While the grinding performance using
these nozzles in terms of cooling has been satisfactory, the requirement of
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a lower amount of coolant fluid has posed considerable challenges. This
has resulted in various efforts toward developing strategies [31] for cool-
ant use and optimization of its supply [32-34], of which the Coanda effect
nozzle is one.

4.3.1 Flexible Brush-Nozzle

Hosokawa et al. [35] have reported the development of a contact-type flex-
ible brush-nozzle that is claimed to substantially reduce the consumption of
cooling fluid. The nozzle is intended to be effective in thermally unopened
grinding, particularly in configurations such as a crankshaft or gear. Such
a configuration is shown in Figure 4.17. The nozzle design is based on the
“Coanda effect.”

The basis of the design of the Coanda effect brush-nozzle is to use the
Coanda effect to make the grinding fluid cling to the wheel surface dur-
ing rotation thereby reducing the grinding fluid consumption. The authors
were interested in examining the case of cylindrical plunge grinding and
the effect of the flow around the wheel surface. They performed both com-
putational fluid dynamic analysis and experimental investigation to validate
their design and its performance.

4.3.2 Numerical Investigation

A commercial software package called ANSYS FLUENT with a k-e turbulent
model was used. The numerical model consisted of a wheel with a prescribed
surface irregularity, wheel gap, and rotational speed. Figure 4.18 shows
the flow field obtained around the rotating wheel due to the air scraper.
The numerical study suggests that the boundary layer can be eliminated
by the scrapper when the gap is zero, but reappears immediately thereby
requiring the simultaneous injection of cooling fluid.

The effect due to wheel surface irregularity is shown in Figure 4.19. The
non-dimensional plot of radial velocity distribution clearly shows that, with
any decrease in surface irregularity, the boundary layer also decreases, but
is not completely removed.
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FIGURE 4.17
The nozzle design is based on the “Coanda effect.”
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g 05 e —
i
=26 mm .-

= oA 1 n,=3000 min” ||

? ) 0-3 - -
T | Surface irregularity |

=, "

7 — 125X 1075

E 0.1 S— 125 X 10" -

< — ()

S oL

0 01 02 03 04 05 06
Nondimensional velocity va/v,

FIGURE 4.19
Effect of wheel surface irregularity on air flow around the rotating wheel. (After: [35].)



Miscellaneous Applications of Coanda Effect 201

These results supported the view that a gapless scraper with a suitable
amount of coolant fluid for grinding operation may work, and inspired the
authors to develop two versions of internal supply and external supply con-
tact-type fluid brush-nozzles as shown in Figures 4.20 (a) and (b).

4.3.3 Grinding Experiments

The authors conducted cylindrical plunge grinding experiments on a typical
cylindrical grinding machine and observed an air scraper and both versions
of the Coanda brush-nozzle. The results were encouraging. Both versions
of the brush-nozzle operating on the principle of Coanda effect were found
capable of making the grinding fluid adhere to the rotating grinding wheel,
even at a very low grinding fluid flow rate of 0.7 liters/min. For the conven-
tional air scraper, on the other hand, the grinding fluid was found to detach

Coolant

(@)
Coolant Fiber;

FIGURE 4.20
(a)—(b): Coanda brush-nozzle (a) internal supply; (b) external supply. (After: [35].)
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from the wheel surface even when the gap was as small as 0.1 mm, becoming
less effective in cooling operation. The experimental setup, the air scraper,
and the Coanda effect brush-nozzles in operation are shown in Figure 4.21.

Hosokawa et al. [35] also used plunge grinding with a fiber-coupled, two-
color pyrometer to evaluate the performance of the grinding characteris-
tics of the Coanda effect brush-nozzle in terms of grinding force, grinding
temperature, and surface roughness. The results suggested that the Coanda
effect nozzles were effective in grinding operation and required less grind-
ing cooling fluid. A schematic of the experimental arrangement used is
shown in Figure 4.22.

Nozzle
Wheel-

[6=0.1 mm]

[External]
(a) Airscraper (b) Flexible brush-nozzle

[Internal]
b.=25 mm

FIGURE 4.21
Experimental setup (on the left) and the air scrapper and Coanda effect brush-nozzles in oper-
ation. (After: [35].)

Two-color pyrometer

/ (]
Optical fiber-A: Rotating

FIGURE 4.22
Experimental arrangement of a pyrometry in plunge grinding. (After: [35])
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4.4 Heat and Mass Transfer Process

Heat and mass transfer are important considerations of heat treatment in
industrial processes, such as cooling of material in metal forming, cooling
of electronic components, defogging of optical surfaces by heating, cooling
of turbine blades, aerodynamic stabilization of floating strips, and so forth.
The jet systems may be introduced normally or tangentially to the surface.

A number of reviews [36—41] have discussed various aspects of an imping-
ing jet. The impinging jet generally emerges from a nozzle or opening. Its
flow characteristics, such as the velocity and temperature profile or tur-
bulence properties, are, however, greatly influenced by the upstream flow.
Figure 4.23 shows a simplified description of some of the features of a free jet
impinging normally on a surface.

If the target surface is moving and has uneven surfaces, the jet nozzles
have to be located at a significant distance, which decays the kinetic energy
available in the jet and reduces the Nusselt number, or cooling efficiency,
of the jet significantly. In situations where the target surface is static and
uniform, constructing and implementing a high-density jet at a small height
may be difficult, and the efficiency of the jet may degrade because of lower
jet to jet interactions.

The above considerations make a good case for establishing Coanda flow
that will remain attached for a greater portion of the target surface. The
process can be aided if the surface is curved and has round or cylindrical
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FIGURE 4.23
Schematic of a free jet impinging normally on a surface.
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surfaces. Kramer et al. [42] investigated three such cases where the Coanda
effect has provided enhanced performance. We will briefly describe these
applications.

4.4.1 Drying of Warp Threads

Kramer et al. considered [42] the performance of a dryer to help dry warp
threads by fitting the steam-heating cylinders used in drying with a nozzle sys-
tem that produced jets tangentially. The drying efficiency of the dryer was found
to improve substantially. Another benefit of the approach was that a large por-
tion of the surface was reached without any ducts or vanes. Figure 4.24 shows
a schematic of the application of the Coanda effect in a dryer.

4.4.2 Heating of Circular Section Logs

The conventional heating system of logs with a circular cross section is
shown in Figure 4.25 (a). The logs are placed very close together with very
little spaces between them to minimize the furnace length. Therefore, only
a small circumference of the logs is exposed to convective heating. The situ-
ation was improved considerably by introducing nozzle slots to create the
Coanda effect. The conventional heating and heating by Coanda effect are
shown in Figures 4.25 (a) and (b).

4.4.3 Quenching of Metals

In this example, two-phase flow in the form of an air and water mixture is
used to generate Coanda effect. Figure 4.26 shows the sketch of a Coanda

FIGURE 4.24
Coanda effect application to improve the efficiency of a dryer. (After: [42].)
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heating gasflow
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slot nozzle

(b)

FIGURE 4.25
(@)-(b): Coanda effect in cylindrical log heating (a) conventional method (no Coanda effect);
(b) Coanda effect applied. (After: Kramer, Gerhardt, and Knoch, 1984 [42])

device, which is made up of an air duct with an equally distributed array of
nozzles and a water tube running through its center. The water flows with
a velocity lower than the airflow. The water droplets are accelerated by the
airflow in the nozzles, which have a constriction at their ends and impinge
on the target metal sheet or metal plate. The Coanda surface placed near the
nozzle exit prevents the backflow.

Evidence of the effectiveness of the two-phase flow Coanda device
as depicted in Figure 4.26 can be obtained by observing the flow pat-
terns shown in Figure 4.27 (a) and (b). As the water droplets move and
impinge on the metal surface, backflow occurs. This can be clearly seen in
Figure 4.27 (a). However, the presence of the Coanda surface helps move
the water droplets by the airflow without the water droplets touching
the work surface, as can be seen in Figure 4.27 (b). This induces a very
sharp start of the cooling process, which is significant in quenching. By
changing the water pressure or water droplet diameter, the device is able
to vary the cooling intensity and control the mass flow ratio of two-phase
flow constituents.
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airduct

FIGURE 4.26
Sketch of a Coanda device employing two-phase flow. (After: Kramer, Gerhardt, and Knoch,
1984 [42])

4.5 Robotic Handling

Robots are increasingly used as part of automation in modern day industries
to replace many of the tasks performed by humans. Advanced gripping of
objects of complex shapes and properties by robots is growing in importance
in various areas, such as the textile and leather industries, micromechanical
systems, surgical applications, and so forth. Figure 4.28 shows a robot hand
[43] gripping or holding an object, in this case, a lightbulb.

The task of designing grippers is not easy. The surface, shape, and struc-
ture of an object are the three main requirements that dictate the suitability
of universal gripping.

There are various gripping methods that can be used [44-48]. Suction
gripping, needle gripping, freeze gripping, and clamp gripping are the most
common. Suction gripping works well on low to non-permeable materials
but is not very effective on porous bodies or materials that have uneven sur-
faces. Needle or freeze type grippers can leave unwanted marks on smooth
surfaces. Clamp gripping, on the other hand, can pinch or distort a material.
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FIGURE 4.27

(@)—(b): Pictorial evidence of a Coanda device employing two-phase flow with flow flowing
from left to right; (a) no Coanda surface, backflow can be observed; (b) Coanda surface added,
no backflow is observed. (After: Kramer, Gerhardt, and Knoch, 1984 [42].)

In other words, the task of designing universal grippers is a difficult one.
The task becomes even more difficult in the case of limp materials used in
the textiles and leather industries.

The Coanda ejector as a vacuum generator appears to offer a promising
solution to the gripping problem for limp materials. Various aspects of the
flow field and design rules have been explored by Ameri and Dybbs [49]
using the Coanda principle.

4.5.1 Working Principle of a Coanda Ejector

The working principle of a Coanda ejector is based on accelerating a pres-
surized jet of air through an annular nozzle before it expands via a diffuser
without the flow detaching from the walls of the diffuser. This is shown in
Figure 4.29.
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FIGURE 4.28
A robot hand gripping an object (lightbulb). (After: [43].)

FIGURE 4.29
Working principle of Coanda ejector. (After: [50])
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4.5.2 Cylindrical and Planar Coanda Ejectors

A picture of a cylindrical Coanda ejector prototype is shown in Figure 4.30.

However, such cylindrical Coanda ejectors may not be very effective when
it comes to picking up stacks of textiles or other limp materials from the
shelves, where the size of the cylindrical Coanda ejectors may prove to be
large. Lien and Davies [50] proposed slimmer planar Coanda ejector to over-
come the size issue. These were lateral Coanda ejectors that had a rectangu-
lar configuration as shown in Figure 4.31 (a).

Comparative performance tests were conducted on the cylindrical and
planar Coanda ejectors. The results showed that the planar Coanda ejectors
performed better, and multiple head grippers can be developed. The results
also provided some basic design guidelines about the ejector that are sum-
marized below:

¢ The diffuser length should be eight times larger than the diffuser
width.

* The height to width ratio of the diffuser should be two.

¢ The diffuser channel should be narrow for leather materials but
wider for porous materials.

Lien and Davies [50] also suggested building multiple head suction grip-
pers as shown in Figure 4.32, and using an array of single-sided planar
Coanda ejectors with common air supply. Each ejector of the multiple head
gripper can then be used as a suction head, independent of the others, to pick
up materials with the desired lifting force.

Apart from limping materials, the Coanda ejector can also be applied in the
food industry to pick up fish fillets or meat pieces. The fact that the Coanda

FIGURE 4.30
Cylindrical Coanda ejector. (After: [50].)
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FIGURE 4.31
(a)-(b): Planar Coanda ejector (a) computer aided design description and (b) prototype.
(After: [50].)

ejector provides self-cleaning makes it a useful, hygienically safe device for
operation in food industries.

Section B: Environmental Applications
4.6 Gas Waste Flares

Methane is among the most powerful greenhouse gases arising from oil
and gas explorations. Although methane makes up of only 9% of green-
house gases, its release to the atmosphere can be extremely damaging.
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FIGURE 4.32
Two heads of a four ejector Coanda gripper picking up a textile. (After: [50].)

This is because methane’s estimated global warming potential is over
100 times greater than that of carbon dioxide, CO, [51]. Although CO, is
also a contributor to global warming and may stay in the atmosphere for
a longer period than methane, it probably still makes sense to convert
methane to CO, through a gas flare before releasing it into the atmo-
sphere so as to lower environmental harm. Figures 4.33-4.36 show pic-
tures of flaring.

FIGURE 4.33
North Dakota flaring of gas. (After: Doubek [52].)
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FIGURE 4.34
Flaring of associated gas from an oil well site in Nigeria. (After: Chebyshev [53].)

FIGURE 4.35
Flare stack at the Shell Haven refinery in England. (After: Terryjoyce [54].)
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FIGURE 4.36
Flaring gases from an oil platform in the North Sea. (After: [55])

A gas flare, also known as a flare stack, is used in the combustion of flam-
mable gas in industrial chemical and gas processing plants, and oil refin-
eries. The flaring is intended to protect against over-pressuring industrial
plant equipment from catastrophic incidents. A flare is also used at oil or
gas production sites that have oil wells, gas wells, and so forth for wastes or
unusable gas.

Improper flare operation may emit methane and other volatile com-
pounds that can cause respiratory and other health problems. Flaring
is also life threatening to wildlife as it attracts birds and insects to the
flame. According to CBS News [56], over 7,500 migrating songbirds were
attracted to and killed by the flare at the liquefied natural gas terminal
in Saint John, New Brunswick on September 13, 2013. Similar tragic inci-
dents have also been reported for flares on other offshore oil and gas
installations [57].

A report published in Premium Times [58] mentions $850 million being
lost in Nigeria in 2015 alone due to gas flare. According to a report by World
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Bank [59], until 2011, the annual amount of gas flared amounted to nearly
150 x 10° cubic meters (5.3 x 1012 cubic feet); this is equivalent to about 25%
of the annual natural gas consumption in the United States or about 30%
of the annual gas consumption in the European Union [59], whose total
market value, if calculated at $5.62 per 1000 cubic feet, is nearly $30 billion
[60]. These are huge amounts of losses in economic and environmental
terms for both developed and developing countries and emphasize the
need for technologies that produce lower volumes of waste gas, as well the
adoption of air pollution abatement strategies before exhausting. These
are important issues but further discussion on them is beyond the scope
of this book.

We will look at waste gas flares from the Coanda effect application point of
view. In the late 1960s, the British Petroleum Research Center started explor-
ing the concept of new burners based on the Coanda effect concept [61-65]
to entrain air into the gas supply of pre-mixed burners. This has led to the
development of various versions of the Coanda waste gas flare, such as the
Indair, Stedair, or Mardair. All these types are smoke-free, low radiation
flare systems.

The development of the Coanda effect gas flare began with experiments
[65] conducted on internal venturi pumps with a very small throat diameter
measuring only a few inches. The device throat had a slot that faced radially
inwards. A laminar jet of fuel gas at sonic velocity was ejected through the
slot to produce the Coanda effect by producing a low-pressure region on
either side of the jet. The low-pressure region between the jet and the venturi
wall caused the jet to attach to the venturi wall. On the other side of the jet,
the low-pressure region created entrainment of flow from its surroundings,
forming a core of air that accelerated through the center of the venturi and
exited, imparting a change in the direction of the jet.

These were very promising results since entrainment of air volume as high
as 20 times per volume of fuel jet was demonstrated. This high entrainment
feature also essentially renders it become a Coanda jet pump or ejector for
ventilation purposes in coal mines or other hazardous environments. For
combustion, the results meant that the process was capable of producing a
near stoichiometric ratio that was conducive to the generation of a compact,
non-luminous flame upon ignition.

Further work, therefore, pursued external Coanda effect gas flares. This
involved topological inversion and took the form of a Coanda surface where
the jet gas was issued from the base of the tulip through an annular exit slot
that was facing radially outward.

The results obtained were similar to the venturi type of burner mentioned
above. The divergence and curvature of the flow produced high entrainment
of ambient air and consequently good mixing,

The external Coanda effect gas flare is considered more practical because
it can be scaled up and manufactured with greater ease and, therefore, has
found widespread use.
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A further attraction of a Coanda device is the low level of noise associ-
ated with a Coanda flow [64, 66, 67]. Since the Coanda effect waste gas
flare is considered a high-speed device, Carpenter and Green have con-
ducted theoretical and experimental investigations on the acoustic char-
acteristics [67] of such a device. For experimental study, they used a 1:8
scale model of a 33-inch commercial Indair waste gas flare manufactured
by Kaldair Ltd. The Indair flare is generally fitted with a step between the
nozzle exit and the Coanda surface to promote greater mixing and ensure
flow attachment.

The authors carried out detailed studies of the flow field associated with
the tulip shaped Coanda model, using spark Schlieren, shadow graph, and
surface oil-film methods. Acoustic measurements were also carried out in
an anechoic chamber. Two configurations were considered, one without a
step and the other with a 2 mm step at the same stagnation pressure ratio of

Po 52, We will highlight the main features of the flow field in both cases.
|29

4.6.1 Coanda Indair Flare without Step

Figure 4.37 shows flow visualization using surface oil-film methods.
Figures 4.38 (a) and (b) show spark Schlieren photographic details of region
4 of Figure 4.37.

3 6
5 4
2

FIGURE 4.37

A surface oil-film flow visualization on a Coanda Indair flare model with steps. Key: 1, sleeve
to vary slot width; 2, exit slot; 3, Coanda surface; 4, flow field, details in Figure 4.38; 5, separa-
tion bubble, and 6, streamwise vortices. (After: Carpenter and Green, 1997 [67].)
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(b)

FIGURE 4.38

(@)—(b): Details of the region marked 4 of Figure 4.37 using spark Schlieren Key: 1, adjustable
sleeve; 2, expansion wave fan; 3, Coanda surface; 4, internal shock wave; 5, lip shock; 6, separa-
tion bubble at leading edge; 7, separation shock wave; 8, edge of jet; 9, reflected shock wave.
(After: Carpenter and Green, 1997 [67])

The results show the development of an axisymmetric supersonic wall
downstream of the exit slot. This jet that forms on a Coanda surface is made
up of an outer mixing layer, a potential core, and a boundary layer. The
shock wave system encountered is highly complex. The internal shock waves
and separation bubbles formed on the outer nozzle walls are possibly due to
the sign change of the streamline curvature. The resulting wave system is,
therefore, more complex than that observed in round jets. The internal shock
waves of the nozzles, however, are reflected on the jet and interact with the
flow that is underexpanded in most cases, forming a somewhat quasi-peri-
odic structure of shocks and expansions in the Coanda flow. The waves may
also be formed by a radial expansion of the waves. The formation of separa-
tion bubbles, which grow in size with increasing operating pressure before
finally breaking away, are the consequence of interactions of the shock waves
with boundary layer on the Coanda surface.
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The acoustic measurements showed that discrete tones are present in the
sound pressure level (SPL) spectra, particularly at high operating pressure
(6.52), and are related to the formation of large separation bubbles. In this
paper, the authors also advanced the concept of a self-excited feedback loop
as the mechanism for the generation of tones.

For ease of understanding, the authors also provided sketches to depict the
flow features of the high speed Coanda flow. These are shown in Figures 4.39
through 4.42.

4.6.2 Coanda Indair Model with Step

Figure 443 shows flow visualization using surface oil-film methods.
Figure 4.44 (a)-(b) show spark Schlieren photographic details of region 2 of
Figure 4.43.

Axls of symmetry

Separation
bubbles

Boundary
| layer

Expansion waves
Free shear layer
Lip shock

Internal shock waves

FIGURE 4.39
Key features of the Indair flow field without a step. (After: Carpenter and Green, 1997 [67])
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FIGURE 4.40
Mechanism of the shock wave generation at nozzle’s exit. (After: Carpenter and Green,
1997 [67].)
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FIGURE 4.41
Mach wave radiation. (After: Carpenter and Green, 1997 [67])

Additional tests were also conducted by replacing the annular exit slot
with a saw-toothed one. The main findings of Carpenter and Green [68] can
be summarized as follows:

* Aregion of base flow is formed immediately downstream of the step
that substantially alters the flow at the exit and eliminates the lip
shock that was observed in the unstepped case. This confirmed the
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Shock waves

(a) (b)

FIGURE 4.42
(a)—(b): Generation of discrete tones (a) inflow to bubble; (b) outflow from bubble. (After:

Carpenter and Green, 1997 [67])

FIGURE 4.43

A surface oil-film flow visualization on a Coanda Indair flare model with steps. Key: 1, sleeve
to vary slot width; 2, exit slot; 3, Coanda surface; 4, flow field, details in Figure 4.44; 5, step
between exit slot and Coanda surface. (After: Carpenter and Green, 1997 [68].)
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FIGURE 4.44

(@)—(b): Details of the region marked 4 of Figure 4.43 using spark Schlieren. Key: 1, adjust-
able sleeve; 2, annular exit slot; 3, Coanda surface; 4, base flow downstream of step; 5, step
between exit slot and Coanda surface; 6, lip shock; 7, jet boundary; 8, internal shock wave.
(After: Carpenter and Green, 1997 [68].)

notion that the incorporation of a step delays flow separation to a
higher operating pressure. This conclusion is also supported by the
work of Gregory-Smith and Senior [69].

* Two groups of discrete tones are generated by the presence of a step,
one at relatively low stagnation pressure where the dominant fre-
quency does not change with changes in stagnation pressure, while
the other at a high stagnation pressure where the dominant fre-
quency falls with increases in stagnation pressure.

* The saw-toothed configuration enhances entrainment and generates
streamwise vortices that have the effect of disrupting the coherent
structures by reducing their scale and shock-cell structure.
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As with the case of a flow field without any step, Carpenter and Green’s
explanations regarding the above findings on the flow features are provided
in terms of simplified sketches and shown in Figures 4.45-4.48.

4.7 Premixed Flame Stabilization

We will now consider stabilization and the flow characteristics of pre-
mixed flames using the Coanda effect in an axisymmetric curved wall jet.
Premixing fuel and air in lean proportions can lower peak flame tempera-
tures and thereby reduce harmful NOx emissions.

Since a jet flow is employed mostly in the design of burner systems for
practical applications, flame stabilization is an important consideration to
enhance combustion load and ensure burner safety.

The enhancement of combustion load requires greater mixing of the flow,
which is often achieved by creating a recirculating zone. Such recirculation
of the flow helps to stabilize the flame. A recirculating region can be formed
in the wake of a body. The flame holder is generally used to act as a bluff
body. Other methods involve the use of swirl flow or sudden expansion of
the combustor wall. All these methods, however, have their limitations and

Separation bubble

Boundary layer

Free shear layer
Base-flow region
Step

Reattachment
shock

Expansion waves

Free shear layer

Internal shock waves

FIGURE 4.45
Key features of the Indair flow field with a step. (After: Carpenter and Green, 1997 [68].)
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FIGURE 4.46

Mechanism of generating discrete tones at low stagnation pressures. (After: Carpenter and
Green, 1997 [68].)

Coanda surface

———Step

Toothed sleeve

FIGURE 4.47
Sketch of a triangular shaped. saw-toothed exit slot. (After: Carpenter and Green, 1997 [68].)

can create undesirable features such as an excessive loss of momentum in the
axial direction.

For burner safety, it is important to prevent flashback in premixed burn-
ers. Quenching of the flame and the mixing of the fuel with air close to the
nozzle exit can help prevent flashback. The excessive heating of the combus-
tor wall can be prevented by controlling the flame length and reducing the
heat transfer between the flame and heat exchangers.

Gaydon et al. [70] note that the divergence and the curvature of a flow pro-
duce rapid entrainment of the ambient air in high premixing. We have also
seen confirmation of this effect in the works mentioned in Section 4.5.
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—> Streamwise vortices

[ Distorted ‘ring-like’
coherent structures

Toothed sleeve

FIGURE 4.48
The effect of streamwise vortices on the coherent structures near the exit slot region. (After:
Carpenter and Green, 1997 [68].)

4.7.1 Coanda Burner

Gil et al. [71] investigated an axisymmetric curved wall jet configurations
such that an axisymmetric, radially inward jet was generated. The working
principle of the burner they proposed can be explained using Figure 4.49.

The streamline curvature creates low pressure regions on both sides of the
jet resulting in flow clinging to the surface of the cylinder and while entrain-
ment of air takes place on the ambient side of the jet producing the Coanda
effect. Downstream of the cylinder, the pressure eventually recovers and
becomes larger than the ambient pressure near the center of the cylinder,
at which point the flow separates from the cylinder forming a recirculating
zone. Outside this recirculating zone, the jets from the two sides of the cylin-
der meet forming the jet interaction region. The jets finally merge and exhibit
the properties of self-similar flows.

The authors investigated the flame height, blow-off, and extinction charac-
teristics to form the basis of the design of an axisymmetric curved-wall jet
burner using an experimental apparatus that consisted of a an axisymmetric
curved-wall jet burner and a flow control system. Information was gathered
from flow visualization pictures using direct photography, A Schlieren sys-
tem and laser Doppler velocimeter operated in back scatter mode.

The arrangement of the axisymmetric curved-wall jet burner is shown in
Figure 4.50. It is made up of an inner cylinder with a half sphere, an outer
cylinder with an outer nozzle guide, and an inner cylinder adjustor.

Flames’ regimes can be broadly examined under three conditions.
Figures 4.51 (a)—(c) show direct photographs of three cases:
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FIGURE 4.49
Working principle of an axisymmetric curved wall jet Coanda burner. (After: [71])
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FIGURE 4.50
Arrangement of axisymmetric curved-wall jet burner. (After: Gil, Jung, and Chung, 1998 [71].)
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FIGURE 4.51
(@)—(c): Different flame regimes: (a) stoichiometric premixed laminar; (b) rich premixed lami-
nar; (c) premixed turbulent. (After: Gil, Jung, and Chung, 1998 [71].)
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* Stoichiometric premixed flame in the laminar regime: the flame has
a smooth surface with a crown shape. The authors found the balance
of the flow velocity and flow-burning velocity to stabilize the flame.

* Rich premixed flame in the laminar regime: the lower part of the
flame is also of a crown shape, but the surface is corrugated. The
authors attributed this to the cellular instability arising from the dif-
ferences between the rates of thermal and mass diffusion. The effect
of the Gortler instability from streamline curvature was found to be
minimal.

* Premixed flame in the turbulent regime: as the flow rate is increased,
the stabilization of the flow happens at a distance further away from
the exit. With further increases in flow rate, the flow eventually tran-
sitions from the laminar state turbulent regime. There is a decrease
in flame height and any distinction between the premixed flame and
the diffusion flame becomes difficult to distinguish.

4.7.2 Experimental Results

Figures 4.52 (a) and (b) show the Schlieren pictures of rich propane jets for
laminar and turbulent regimes, respectively. In Figure 4.52 (a) the cellular
structure is evident in the laminar regime. Small scale turbulence is not
evident in the jet interaction region, but present in the merged region. In
Figure 4.52 (b), the jet spread angle appears much larger, about three times
larger than the premixed flames with an annular spread angle observed by

(b)

FIGURE 4.52
(@)—(b): Schlieren pictures of premixed flames: (a) laminar regime; (b) turbulent regime. (After:
Gil, Jung, and Chung, 1998 [71].)
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Lewis and von Elbe [72]. Higher entrainment and the effect of accelerated
velocity from the upper region of the recirculating zone were thought to
have caused the larger spread angle.

Figure 4.53 shows the velocity field and streamlines drawn from laser
Doppler measurements near the burner, including the recirculating zone.
The results show that the flame is kept inside the recirculating zone. The
flow velocity is small in this region and the flame velocity can be maintained
at a higher velocity than the blow-off velocity of the tube.

In conclusion, it may be said that the work of Gil et al. [71] demonstrated the
advantages of the axisymmetric curved wall jet burners in terms of extend-
ing the blow-off range, reducing the flame height, and providing greater con-
trol of the nozzle exit area. This suggests that the Coanda effect burners were
more effective in achieving the practically significant task of flame stabiliza-
tion than conventional tube jet burners.

4.8 Coastal Engineering

Another important area where the Coanda effect occurs is during the inter-
actions between coastal water flows and marine structures. The stream-
structure interaction is a hydrodynamic feature that has high environmental
impacts when it comes to the design, operation, and maintenance of the
quality of shallow waters and structures of a harbor. In Figures 4.54 and 4.55,
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FIGURE 4.53
Laser Doppler measurements near the burner and the recirculating zone. (After: Gil, Jung, and
Chung, 1998 [71].)



228 Coanda Effect

FIGURE 4.54
Aerial photo of Sydney Harbor. (After: Haywood [73].)

FIGURE 4.55
Aerial view of Latina Harbor. (After: Public domain [74].)
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aerial views of Sydney Harbor, Australia [73] and Latina Harbor, Italy [74]
are shown.

In shallow coastal waters, the accompanying diffusion processes that take
place between the water flows from the sea or rivers heading toward the sea
and stationary or moving marine structures lead to changes in flow patterns
along the coast. Other hazardous scenarios are created by the presence of
features of sandbars by peers, jetties and so forth, particularly when wind
and breaking waves push surface water toward the land and form strong
currents, such as rip currents that are strong, localized, and narrow. Rip
currents move directly away from the shore in a manner similar to a river
flowing out to sea. Figure 4.56 shows a diagrammatic representation of a rip
current and a warning sign on a beach and what to do when caught in a rip
current.

From a fluid mechanical point of view, the fluid—solid interactions and
their effects on the coastal banks may be likened to the behavior of jets
impacting on a wall or jets being subjected to cross flow. There have been
various numerical and experimental studies conducted of jet wall interac-
tions in shallow waters [76—85].

In numerical simulations, it is worthwhile to note that the two-dimensional
conservative equations used for shallow water are generally depth averaged
and take the following form [85]:

an U av _
ot Tox Ty 0

Breakers

Feeder

IF CAUGHT IN A RIP CURRENT

# Don't fight the current

* Swim out of ﬂn current, then to shore

* If you can't ompo. float or tread water

#_If you need help, call or wave for assistance

Breakers oy
¢ Know how to swim
¢ Never swim alone Q X hﬁ
# If in doubt, don't go out Q @ @

FIGURE 4.56
Schematic of rip current and warning sign posted at Mission Beach, San Diego. (After:
Commons [75].)
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where

d  water depth
n  free surface elevation
g  acceleration due to gravity
n  Manning coefficient
u,v  depth averaged velocities
He 1, kinematic and eddy viscosity

In a large, shallow embankment, the horizontal viscosity term is much
smaller than the vertical viscosity term, and is often neglected [77]. The ver-
tical term is then parameterized by the bottom friction term similar to the
classical boundary layer theory [84].

We will now try to understand the underlying physical processes of the
Coanda effect in jet water interactions in shallow waters based on the works
of Lalli et al. [85]. The authors had carried out numerical and experimen-
tal studies on such interactions in shallow waters, and particularly in two
Italian harbors, namely the Pescera Channel harbor and the Latina harbor.

In numerical simulations, the authors made several simplifications. They
linearized shallow water equations with respect to the free surface elevation,
and assumed the elevation to be low, which implied that the Froude number,
F, was less than 04, and the flow field everywhere under investigation was
subcritical. They further neglected the stratification effects due to salinity
and temperature. The authors, for simplicity, used algebraic model [85, 86]
rather than k—¢ model [87] for turbulence closure which was given by:

u=CHu,

where C is a parameter that includes three-dimensional effects.
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4.8.1 Experimental Setup and Test Configurations

Figure 4.57 shows the experimental setup that consisted of a flat-bed rectan-
gular tank with a horizontal, rectangular, cross-sectioned, free surface chan-
nel placed normal to the tank to represent the inlet of river. The outlet section
was placed opposite the channel mouth. Measurements were carried out by
particle image velocimetry.

Four experimental configurations were investigated in this study. They
were:

A. rectilinear lateral wall, parallel to the jet axis, placed at a distance k
from river mouth

B. simple-shaped channel-harbor layout, with a breakwater and an
L-shaped jetty

C. Pescara Harbor (1:1000 scale), and

D. Latina harbor proposed design (1:700 scale)

We will only look at the results of configurations A and D as being sufficient
to highlight the main features.

Z— N s {7 Plow Hsvalzaton
< Particle Image Velocimeter
Firewire link
Inlet Channel Welr
Pump
FIGURE 4.57

Experimental setup used in shallow water investigation. (After: [85].)
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4.8.2 Experimental Results
4.8.2.1 Jet-Wall Interaction for Configuration A

Figure 4.58 (a) and Figure 4.58 (b) show the experimental and numeri-
cal vector plots of time averaged jet-wall interaction in shallow waters for
Configuration A. The flow attachment depicting the Coanda effect resembles
the flow features of a backward facing step.

The effect of bottom friction on the Coanda effect using configuration A
can be seen in Figures 4.59 (a) and (b). These are the numerical solutions
expressed in streamlines for the same flow except that the Manning rough-
ness in 4.59 (a) was five times larger than in 4.59 (b).

4.8.2.2 Jet-Wall Interaction for Configuration D

Figures 4.60 (a)—(f) show the experimental and numerical flow patterns at dif-
ferent time periods for the Latina Harbor configuration. The figures on the
left show the experimental flow visualization results while the right-hand

H/w = 2 - experimental data
P e—

H/w = 2 - numerical solution
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FIGURE 4.58

(@)—(b): Jet-wall interaction in shallow water for Configuration A. (a) Experimental data;
(b) Numerical solution. (After: [84].)
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FIGURE 4.59
(a)—(b): Effect of bottom friction. (After: [85].)
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FIGURE 4.60
(@)—(f): Numerical and experimental result comparisons of river water diffusion with progres-
sion of time. (After: [85].)

side shows the numerical results. The diffusion of water in the Mascarello
River as it interacts with the Latina Harbor structures over time can be seen
in these figures.

Despite large simplifications of the numerical and experimental models,
the agreement between the experimental and numerical results in terms of
capturing the flow attributes were quite satisfactory.

The following remarks specific to the impacts of the Coanda effect can be
made from the results of this study:

¢ The Coanda effect is essentially an inviscid flow phenomenon driven
by convective terms and free surface gradients. In other words, the
forcing terms that initiate the Coanda effect are the free surface
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gradients related to the vortex generated between the jet and the
wall aided by convective terms that produces flow contraction.

* High bottom friction inhibits the Coanda effect. If the ratio of the
horizontal to vertical scale is sufficiently large, the Coanda effect
may not take place at all.

* The Coanda effect significantly modifies the flow patterns in jet—flow
interactions by affecting the diffusion process and the spreading of
river waters along the coast. The authors suggested that construction
of a breakwater in front of a river mouth is not suitable because it
hinders the free spreading flow of river waters, resulting in undesir-
able stagnation of polluted waters.

4.9 Building Ventilation

Ventilation, or the introduction of air into an enclosed space [88-91] to con-
trol indoor air quality and thermal comfort, is essential in human living.
Various strategies involving renewable and conventional sources of energy
have been employed [92-94] for the purpose.

4.9.1 HVAC Ceiling Diffuser

Heating ventilation and air-conditioning (HVAC) is one of the commonly
used systems in building ventilation [95]. However, to maintain a habitable
indoor environment for occupants within a building, the system has to oper-
ate under varying load conditions, and provide maximum heating in winter
and maximum cooling in summer, as well as meet the requirements of more
moderate days. These systems, however, are energy intensive and costly to
install and operate.

To create a comfortable condition, the air supplied from the HVAC draws
in the air of the room and mixing takes place [96]. A schematic of such mix-
ing is shown in Figure 4.61. The diffuser of the HVAC is used to supply the
air, generally from the ceiling of the room. The diffuser generates a con-
trolled high-velocity jet, creating the Coanda effect, and the air leaves the
diffuser, adhering to the ceiling [97] as shown in Figure 4.62.

The performance of the diffuser may be determined by the length of the
jet movement on the room ceiling. Figure 4.63 shows the ideal movement of
the jet that reaches each corner of the ceiling [98] before flowing downwards,
inducting air of the room into mixing.

4.9.2 Free Plane Jet Ventilation

Ventilation by a free plane jet with the Coanda effect has been studied by
van Hooff et al. [99]. The authors conducted particle image velocimetry (PIV)
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FIGURE 4.61
Air induction by supply air and mixing within a room.
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FIGURE 4.62
Coanda effect produced by supply air jets.
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FIGURE 4.63
An isometric view of the ideal movement of ceiling supply jet movement to each corner of
the room.

measurements and analysis of forced mixing ventilation. A reduced scale
experimental setup, which is shown in Figure 4.64 (a)—(b), was used for their
investigation.

Based on the PIV measurements, time-averaged velocities, vorticity, and
turbulent intensities, the authors found that the Coanda effect caused the
free plane jet to transform in the wall at a distance just downstream of the
inlet. The Coanda effect was found to deflect the jet toward the top surface.
The development of the Coanda effect at different Reynolds numbers is
shown in Figure 4.65.

4.9.3 Double-Glazed Facades

Double-glazed fagades are increasingly seen as useful means to compliment
the building ventilation process. Apart from increasing the aesthetic appeal
of modern architecture, such fagades also serve to shield a building from
noise and wind loads. These fagades, however, allow ultraviolet rays of the
sun to enter the building. Although ultraviolet rays help in the formation of
vitamin D necessary for strengthening the bone, prolonged exposure to this
ray may cause burns and skin cancer.

Under varying climatic conditions, the thermal performance of a double-
glazed fagade is generally not satisfactory and may require extra efforts to
maintain livable conditions inside a building. To reduce the solar load gain due
to the installation of double glazed faces, for example, free and forced convec-
tion methods or a combination of both methods may be required [100-102].
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FIGURE 4.64

(@)—(b): Reduced scale PIV measurement set up: (a) three-dimensional view of the test section
and coordinate system used; (b) two-dimensional representation of the plane jet for the inner
and outer regions I and II. (After: van Hooff, et al., 2012 [99].)

Free convection that relies on buoyancy is less effective and forced convec-
tion using mechanical means appears to produce better results. Fans are the
most commonly used in forced convection ventilation in a double-glazed
facade. However, Valentin et al. [103] have pointed out several disadvantages
of using fans, such as the costs of an electrical supply for the motor and
the construction of a solid support in the lateral side of the fagade for their
installation, as well as the issues of vibration and noise, and additional main-
tenance costs.
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4.9.3.1 Coanda Nozzles

In the same study, Coanda nozzles are claimed to overcome these problems;
they carried out some feasibility studies on them using computational fluid
dynamics. We will briefly look at the results from their studies on the per-
formance of the Coanda nozzle. An isometric view of the Coanda nozzle is
shown in Figure 4.66.

In the proposed nozzle, a thin layer of fluid is ejected at a high speed from
a gap near the throat on the circumference. This creates suction that allows
the ejected fluid to move while remaining attached to the wall and entrain-
ing atmospheric air through the nozzle.

4.9.3.2 Performance Evaluation

The authors resorted to numerical investigation to evaluate the performance
of the proposed Coanda nozzle. The geometric model used in their study
was constructed following the actuator optimization guidelines of Kim et al.
[104]. The schematic of the vertical section of the double-glazed facade and
the radial section of the Coanda nozzle are given in Figure 4.67 (a) and (b).

The results obtained were compared with the results of Guardo et al. [105,
106]. The Coanda nozzle ventilation results suggested that the solar load
gain was reduced significantly over vertical ventilation and produced high
volumetric flow rates. A recirculating flow pattern was observed through the
lower zone of the fagade indicating heat removal mechanism. These findings
led the authors to conclude that the Coanda nozzle was a feasible alternative
to the conventional fans for forced convection ventilation in double-glazed
facades.

AIR x13

FIGURE 4.66
An isometric view of a Coanda nozzle. (After: Valentin, et al., 2013 [103].)



240 Coanda Effect

INTERNAL
wALL
AIRINLEY
" CHANNELSIDE 8
Q EXTERMAL oy
n INTERNAL oume  »n
< - O
- m
oTeRNAL
1
 ——————
0Im  Depth=ofm
(a)
7
Z
2
.
7
=0 % =450 am

(b)

FIGURE 4.67
(@)—(b): Details of the geometric model used in the numerical study: (a) vertical section of the
double-glazed fagade; (b) radial section of Coanda nozzle. (After: Valentin, et al., 2013 [103]))
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4.10 Drinkable Water Systems

Water is a basic requirement of all living beings. Human civilizations and
agriculture have grown around water supplied by rivers and their branches.
With continued population growth, the need for improved water supply
systems for drinkable water has also grown. Unfortunately, however, nearly
half the population of the world living in the rural areas [107] of developing
countries does not have access to drinkable water.

In many parts of the developing world, small feed water systems are gen-
erally used. These systems require the removal of sediment from the water
before they become drinkable. Proper removal of sediment from the water
of the river systems is often a difficult task particularly for the fact that the
sediment load varies at different times of the year due to seasonal changes.

To illustrate the impact of sedimentation on the feed water system, which
can affect millions of lives, let us briefly consider some statistics related to
the Mekong River, one of the longest rivers in the world that runs through
several heavily populated countries of Southeast Asia.

Figure 4.68 shows a map of the Mekong River [108], and a view of the river
as it passes through Luang Prabang in Laos [109] can be seen in Figure 4.69.

The Mekong River is 4,350 km long [110] and it drains an area of 795,000
km?, discharging 475 km? of water annually [111]. According to the Mekong
River Commission of 2009 [112], the river has a peak flow of about 12,000
m3/s with an average flow of about 3,500 m3/s annually at Luang Prabang in
Laos. This translates into a peak-to-average-daily-discharge ratio of 3.4. This
ratio increases rapidly as the basin area becomes smaller [110]. This ratio is
important because it shows how in rainy seasons, it can result in watershed
erosion and increase the sediment load.

The quality of water is greatly affected by the sediment present in the river
water, which is often the main source of water. The performance of water
treatment plants is also adversely affected by the sediments. Although vari-
ous attempts have been made to provide drinkable water to rural communi-
ties of the developing world, the cost of installation, maintenance, as well as
a lack of resources have made the task of providing drinkable water in those
communities much harder.

In this section, we will look at how the Coanda effect can contribute to
improving water quality and water supply systems, particularly for the rural
poor of developing countries. The device that can be used is the Coanda
effect screen, also referred to as a wedge wire screen.

4.10.1 Working Principle of the Coanda Screen

Coanda effect screens have evolved from screen designs that have been
used for a long time in the mining and wastewater treatment industries to
separate liquids from solids over an inclined plane of standard wedge-wire
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FIGURE 4.68
Map of the Mekong River Basin. (After: Shannon1 [108].)

screen panels in which the top surface of each wire is parallel to the plane of
the complete screen.

The through-flow is driven by the effective hydrostatic pressure created by
the water column height over the gap between any two parallel wires and
the thin layer of water sheared off at the bottom of the section.

The mining and wastewater wire panels generally operate on gravity
action only. The Coanda effect screen panels are intended to gradually turn
the flow in such a way that the flow progresses without skipping a single
wire. Thus, each individual wire of the Coanda effect screen panel is tilted by
a few angles (3—-6°) downstream in relation to the previous upstream panel
while at the same time placed in such a way as to produce very small open-
ings (less than 1 mm). At typical velocities and screen openings, this deflec-
tion is very slight. With tilted wires, the shearing action is also enhanced by
the attachment of the flow, which is the Coanda effect. The shearing effect
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FIGURE 4.69
A view of the Mekong River as it passes through Luang Prabang, Laos. (After: [109].)

and the orifice-flow behavior influence the design parameters of the Coanda-
effect screen.

The screen properties of slot width, wire width, and wire tilt angle can sig-
nificantly affect screen capacity. Slot width and wire width both affect screen
porosity, which affects the amount of orifice-type flow through the screen
surface. Wire tilt angle also affects the shearing of flow through the screen.

Several studies [112-114] have been conducted to relate the orifice discharge
coefficient to the Froude number between parallel slot flows. They used one-
dimensional flow with a prescribed distribution of hydrostatic pressure
as well as different free surface models demonstrating the viability of the
numerical modelling approach. The results obtained, however, were only
of indicative nature since the flows modelled were through parallel slots of
rectangular bars that were substantially different in configuration from the
Coanda effect screen slots.

The essential features of a Coanda effect screen and installation can be
seen in Figure 4.70 [115]. The screen is installed on the downstream face of
an overflow weir. Flow passes over the crest of the weir, across a solid accel-
eration plate, and then across the screen panel. The screen is, generally, con-
structed of wedge-wire where the wires are placed horizontally but normal
to the flow across the screen.

Wahl [116] showed that the through-flow discharge through the tilted
wires could be described in terms of the orifice equation. This equation
was expressed as a function of two coefficients; the first accounted for the
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(@)—(b): Features of a Coanda effect screen: (a) photographs of a typical Coanda effect screen in
plan and longitudinal section views; (b) installation of the Coanda effect screen on the down-
stream face of an overflow weir. (After: May, 2015 [115].)

reduction and contraction in velocity through the slot, while the second
captured the effects of the Froude number, geometry of the wire, and the
angle of incidence of the flow. In this analysis, the specific energy term
from the depth of the flow was used as the driving force for the flow with
a Froude number that ranged between 2 and 30. The study also found that
although the screen curvature and air entrainment affected the perfor-
mance of the Coanda effect screen, the hydraulic friction of the screen had
little or no effect.

4.10.2 Optimum Performance Screens

For optimum performance of the Coanda effect screen, upstream flow
should accelerate smoothly across downstream across the face of the screen.
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The relationship between the inclination of the screen and the drop height,
as well as the shape of the accelerator that is meant to facilitate the smooth
transition, therefore, become very important. These aspects have been stud-
ied by Wahl [115, 116], who found that the ideal accelerator plate profile
should follow the trajectory of a free falling jet under the action of gravity,
in other words an ogee shape. The exact ideal ogee shape, however, depends
on the flow discharge, and, to a lesser extent on the height and velocity of
the upstream flow. A qualitative description of the ogee shapes for different
discharge values is shown in Figure 4.71.

4.10.3 Design Parameters

In a later work, Wahl [117] using equations and information contained in
Reference [118], developed various curves to determine the drop height,
screen inclination, or design discharge of an ogee crest accelerator plate when
any two of these three parameters was known in the design of any Coanda
effect screen. A qualitative description of the relationship for the drop height
and flow discharge based on Wahl's work [116] for various Coanda effect
screens is shown in Figure 4.72.

Wahl’s work was conducted using clean water on Coanda effect screens.
Although Kamanbedast [119] studied sediment removal at the intakes of
small hydropower installations, he used parallel rectangular bars, and as
such not Coanda effect screens. May [115] also studied the effectiveness
of Coanda effect screens in removing sediment. His work will now be
discussed.

May [115] conducted several laboratory experiments to determine the effec-
tiveness of Coanda effect screens in removing sediment. Initially, he used
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FIGURE 4.71
Qualitative description of Ogee crest profiles for varying discharge values.
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FIGURE 4.72
Qualitative description of relationship between drop height and flow discharge on various
screen angles.

a continuous flow apparatus with clean water to validate the performance
of Coanda effect screens. His results were found to be compatible with the
findings of Wahl. The apparatus was, thereafter, modified to conduct experi-
ments in batch flow mode for sediment exclusion. The schematic diagram of
the modified apparatus is shown in Figure 4.73.

Sonic Flow Sediment
Meter <\ / Hopper
- ll | > - Screen
Q)
* Clean Sediment + \4
Water Tank Water Tank \
<+ < i) < |
'/
Through Bypass

Flow Tank Flow Tank

FIGURE 4.73
Schematic diagram of the apparatus for a batch flow experiment. (After: May, 2015 [115].)
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4.10.4 Experiment
4.10.4.1 Laboratory test

The study found, as expected, that with time the gap between the individ-
ual wires tended to clog with sediments. This had the effect of reducing the
through-flow depending on the geometry of the screens used. Figure 4.74
shows this behavior.

It is interesting to note, however, that the clogged materials were removed
periodically by what can be described as something akin to a self-cleaning
process. This aspect was also observed in the experiments. The increased
shear stress due to increased depth and local velocity was probably the fac-
tors behind this behavior.

The results of sediment exclusion experiments performed under labora-
tory conditions are, however, difficult to implement in a real environment
because of the difficulties of knowing the sediment particle size distribution
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FIGURE 4.74
Sediment mixed flow through a Coanda effect screen as a function of time. (After: May, 2015
[115])
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and concentration that vary under the local topology, geology, and hydrol-
ogy conditions. The sediment load also changes at different times of the year.

4.10.4.2 Field Trial Test

May [115], therefore, built a prototype for field testing similar to the types of
gravity water systems used in the rural areas of many developing countries.
Particular attention was paid to the cost and time in building them to assess
their economic viability. Figure 4.75 shows the Field Prototype that was built.

The structure was built for a maximum through-flow of 1.26 liters/sec-
ond, with a spillway slope angle of 45°, a drop height of 66 mm, and channel
width of 15 cm. The area of the screen was 15 cm x 30 cm. A provision was
included to decrease the screen length to accommodate different through-
flow rates. The top two pictures in Figure 4.75 show a pipe on the left of the
structure intended to collect and transport the through-flow downstream.
Debris is seen to have been collected on the bottom-left picture of Figure 4.75,
which is eventually removed by the flow.

Although it was difficult to establish a definitive performance correla-
tion between the wire width, w, and tilt angle, @, screens with thinner wire
seemed to be better at removing sediment, but this came at the cost of lower

FIGURE 4.75
Field prototype of a Coanda effect screen used. (After: May, 2015 [115].)
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FIGURE 4.76
(@)—(c): Effect of tilt angle variation. [115].

through-flow rate. May conjectured that the tilt angle was the more important
of the two parameters and used the schematic diagram shown in Figure 4.76
(@)—(c) to argue the case. The diagram shows the increase from 0° in frame (a)
to (c) with progressively increasingly values of ®. As tilt angle increases, the
through-flow also increases with a greater possibility of trapping sediment
particles on the Coanda effect screen.

4.11 Concluding Remarks

We had a glimpse of the diverse application possibilities of the Coanda effect
and how they can influence our lives, from automation of industrial pro-
cesses to healthy living with drinkable water systems. Still there are other
works that show vast opportunities exist for Coanda effect applications in
areas such as vacuum cleaning; discharging foul air or dust from chicken
houses away from residential homes [120]; high performing automotive
vehicles [121]; heat exchangers for racing cars [122]; fluidic actuators for con-
trol systems [123]; flow meters for hydrocarbon rate measurement in the oil
and gas industries; noise reduction of feedback control systems [124]; and so
forth. Coanda effect research is providing promising solutions.
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5

Coanda Effect in a Human Body

5.1 Cardiovascular Disease

The Coanda effect may be used to explain many of the complex fluid flow
phenomena that take place inside a human body. The healthy functioning of
a human body is highly dependent on the normal movement of fluid, such as
blood or air, within it. The movement of blood is required for the transport of
glucose, oxygen, and other nutrients to different parts of the body, while the
flow of air through windpipes is essential for breathing or making speech.

Any abnormality in the flow movement within a human body gives rise to
various diseases and medical conditions; some of these abnormalities may
be linked to the Coanda effect. A greater understanding of this fluidic effect
may help medical professionals to develop effective diagnostic procedures
and treatments for various ailments and diseases, and in many cases, recom-
mend preventative measures before such diseases take hold.

An important area where the Coanda effect is known to cause problems
is in the development of cardiovascular disease. Cardiovascular disease is a
major cause of death globally. In the last quarter of a century, global deaths
reported from cardiovascular disease have increased significantly, from over
12 million to nearly 18 million [1]. A snapshot of the distribution of deaths
around the world [2] is presented in Figure 5.1. An interesting point evident
from this figure is that the disease is more prevalent in rich countries than in
the poorer parts of the world, a possible after effect of a stressed lifestyle and
affluent unhealthy food habits.

Another area where the Coanda effect occurs is during phonation, a pro-
cess whereby speech or sound is generated. Phonation plays an important
role in human communication, and abnormalities associated with its func-
tioning constitute a significant area of medical research.

Today, there is great urgency to find solutions to the cardiovascular- and
phonation-related problems, and substantial resources are being invested
toward that end. A key strategy of these efforts has been to determine the link-
ages that exist between the fluid mechanics and the adverse medical condi-
tions. The study of bio-fluid dynamical aspects of the human cardiovascular
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FIGURE 5.1
A snapshot of the distribution of deaths around the world due to cardiovascular disease based
on statistics from WHO. (After: [2].)

and phonation systems have, therefore, become an active area of research,
and rapidly growing in importance.

In this chapter we will assess how and where the Coanda effect may
show signs of developing in a human body and review some of the works
that have been conducted in relation to the cardiovascular and respiratory
systems.

5.2 Flow Networks in a Human Body

In the study of the Coanda effect in a human body, it is important to consider
the nature of the flow movements of blood and air and the associated flow
networks that facilitate such movement.

Since human blood is a very complex fluid, a common approach in fluid
mechanical investigation has been to treat blood as an incompressible
Newtonian fluid. But because white and red cells remain suspended in it,
the blood behaves more like a non-Newtonian fluid at low shear rates during
its passage through its vessels. The narrowing of the blood vessels is often
the consequence of the accumulation of plaques or fatty materials inside the
artery. Such accumulations generally cause a reduction in blood flow result-
ing in serious circulatory disorders, and in many cases, heart attacks. In
other instances, pressure may build up within blood vessels and the vessels
may enlarge in diameter at some locations, which may significantly reduce
their strength and make them prone to rupture and hemorrhage.

Most of these abnormal changes to the blood vessels appear to occur
at the curvatures, junctions, and branches of large and medium arteries.
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The characteristics of blood flow through the arteries and their branches, there-
fore, may hold clues for much of the causes of arterial diseases such as ath-
erosclerosis. But the complexities associated have made the task an extremely
difficult one. The studies for both normal and defective vessels have been
limited to flow fields of idealized cases of arteries and their branching, and on
aspects such as the effects of constricted flow, the wall motion on wall shear
stress or the effect of bifurcated angles, and so on [3-5].

Regarding phonation phenomenon, investigation do not become simpler
either. The movement of air in a human body during respiration is subjected
to significant expansion and compression, as well as vibratory and acoustic
effects. These cause the subject matter of phonation difficult to handle exper-
imentally and computationally. Thus, as with cardiovascular studies, ideal-
ization and heavy simplifications of the processes involved have become the
unavoidable practice.

5.2.1 Analogy of a Human Flow Network with
an Engineering Flow Network

A common feature of the pipes or blood vessels is that they tend to
branch out or connect with each other, forming very complex networks.
To illustrate these networks, three simplified sketches are provided in
Figure 5.2 (a)-(c). The first sketch, Figure 5.2 (a), is the simplified sketch

Upper respiratory tract
Wasal cavity

Pharynx

Larynx

Lower respiratory tract

Trachea

Primary bronchi

Lungs

(b) (c)

FIGURE 5.2

Flow network of a human body: (a) simplified sketch of the circulatory system of a human body
in anterior view (after: LadyofHats [6]); (b) heart, major veins, and arteries constructed from
body scans (after: Public Domain [7]); (c) respiratory system, from the nose to the location of
trachea and bronchi. (After: [8])
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of the circulatory system in a human body in anterior view [6]. The sec-
ond sketch shows the heart along with the arteries and veins constructed
from major scans [7]. The third sketch, Figure 5.2 (c), shows the simplified
sketch of the human respiratory system [8] that is responsible for breath-
ing and voice production.

Broadly speaking, the windpipe or blood vessel networks can be compared
with the flow networks of many engineering devices, such as heat exchang-
ers [9], chemical reactors [10], air-conditioners [11], electronic device coolers
[12], fuel cells [13], solar thermal collectors [14], land irrigation systems [15],
among others. The design objectives of any engineering device include opti-
mum cost, high performance efficiency, reliability, and durability. To meet
these objectives in the engineering networks, uniform flow through them is
essential.

Several studies have shown that for a healthy and disease-free existence,
a similar requirement of flow uniformity within human flow networks is
also called for. Lee et al. [16] have demonstrated that the uniform flow dis-
tribution in human bodies reduces pressure losses and flow resistance in
vascular or circulatory systems. Zarins et al. [17] have found some correla-
tions to exist between atherosclerosis locations and flow patterns in carotid
bifurcations. They have further shown intimal thickening and atheroscle-
rosis to be linked to low wall shear stresses, flow separation, and deviation
of flow from the axis of the blood vessels. These results are also supported
in the works of Ku et al. [18]; while working on the effect of pulsatile flow
on carotid bifurcations, they obtained correlations between the intimal
thickness and wall shear stress, and between intimal thickness and flow
oscillation.

Several solutions have been proposed to find optimum conditions and con-
figurations that would ensure flow uniformity through a flow network. Of
these, the design of flow channel networks based on symmetric bifurcation
that can be further extended to generate a larger number of distributed flow
streams in a cascading manner [19] appears quite promising. The concept of
cascading channel bifurcation has a major advantage in engineering applica-
tions since such structures give engineers greater freedom to design optimal
configurations at each step and produce uniform flow to meet specific func-
tional requirements. We will, therefore, look in some detail the bifurcation
aspect a flow network.

5.2.2 Formation of Channel Flow Networks through Bifurcation

Bifurcation is the first step in the formation of any flow network. This topic
has received much attention with regards to hydrodynamic problems [20].
Morphological investigations suggest that the number of branches at each
bifurcation point in a vessel tree to be nearly two [21]. Hence a binary bifur-
cation vessel tree including a main vessel and two branch vessels has been
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Wi Cus

FIGURE 5.3
(a) and (b): Basic flow channel bifurcation structures [19]): (a) tree-bifurcation; (b) circular-
bifurcation.

used as the standard model. Two basic flow channel bifurcation structures
based on the concept of cascading, namely the tree-bifurcation or circular
bifurcation [19], are shown in Figure 5.3 (a) and (b), respectively.

The aforementioned cascading concept of a bifurcated flow network that
has been successfully applied to engineering applications may also be used
to produce simplified structures during human coronary artery studies. The
drawback, however, lies in faithfully representing the real case. Thus, the
experimental studies on human flow network bifurcations have been very
limited. Apart from the cost and manufacturing constraints, the production
of realistic physical test models has never proved easy. The problems are
further compounded by the spatial and temporal limitations of the associ-
ated equipment [22] that are essential for the acquisition of accurate and
reliable data.

Computational fluid dynamics has, therefore, become the main tool of
investigation [23]. These studies, too, are hampered by the lack of suitable
numerical schemes that need to be validated with reliable data that must
come from physical experimentation or real situations. As a result, most
of these studies have been based on two-dimensional, idealized [24] or
semi-idealized [25] models of coronary arteries and applied to the pri-
mary flows and their effects on wall shear stress [26], but very little on the
secondary flows [27]. In some studies, the effect of the bifurcation of arter-
ies, which has a significant impact on blood flow characteristics, have been
neglected altogether [28], thereby diminishing the prospect of capturing
the Coanda effect.

Some attempts have also been made to study bifurcated flows using three-
dimensional models. In these computational studies, simplified geometries
have been assumed to represent the three-dimensional models as shown in
Figure 54.

Doutel et al. [29] have used such a model, as shown in Figure 54, in
their studies of flows in a coronary bifurcation. They approximated the
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FIGURE 5.4
An artery branching into two is represented by an idealized “Y” shape.

three-dimensional model of the left main trunk of the left coronary artery
that bifurcated into the left anterior descending and circumplex arteries that
took the appearance of a “Y” shape.

The Y-configuration has also been used in other studies. Yang et al. [30]
have used this configuration, as shown in Figure 5.5, to predict the effect
of the bifurcation angle on the hemodynamics in the human microvascu-
lar system. They found an expanding low-velocity region at the bifurcating
region, and velocity augmentation at straight vessels with increasing bifur-
cating angles. More importantly, they found the flow resistance induced by
micro-vessel bifurcation to remain unchanged over their single bifurcation
model below a specific diameter (60 nm) regardless of geometric parameters,
including the bifurcation angle.

Lamberti et al. [31] have also used the Y-configuration as shown in the
schematic of Figure 5.6. They investigated experimentally the adhesion pat-
terns using synthetic microvascular networks. They found that the adhe-
sion pattern propensity increased with larger bifurcating angles with higher
adhesion at junctions compared to the straight sections. However, they were
unable to observe some expected differences between the upstream and
downstream flows in their synthetic channel network flow images, as given
in Figure 5.7, which they attributed to their inability to reproduce completely
the in vivo blood rheology in their experiment.
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FIGURE 5.5
(@) and (b): Effect of the bifurcation angle: (a) 2-D single bifurcation model with no bifurcation
angle effect; (b) 3-D single bifurcation models with varying bifurcation angles. (After: [30].)

5.3 Development of the Coanda Effect in a Bifurcating Flow

Chesnutt and Marshall [32] have demonstrated that the distribution of blood
cells results in an uneven flow in the downstream channels of a bifurcating
flow. From a fluid mechanics point of view, such uneven flow or non-unifor-
mity is something that may give rise to the Coanda flow phenomenon. Thus,
concentrating on bifurcation and using the Y-configuration for the flow net-
works within human body, we can proceed to make some qualitative assess-
ments of where and how the Coanda effect may develop.

For ease of discussion, we have drawn Figure 5.8, which is an idealized
bifurcating representation of a flow network taking on a “Y” shape, and
labelled its various geometric lengths, diameters, and angles. In the parent
tube, we have also introduced a diverging-converging section prior to the
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Schematic of bifurcating synthetic microvascular networks at various bifurcating angles.
(After: [31])

bifurcation which, if present, can be used to represent the narrowing of the
blood vessel from injury, disease, or deposition of plaque originating from
fat or cholesterol.

5.3.1 Flow Asymmetry in a Constant Parent Tube
Diameter (No Narrowing)

We start our discussion by considering a flow through the simplest configu-
ration, where the parent tube is of a fixed diameter and suffers no narrowing
in shape before bifurcation into two symmetrical tubes of equal diameter
and angle, as shown in Figure 59.

In Figure 5.9 (a), the jet of the fluid flowing from the parent tube is uni-
form before moving into the two symmetrically bifurcating tubes. We will
assume the tubes to be rigid and the jet flow to be subsonic, inviscid, and
incompressible.

Under these idealized conditions, the flow in the parent tube will
remain uniform and enter the bifurcating tubes with equal and uniform
velocity.
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FIGURE 5.7
Images show endothelial cells cultured in synthetic microvascular networks under shear flow
conditions. A and are B endothelial cells stained with different colors. (After: [31].)

However, if there is a slight disturbance that causes non-uniformity in the
flow of the parent tube, then the symmetry of flow propagation within the
parent tube will be broken. The jet will then move more toward one wall
than the other, causing a reduction in the upstream area that is feeding the
flow. An unequal flow of different velocities will then enter the two bifurcat-
ing tubes, one having a higher velocity compared to other. The tube with the
lower velocity may not follow the contour of its wall properly, and may even
separate from it.

Such flow asymmetry in the parent tube can often be considered as the
precursor to the Coanda effect, taking hold in one of the bifurcating tubes in
which the flow is moving with a higher velocity. After an initial instability,
the flow will become stable and follow the contour of this tube while adher-
ing to its wall, as depicted in Figure 59 (b).
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FIGURE 5.8

Flow bifurcation of a parent tube into a “Y” shape. Where: D is the diameter of a parent tube;
d is the throat at the divergent—convergent section; L is the length of the parent tube; L, and L,
are lengths of the divergent—convergent section upstream of the throat; L, and L, are lengths of
the divergent-convergent section downstream of the throat; D; and D, are the diameters of the
bifurcated tubes; a; and «, are the angles of the bifurcated tubes from the parent tube. («; + ;)
is the angle of bifurcation; we will denote this by a such that, 0° < a < 180°.

5.3.2 Flow Asymmetry in a Non-Constant Diameter Parent Tube

Let us now consider a general flow through a parent tube that has a converg-
ing and diverging section prior to bifurcation.

With the assumption of rigid tubes and subsonic, incompressible, and
inviscid flow, we can apply the conservation laws of mass and momentum
between the flow in the parent tube upstream of the converging section and
the throat. We will find an increase in velocity and a decrease in pressure as
the flow converges to the minimum area at the throat. A decrease in velocity
and an increase in pressure can be expected in the diverging section as the
flow moves from the throat to its downstream.

Generally, any abrupt change in the direction of a flow is undesirable. In
a subsonic flow, the converging process suffers lower losses than a decel-
eration process. This is because during deceleration, as the flow expands
through a diverging section, it is prone to flow separation, reverse flow, or
wake formation, all of which are the sources of losses. To minimize losses in
expansion, the lengths of L, and L, of the divergent section have to be longer
compared to the converging lengths of L, and L. This suggests a preference
for a smaller diverging angle for low loss flows. If these lengths of both the
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FIGURE 5.9
(@) and (b): Flow bifurcation into a “Y” shape without any constriction in the parent tube:
(@) uniform flow; (b) non-uniform flow showing the Coanda effect.

converging and diverging sections are of such scale that the jet flow moves
smoothly in the parent tube without suffering losses, then no Coanda effect
will be produced during bifurcation.

Let us also look at an extreme case when these four lengths are so small that
they can be ignored. Then the converging-diverging section takes the shape
of an orifice plate and forms a constriction as shown in Figure 5.10. We will
also assume a symmetric bifurcation, implying that the diameter, d, of the
constriction is centrally located in the parent tube and D, and D, are of equal
magnitude and their angles from the parent tube, ; and a,, are also equal.

Referring now to Figure 5.10 (a) and (b), when the jet enters from a smaller
area of the constriction to a larger area downstream, it will entrain fluid
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(b)

FIGURE 5.10
(@) and (b): Uniform flow with a constriction in the parent tube bifurcating into a “Y” shape:
(@) uniform flow; (b) non-uniform flow showing the Coanda effect.

from its surroundings. The sudden removal of fluid in this way will lower
the pressure between the jet and the side walls of the parent tube and cre-
ate reverse flow and the formation of two dead or re-circulating flow zones
downstream of the constriction. The formation of the recirculation zones is
shown in Figure 5.10 (a). Despite losing some momentum because of the for-
mation of these recirculating zones, the flow is still expected to branch out
equally into the bifurcating tubes because of geometrical symmetry, if “L” is
of sufficient length. But if there is a slight disturbance in the flow of the par-
ent tube with constriction, the flow will become asymmetric as was the case
for the flow without constriction. This scenario, as shown in Figure 5.10 (b),
then has the potential to give rise to the Coanda effect.
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5.3.3 Flow Asymmetry in the Parent Tube with a Hump

The Coanda effect may also be produced if there is a hump located on any
one side of the parent tube. This will have the effect of immediately diverting
the flow away from the wall where the lump is located; the symmetry of the
flow will be lost. The effect will be more pronounced if the lump is located
near the point of bifurcation, as shown in Figure 5.11.

5.3.4 Effect of L, D, and a on Flow Asymmetry

We will now consider the effect of L, the length that extends from the con-
striction to the bifurcation location, and the constriction diameter, D, for a
given velocity of a jet. When L is small, there will be very little Coanda effect.
However, as L increases, with little disturbance, the flow may start to become
more and more bi-stable even at very low pressure and Reynolds number.
The Coanda effect may become more pronounced until reaching a limiting
value of L, after which the effect would start to diminish gradually.

Compared to D, L should be substantially larger. This is to ensure that the
flow has become fully developed before it bifurcates. As a rule of thumb, L is
often taken to be greater than 10 times the value of D (L > 10D).

The diameters, D, and D,, of the bifurcated tubes may also play some role.
For the Coanda effect to occur, the diameters of the jet at entry to the bifur-
cated tubes should be less than bifurcated tube diameters.

Finally, the effect of the bifurcating angles, o; and o,, is considered. The
combined value of a; and «, can range from 0 to 180° (0° < a <180°) where

FIGURE 5.11
Non-uniform flow generated due to a hump in the parent tube and bifurcating into a “Y,”
shape showing Coanda effect.
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a = (o + o). Let us assume a; = o, and take the extreme case of a being close
to 180°, then the flow from the parent tube will have to turn a corner of nearly
90° to enter the bifurcated tubes. This will be difficult to accomplish without
suffering significant pressure and momentum losses. The flow velocity will
be reduced, and the pressure will rise, which in turn may produce reverse
flow. Under such circumstances, the Coanda effect may be produced irre-
spective of whether a hump or a constriction is present on the parent tube
or not.

We have so far conducted our discussion by concentrating on flow asym-
metry in a symmetric configuration where asymmetry may be brought
about by some disturbance. We have argued that, if the parent tube flow,
with or without constriction, departs from its normal flow trajectory, then
the chances for the Coanda effect to occur become high. We have not elabo-
rated on what happens to the flow in the bifurcating tubes, but we expect
the process to be similar to the parent flow in subsequent bifurcations. The
assumptions of blood vessels or windpipes being rigid and the flow being
inviscid are not entirely valid. Our descriptions are qualitative in nature and
an oversimplification of a process that is much more complex.

5.4 Coanda Effect in Operative Procedures

Based on the materials presented so far, we can now make some qualitative
judgements as to how to avoid the Coanda effect in some of the operative
procedures. We will consider some simple steps that can be adopted and
avoid the detrimental aspects of Coanda effect with a greater awareness of
the flow phenomenon.

We should note, however, that in the previous section, we did not consider
how the disturbance in the flow in a parent tube that gives rise to asymmetry
may originate. The disturbance may be caused by geometric, physiological
flow characteristics, or a combination of both, but also through other factors
such as medical conditions or diseases in a human body. In other cases, for
example during operative procedures, the Coanda effect may be introduced
unwittingly.

In the following sections, we will briefly consider two operative proce-
dures where the Coanda effect, which was not present originally, can mani-
fest: in an aneurysm and in endotracheal intubation.

5.4.1 Aneurysm

We will now consider a scenario when the Coanda effect may occur and
produce adverse consequences [33], in the operative treatment of aneurysm.
According to the American Heart Association, an aneurysm is said to occur
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when part of an artery weakens, allowing it to widen abnormally or balloon
out.

The causes of aneurysms are not often known. A person may be born with
aneurysm, that is, the condition may be genetic, or the condition may arise
from smoking, blood pressure, trauma, injury, aortic disease or the aging of
the body.

Aneurysms can occur at various places in the human body, the two most
common being the aortic aneurysm that occurs in the major artery of the heart,
and the cerebral aneurysm that occurs in the brain. Two images of an aneu-
rysm, one in the brain (cerebral aneurysm) [34] and the other in the abdomen
[35] are shown in Figures 5.12 (a) and (b), respectively, for illustrative purposes.

Various diagnostic procedures are available to detect aneurysms.
Prominent amongst them are non-evasive scans or imaging techniques, such
as the computed tomography scan and magnetic resonance imaging tech-
nique. The development and role of such techniques in the diagnosis, follow-
up, and surgical planning of aortic aneurysms and acute aortic syndromes
are well documented and easily available in the available literature [36].

When it comes to the treatment of aneurysms, endovascular therapy or
endovascular aortic repair is generally preferred over microsurgical clip-
ping as they are considered to be minimally invasive and cost-time effec-
tive. The procedures have been used for the last few decades and are carried
out inside blood vessels; they are generally used to treat peripheral arterial
disease commonly found in the leg, aorta, or carotid. It is worth noting that
not all aortic aneurysms can be repaired with the endovascular aortic repair
procedure because the exact location or size of the aneurysm may hamper
the safe and reliable placement of the stent graft inside the aneurysm. This
would mean resorting to other surgical procedures.

In endovascular aortic repair, a graft is inserted into the aorta to strengthen
the aorta without removing the aneurysm. The surgeon first inserts a catheter
into an artery in the groin (in the upper thigh) and using the X-ray display,
threads the graft, often called a stent graft, into the aorta to the aneurysm.
The graft is then expanded inside the aorta, which helps to lock it in place
and form a stable channel for blood flow. The graft strengthens the weak-
ened section of the aorta and prevents the aneurysm from rupturing. The
endovascular aortic repair process [37] is shown in Figure 5.13.

During the endovascular aortic repair process, care has to be taken to
ensure that the graft blends well with its surroundings to ensure smooth
and uniform flow through it before it branches out into other smaller arter-
ies. This will help avoid creating any Coanda effect in the arterial branches.

In other operative procedures in the treatment of aneurysms, the surgeon
may attempt to isolate the aneurysm from circulating blood. But he has to
clip the aneurysm without deforming, distorting, or damaging the adjoin-
ing blood vessels and their branches. This makes the procedures extremely
delicate and difficult to perform. During this procedure, the Coanda effect,
not present originally, may be created unwittingly.
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(@)

Femoral arte
(b)
FIGURE 5.12

(@) and (b): Images of aneurysms: (a) a cerebral aneurysm (after: [34]) and abdominal aneu-
rysm. (After: [35])
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FIGURE 5.13
The placement of an endovascular stent graft in a thoracic aortic aneurysm. (After: US Gov
1371)

To better understand how the Coanda effect may be avoided during clip-
ping, we may conduct our discussion with reference to the cerebral vascular
network, shown in Figure 5.2 (b), that supplies blood to the brain. Blood to
the anterior (front) and the posterior (back) areas of the brain are supplied
by the internal carotid and vertebral arteries, respectively. The right and left
vertebral arteries pass through the skull and join to form a single basilar
artery. The basilar artery and the internal carotid arteries meet in the form of
a ring at the base of the brain. This ring is called the Circle of Willis [38], and
is shown in Figure 5.14.

The majority of the cerebral aneurysms are found to be in the anterior
segment of the Circle of Willis, and can be found in three main arteries: the
internal carotid artery, the middle cerebral artery, and the anterior cerebral
artery. There are others in the basilar artery, vertebral basilar, posterior com-
municating artery, and cavernous carotid artery.

From the Circle of Willis (refer to Figure 5.14), we can easily observe that
the internal carotid artery bifurcates into the middle cerebral artery and the
anterior cerebral artery, forming the “Y” shape. The bifurcating angle is also
large and close to 180°.

It should be noted that aneurysms arising from the internal carotid artery
trunk have a higher risk of intraoperative rupture with a large defect in
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FIGURE 5.14
The anterior and posterior circulations meet at the Circle of Willis, pictured here, which rests
at the top of the brainstem. (After: [38])

the wall due to their very fragile walls and poorly defined necks [39, 40]
Therefore, these aneurysms require special attention.

With the advent of microvascular techniques, most parts of the damaged
artery wall during aneurysm surgery can be repaired by primary closure
or by the bypass technique. However, these methods are not always suc-
cessful [41].

The Sundt encircling clip has, therefore, been developed to repair
defects of some of the blood vessels. While installing this clip, great care
would be required to ensure that no constriction is formed in the blood
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vessel. This will help prevent the formation of the Coanda effect in the
vessel. Often this fluidic effect may not be noticed during operative pro-
cedures, but it may become evident during the post-operative phase. It is
also important to take into consideration the effect of the length, “L,” of
the internal carotid artery during clipping. Clipping the lower aneurysm
will be less risky than the upper aneurysm because of a larger L value.
Similar to the case of a hump, noted earlier (refer to Figure 5.11), any aneu-
rysm particularly close to the bifurcation location will have the possibility
of reducing the blood flow in the middle cerebral artery, which will divert
an accelerated blood flow into the anterior cerebral artery. These outcomes
are clearly hazardous.

If a normal clip is used at the junction where the middle cerebral artery
and the anterior cerebral artery meet, the curvature will not be affected and
no distortion to the configuration will take place, suggesting no formation of
the Coanda effect.

Surgery on middle cerebral artery aneurysms can sometimes be quite
difficult and also dangerous because of the arteries” wide base, large size,
varying thickness and irregular dome characteristics. The majority of these
aneurysms are located at the bifurcation or trifurcation of the middle cere-
bral artery. Pre-bifurcation aneurysms are relatively rare. The knowledge
of the anatomical and physiological fact, therefore, is very important when
deciding how to treat an aneurysm of the middle cerebral artery [42-44].

When an aneurysm occurs at the trifurcation of the middle cerebral artery,
the flow tends to have a symmetrical flow. This diminishes the prospect of
the Coanda effect occurring when the clip is applied at right angles to the
parent vessel. If, however, the trifurcation is not symmetrical and has pri-
mary bifurcation preceded by a secondary bifurcation, then clipping at 90°
to the parent vessel is unlikely to yield satisfactory result.

Finally, we look at the clipping of an aneurysm on the anterior cerebral
artery, which is one of a pair of arteries on the brain that supplies oxygen-
ated blood to most midline portions of the frontal lobes and superior medial
parietal lobes. Here the clipping has to be performed at right angles to the
vessel. If the clipping occurs parallel to the vessel, the chances of fluid being
entrained from the pericallosal artery are considerable. Another possibility
is that a jet may be formed that flows into the contralateral communicating
artery. Both outcomes are dangerous may have dire consequences.

5.4.2 Endotracheal Intubation

Endotracheal intubation is another operative procedure during which the
Coanda effect may be introduced unintentionally. Endotracheal intubation
is an artificial form of ventilation administered to a patient.

To understand the process, let us consider the human respiratory system,
as depicted earlier in Figure 5.2 (c). Here the trachea is the windpipe or air-
way that connects the nose and mouth to the lungs. When a person inhales, it
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is through the windpipe that air flows into the lungs. Thus, a properly func-
tioning and damage-free trachea is essential for respiration and survival.

Endotracheal intubation is generally performed when a patient is placed
on a ventilator during anesthesia or serious illness. In this procedure, a tube
called an endotracheal tube, is inserted through the mouth and into the air-
way of the patient. The endotracheal tube then acts as an artificial windpipe
that connects the pharynx. The pharynx branches into the two bronchi to
finally connect the lungs to supply air. The intubation process [45] is shown
in Figure 5.15.

The flow of air during the artificial ventilation can be compared to the air
movement through a tube that bifurcates, as discussed earlier. It is during
the bifurcation of air flow that the Coanda effect may occur in the bronchi.
If that happens, unequal ventilation to the two sides of the lungs may result.

Qudaisat [46] has reported of an incident of unequal ventilation of the
lungs during artificial ventilation administered using an endotracheal tube
to a patient undergoing a total knee replacement under general anesthesia.

During each breath of the patient, unusual right and left chest expansions
were repeatedly observed. The asynchrony or mismatch was further con-
firmed when a stethoscope was used to listen to the breathing. The breathing
sound in the left lung was heard late in the inspiration whereas the sound
in the right lung was heard throughout inspiration. Attempts to adjust the
depth of the endotracheal tube did not improve the situation.

So, additional chest X-ray tests were carried out. The tests revealed some-
thing interesting. There was a noticeable endotracheal tube deviation with
a sudden rightward angulation of 90°. It was speculated that this eccentric
dislocation of the endotracheal tube may have initiated the Coanda effect
on the jet of gas coming from the ventilator into the endotracheal tube and
not exiting symmetrically from its end. Consequently, the jet would have

P Fv:w"“;"

FIGURE 5.15

Endotracheal intubation: diagram of an endotracheal tube that has been inserted into the tra-
chea: A- endotracheal tube; B- cuff inflation tube with pilot balloon; C- trachea; D- esophagus.
(After: PhilippN [45].)
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adhered to the tracheal wall and moved into the right bronchus, following
the tracheal wall contour, generating unequal ventilation.

By carefully deflating the cuff of the endotracheal tube and rotating it by 90°
to the left without altering the depth of the tube, the eccentricity introduced
during the incubation process was reversed. This appeared to eliminate the
Coanda effect. Subsequent tests after this rotational adjustment, synchrony,
and equal ventilation in both lungs were found to have been restored, and
normal breathing and functioning of the lungs of the patient returned.

5.5 Coanda Effect in Mitral Valve Malfunction
and Mitral Regurgitation

Over the years, a large number of numerical and experimental studies
have been conducted on blood flowing through various parts of the body.
Although there has been several reporting in the literature of the Coanda
effect in cardiovascular and echocardiographic assessments, the informa-
tion they contain are not sufficient to provide in-depth understanding as
they lack proper linkage of the fluid mechanical phenomenon with the medi-
cal conditions. This underscores the necessity for proper experimental and
numerical studies to fill the void.

In this section, we will look at two specific areas where the Coanda effect
has been investigated: the first relates to mitral valve malfunction in the
human heart and the second to human phonation.

To understand mitral valve malfunctioning, the anatomy of a normal heart
and the location of the mitral valve [47] is shown in Figure 5.16. The mitral
valve is an organ that allows flow between two chambers of the heart, from
the left atrium to the left ventricle. When part of the mitral valve loosely slips
backwards into the left atrium, the condition is called mitral valve prolapse.
The most common cause of mitral valve prolapse is the chordal elongation
of the valve leaflets which, when it is detected, may also be an indication of
severe mitral regurgitation.

Mitral regurgitation affects nearly 150 million people worldwide and
occurs in men and women equally [48]. Mitral regurgitation is the leaking of
blood flow in the heart, otherwise not present in a healthy body. The condi-
tion may occur due to pathology affecting one or more components of the
mitral valve or due to annular dilatation and geometrical distortion of the
sub-valvular apparatus secondary to the left ventricular, associated with car-
diomyopathy or coronary artery disease.

Although the disease has been known since the late 1800s [49], not much
progress has been made in identifying the major risk factors [50] or mecha-
nisms that trigger it [51]. Sudden death is not uncommon in patients with
mitral valve disease. Severe mitral regurgitation may result in chronic
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FIGURE 5.16
An anatomy of a normal heart showing the location of mitral valve. (After: [47].)

volume overload and gradual dilatation of the left ventricle, leading to severe
heart failure [52-54].

Mitral valve surgery remains the standard of care for patients with symp-
tomatic severe mitral valve regurgitation. Recurrent mitral regurgitation fol-
lowing mitral valve repair is less common, occurring in 10-15% of patients
during the first 10 years after surgery [55].

In recent years, a variety of approaches to the percutaneous treat-
ment of primary and secondary mitral regurgitation has been proposed.
A task force of the European Society of Cardiology Working Groups on
Cardiovascular Surgery and Valvular Heart Disease has been formed to
outline steps and recommendations for the treatment and monitoring of
mitral regurgitation [56]. Despite this, it remains a fact that there are no
medicines currently available to cure this heart valve disease and lifestyle
changes, and some medicines can only partially treat or relieve the symp-
toms and complications.

An echocardiogram is generally used in the diagnosis, management, and
follow-up of patients who are suspected to suffer from heart diseases. An
imaging technique known as color Doppler echocardiography creates two-
dimensional or three-dimensional color images of the intracardiac blood
flow patterns, particularly in valvular heart disease, using pulsed-wave or
continuous-wave Doppler ultrasound. From such echo Doppler and color
flow mapping, the visual images and quantitative information about the
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size and shape of the heart, as well as the location of the damaged tissues
can be determined. In addition, several functional parameters of the heart,
such as its pumping capacity, blood flow volume, ejection fraction, and heart
relaxation can also be quantified. The information is then used to assess any
abnormalities in blood flow between the left and right sides of the heart and
the clinical severity of both mitral and aortic regurgitation.

From a fluid mechanics perspective, the malfunctioning of the mitral valve
starts with the onset of asymmetries in blood flows. Depending on valve ori-
fice shape and Reynolds number of the flow, this symmetry breaking leads
to a bifurcation of the blood flow through the mitral valve or the regurgitant
mitral valve, as it is then called. The consequence is a leakage of blood from
the left ventricle to the right atrium of the regurgitant mitral valve.

Often, at alow Reynolds number, the leaking of blood flow produces asym-
metric expansion of the jet with reduced mass entrainment on the side of the
jet close to the surface [57]. Increased shearing forces due to higher spatial
velocity differentials in the transverse direction then cause the jet stream to
change course and move toward and adhere to the surface, keeping the jet
stream from expanding further downstream on the side affected [58, 59]

Since the growth of the jet by entrainment can advance only on the side
opposite the surface before moving to intracardiac surfaces such as the ven-
tricular septum, the mitral leaflets, and the left atrial wall adjacent to an
eccentric aortic insufficiency, the Coanda effect produced can be viewed on
an color echocardiogram [60].

Using echocardiographic color-flow, images of large, central regurgitant jet
flow from the left ventricle to the left atrium are generally observed. However,
when large, eccentric regurgitant jet flow that adheres to the walls of the left
atrium are observed, the effect of the Coanda phenomenon is apparent.

Accurate echocardiographic assessment of Coanda effect occurrence, how-
ever, is a significant challenge. The surface-adherent jets of the Coanda effect
may be adversely affected by the way a color Doppler scanner is used to
compute information from such flows. The jet area in color Doppler flow
mapping is also heavily influenced by the instrument setting parameters
of frame rate, color gain, pulse frequency, and so forth. Other physiological
variables, such as the size of the receiving chamber, diameter of the regur-
gitant orifice, or driving pressure of regurgitation [61-66], may also affect
the quantification of parameters. Different types of jet areas [67, 68] may also
be produced when different color Doppler systems are used on the same
patient. It has often been found that eccentric regurgitant jets flowing close
to the atrial wall or the ventricular septum appear smaller on color Doppler
than unbounded jets entering into the center of the ventricle or atrium [69].
This implies that the sizes of the Coanda jets determined in regurgitant flow
may be smaller in the diagnostic assessment [70], increasing the risk of gross
under-estimation of Coanda jet velocity and regurgitant volume [71, 72]. This
is why, in many cases, the severity of the disease is not even detected until at
a very advanced stage.
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5.5.1 Numerical Simulation of the Coanda Effect in Mitral Regurgitation

Two of the main research foci in mitral regurgitation studies have been to
determine the size of the Coanda jets accurately and identify the conditions
that trigger the Coanda effect.

Numerical studies using computational fluid dynamics appear to be a
better option over physical experimentation when it comes to studying the
mitral regurgitation of the heart. The urgency to seek solutions to cardio-
vascular diseases, in general, has spurred a significant increase in the study
and development of numerical hemodynamic models of the human circula-
tory system in recent times [73-76]. Other numerical models ranging from
lumped models to complex three-dimensional fluid-structure interacting
models are also being explored to predict the blood pressure in arteries and
the interactions of blood flows with blood pressure walls [77, 78]. Numerical
investigations, however, require developing appropriate mathematical mod-
els to describe the solid-fluid interactions of the heart and blood flow realis-
tically, and accurate and reliable data for their validation, both of which are
currently lacking.

In cardiovascular studies, therefore, an approach that has gained some
traction involves finding an analogous situation where some of the salient
features of the heart can be reproduced. From this consideration, the blood
flow in the heart has been compared to the expansion and contraction of
channels flows. This analogy has a major advantage in the sense that a vast
amount of literature exists on channel flows. Using the literature and the
information contained therein, the prospects of developing useful numerical
models for greater understanding of the fluidic phenomenon of the Coanda
effect in mitral regurgitation appear brighter. Most of these studies on chan-
nel flows, however, have been conducted using incompressible fluid dynam-
ics in planar contraction-expansion settings [79-81], and hence are highly
simplified representations of what actually take place.

Since the Coanda effect occurs during the bifurcation of a flow, the insta-
bility that occurs during bifurcation of expansion—contraction in the channel
flow can provide some useful pointers. Such information can be gathered
by seeking hydro-dynamic stability solutions of the incompressible Navier—
Stokes equations for a Newtonian and viscous fluid for the channel flows.
Numerical methods for hydro-dynamic stability analysis are well estab-
lished and some are based on linearized eigenvalue problems [82]. Other
methods involve direct simulation of the flow and characterization of the
flow’s asymptotic behaviour [83]. Thus, steady solutions of the Navier—Stokes
equations can be obtained for a bifurcating channel flow for different physi-
cal and geometric conditions. From these studies, some connection can be
drawn between bifurcation theory and linear and non-linear hydrodynamic
stabilities.

Chao et al. [84] have suggested that the Coanda effect occurs above a
“critical Reynolds number.” Drkakais [85] and Revuelta [86] found that
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this critical Reynolds number was dependent on the expansion ratio,
defined as the ratio of the width of the expanding channel to the width of
expanded channel, and increased with increasing value of the expansion
ratio.

Mishra and Jayaraman [87], while working on asymmetric flows in planar
symmetric channels with large expansion ratios, have observed the Coanda
effect through the asymmetric solution that produced asymmetric vortices.
These vortices remained stable within a certain range of Reynolds numbers,
with the asymmetries becoming stronger with an increasing Reynolds num-
ber. Wille et al. [88] have attributed the formation of these stable asymmet-
ric vortices in two-dimensional planar expansion to the increase in velocity
adjoining one wall that leads to the decrease in pressure near that wall,
thereby maintaining the asymmetric nature of the flow.

5.5.2 Hydrodynamic Instability as a Cause of Coanda Effect

Pitton et al. [89] sought to investigate the origin of steady asymmetric flows
in a symmetric, sudden-expansion channel flow and use physical experi-
ments to validate them. They started with a consideration of laminar, incom-
pressible, two-dimensional planar contraction-expansion channel flow to
investigate the effect of Reynolds number, contraction width, and orifice
height on the flow. Thereafter, they went on to examine the influence of
three-dimensional geometry on the flow using the same configuration used
by Oliveira et al. [90] in their simulation of extensional flows in micro-rheo-
metric devices. The configuration is shown in Figure 5.17

The work of Pitton et al. [89] demonstrated that the flow was characterized
by symmetry about the horizontal axis and vertical axis, with the forma-
tion of two vortices both upstream and downstream of the contraction. As
the Reynolds number increased, the inertial effects began to dominate, the
eddies started to diminish in size, and two recirculating regions of equal
size began to appear downstream of the expansion point.

The numerical simulations results from Pitton et al [89] are shown in

Figure 5.18.
( '[L)}/ I I/A:

FIGURE 5.17
Schematic representation of the three-dimensional geometry used in a contraction-expansion
channel. (After: [89].)
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(a) Rezp = 0.01 (b) Rezp = 13.19
(c) Reap = 27.7, unstable solution (d) Rezp = 27.7, stable solution

(e) Rezp =62.22

FIGURE 5.18

Representative snapshots for the 2-D case for the expansion ratio of A = 15.4: (a) velocity magni-
tude and streamlines for Re,,, = 0.01; (b) Re,p, = 13.2; (c) Re,p = 27.7; unstable solution, (d) Re,, =
27.7; stable solution, (e) Re,, = 62.2. (After: Pitton, Quaini, and Rozza, 2017 [89].)

The gradual transformation of the flow can be observed in Figures 5.18
(@)—(e). Interestingly, beyond the point of bifurcation, two solutions were
observed: one is a symmetric but unstable solution, as seen in Figure 5.18
(c); the other is a slightly asymmetric but still a stable solution, as is seen in
Figure 5.18 (d). The formation of stable asymmetric vortices in two-dimen-
sional planar expansion is attributed to the Coanda effect. The asymmetric
solution remains stable for a certain range of Re,, but with further increases
in the Reynolds number, the asymmetries also increase in strength.

From the above results, Pitton et al. [89] concluded that unique symmet-
ric flow, which existed at a small Reynolds number, was not stable at larger
Reynolds numbers, i.e, a pitchfork bifurcation formed so that two stable
asymmetric steady flows occurred. In fact, in their study, at larger Reynolds
numbers, they found eight asymmetric stable steady solutions, with the pos-
sibility of another seven unstable solutions. At sufficiently high Reynolds
numbers, they also found time-periodic solutions from which they were able
to confirm the existence of a Hopf bifurcation. At higher Reynolds numbers,
the flow eventually became time-dependent and there was experimental evi-
dence that this was associated with three-dimensional effects.

From the works of Oliveira et al. [90], Cherdron et al. [91], and Chiang
et al. [92], it was inferred that the critical Reynolds number for the sym-
metry-breaking not only varied with the expansion ratio but also with the
aspect ratio. At a fixed expansion ratio, but decreasing aspect ratio, the end
wall influence became more important and the critical Reynolds number
increased. At moderate aspect ratios, the flow was highly three-dimensional
but remained steady with time.
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Tsai et al. [93] investigated the capabilities and limitations of two-dimen-
sional and three-dimensional methods in modelling the fluid flow in sudden
expansion channels. They found complex spiraling structures in three-
dimensional flows that were not closed, recirculating cells as was observed
in two-dimensional flows. They also found that the flow resembled a two-
dimensional flow only for very large aspect ratios.

The theoretical study of Lauga et al. [94] found highly three-dimensional
flows at very low aspect ratios. The numerical and experimental studies
reported by Oliveira et al. [90] showed strong three-dimensional effects
appearing for low aspect ratios that inhibited the wall-hugging or Coanda
effect observed in geometries with high aspect ratios at the same Reynolds
number. This suggested that the eccentric regurgitant jets, such as the one
seen in the mock heart chamber in Figure 5.19 (a), occurred at large expan-
sion and aspect ratios, or in other words, when the regurgitant orifice is nar-
row and long.

It is interesting to note the claim of Pitton et al. [89] that, following their
finding that asymmetry arises at a symmetry-breaking bifurcation, their
medical collaborators at the Houston Methodist DeBakey Heart & Vascular
Center were also able to reproduce the Coanda effect in a mock heart cham-
ber, shown in Figure 5.19 (b) [95].

5.6 Coanda Effect in Phonation

The Coanda effect may be observed in the human phonatory process and
have significant medical implications. Healthy speakers use a wide pitch
range during phonation, whereas people with vocal problems often have
limited pitch ranges, such as the predominantly high vocal pitch due to
laryngeal postural problems during phonation in dysphonic patients [96, 97].

The phonatory process, or voicing, occurs when air is expelled from the
lungs through the glottis, creating a pressure drop across the larynx (refer to
Figure 5.13). When this drop becomes sufficiently large, the vocal folds start
to oscillate. The motion of the vocal folds during oscillation is mostly lateral
with practically no motion along the length of the vocal folds [98]. The oscil-
lation of the vocal folds modulates the pressure and flow of the air through
the larynx. A picture depicting the Glottis [99] and other components sur-
rounding it is shown in Figure 5.20.

The larynx produces a harmonic series of sound that consists of a funda-
mental frequency and harmonic overtones that are multiples of the funda-
mental frequency [100]. The sound thus produced excites the vocal tract and
produces the individual speech sounds.

The fundamental frequency canbe varied by several means, such asincreas-
ing the tension in the vocal folds through contraction of the cricothyroid
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FIGURE 5.19

(a) Two-dimensional Doppler echocardiographic image of the regurgitant jet in the mock heart
chamber, and (b) geometry of the mock heart chamber with the divider plate between mock
left ventricle and mock left atrium (LA). (After: Pitton, Quaini, and Rozza, 2017 [89].)

muscle or through the pressure drop across the larynx. The pressure drop is
mostly affected by the pressure in the lungs, and the distance between the
vocal folds.

There are the two main theories that can be used to explain the initia-
tion of vibration of the vocal folds. These are the myoelastic theory and the
aerodynamic theory [101]. The two theories are not contradictory but, in fact,
somewhat complimentary when it comes to explaining this initiation.

According to the myoelastic theory, when the vocal cords are brought
together and breath pressure is applied to them, the cords remain closed
until the pressure beneath them is sufficient enough to push them apart.
This allows air to escape thereby reducing the pressure which makes the
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FIGURE 5.20
Image of the glottis. (After: [99])

muscle tension recoil and pull back the vocal folds. The pressure builds up
again, which pushes the cords apart, and the cycle repeats itself.

The aerodynamic theory is similar to the Bernoulli’s flow principle applied
to a convergent-divergent configuration. According to the Bernoulli’s prin-
ciple, when a stream of breath flows through the glottis, a push occurs dur-
ing glottal opening, when the glottis is convergent; and a pull occurs during
glottal closing, when the glottis is divergent. Due to the push—pull effect
on the vocal fold tissues, transfer energy from the airflow to the vocal fold
tissues [102], takes place and gives rise to self-sustained oscillation. During
glottal closure, the air flow is stopped until breath pressure pushes the folds
apart and the flow starts again, and repeats the cycle [103].

There is still a lack of understanding of the geometric features and flow
parameters that may have a significant effect on the glottal jet deflection.
Some useful observations can, nevertheless, be made from the findings of
some of these studies, particularly with regard to the shape, jet and oscilla-
tion of the glottis.

5.6.1 Symmetry Breaking in Glottal Flow

The convergent-divergent shapes of the glottis during glottal opening and
closing have the potential of producing symmetry-breaking instabilities
in the divergent passage [104-106] that can produce the Coanda effect. The
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characteristics of the glottal jet resembles more a flow that undergoes sud-
den expansion [107]; and this, as we have noticed earlier when discussing
instabilities associated with bifurcation and blood flow network, would
make the Coanda jet occurrence dependent on some critical Reynolds
number.

The oscillation of the glottal jet caused by its speed variation from nearly
zero to a peak velocity that can be as large as 30 m/s over a glottal cycle may
also produce unsteadiness and have significant implications for its deflection
behavior [108]. Even the presence of small fluctuations in the velocity of the
surrounding fluid or the deceleration of the shear layer [108] may be suffi-
cient to encourage or boost asymmetries in the glottal jet.

The inherent unsteady nature of the glottal jet combined with the fact that
it interacts with a flow that may already have a certain amount of asymmetry
may result in a complex flow where the task of predicting or capturing the
attributes of the Coanda effect under simple experimental or numerical set-
tings becomes a difficult proposition.

5.6.2 Numerical Simulation of Phonation

Numerical simulation is now widely used as an efficient tool for clarifying
the speech production process[109-116]. A two-mass model developed by
Ishizaka and Flanagan [109] and improved models [110, 111] based on this
model, because of their simplicity in structure, have become popular in the
study of speech production and fluid motion in the larynx.

Nomura and Funada [112] numerically simulated glottal flows on the basis
of a two-dimensional rigid wall model of the larynx. They found the glottal
flow to be an unsteady asymmetric flow similar to the physically measured
flows. They also found that the unsteady flow increased the intensity of the
sound in the presence of false vocal folds. Numerical studies by Zhang et al.
[113] considered the effect of the false vocal folds on the speech production
process using the axisymmetric, forced-vibrating, true vocal fold model.
They found free vocal folds generated additional sources in speech waves
when impinged upon by the glottal jet.

Most of the above models are, however, not suitable for the description of
the complex phenomena encountered [114, 115] because of their limitation
with respect to the degree of freedom of fluid motion in the larynx. The
models are also unable to provide accurate converging and diverging as well
as uniform glottis shapes during any vibration cycle of the true vocal folds.
These are apparent from the numerical simulations conducted by lijima et al.
[116] and Liljencrants [117], who concluded that the pressure distributions
on the glottal surface were greatly affected by both the shape and minimal
diameter of the glottis. Although the authors found asymmetric flows simi-
lar to those observed via measurements [118] in their simulation, Iijima et al.
[116] were unsure whether their models had captured the asymmetric fea-
ture or if there were numerical errors in computation.
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A number of other studies have shown that the large-scale asymmetric
glottal jet deflection in the medial-lateral direction does occur during pho-
nation both inside the glottis [119] as well as in the supra-glottal region. In
many instances, the glottal jet has been found to exhibit stochastic cycle-to-
cycle variations in its trajectory [120].

A number of studies suggest asymmetry in the glottal flow has a clear
impact on pressure losses, vocal-fold vibration, and sound production [121].
While these studies have implied the Coanda effect to be the cause for glottal
jet deflection, other studies have doubted whether it is possible to generate
asymmetries that give rise to the Coanda effect in phonatory jets [122].

There are some works where the divergent shape of the glottis is consid-
ered to be critical to the asymmetric glottal jet deflection [123], while a dif-
ferent view is expressed in other works where the supra-glottal flow field is
thought to play a vital role in driving glottal jet deflection [124].

All these suggest that despite the good volume of work produced on sev-
eral aspects of phonation, the underlying flow physics remains unclear.

5.6.2.1 Solid-Fluid Interaction Model

Several schemes of solid fluid interaction model have been developed based
on the Arbitrary Lagrangian-Eulerian method. These schemes allow the
coupling of the Eulerian fluid field with the Lagrangian mechanical field.
References to the applications of this method can be found in the works
of Hirt et al. [125], Hughes et al. [126], and Wall et al. [127]. An important
feature of the Arbitrary Lagrangian—Eulerian method involves keeping the
same topology of the fluid grid but allowing slight deformations in accor-
dance with the mechanical displacement along the common fluid-solid
interface.

Various attempts have been made to develop the fixed grid or the immersed
boundary method to avoid mesh deformation or re-meshing [128-130]. But
the real drawback of the immersed boundary method lies in the fact that it is
virtually impossible to decouple the physical domain from the fictitious com-
putational domain or avoid the need of additional flow computation in the
fictitious domain. Consequently, attempts [131] have been made to combine
the benefits of Arbitrary Lagrangian-Eulerian and inverse boundary method
toward a partitioned, iterative, coupled scheme based on the extended finite
element and distributed Lagrange multiplier or fictitious domain method.
These methods, however, require substantial computational resources.

An early continuum mechanical model that has been used in phonation
studies can be found in [132], which used the finite element technique to
compute vocal fold vibrations. This method consisted of a simple two-dimen-
sional model where the mechanical field was discretized with finite elements
and the fluid forces were obtained using Bernoulli’s equation. Using a half
larynx continuum mechanical model, Thompson et al. [133] have attempted
to investigate the causes of self-sustained vocal fold oscillations and found
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them to originate from the cyclic variation resulting from the convergent to
a divergent shape glottis profile. Tao et al. [134] used a self-oscillating finite
element model to simulate the impact pressures of vocal folds.

In a subsequent work, Tao et al. [135] constructed a composite two-dimen-
sional model from the Navier-Stokes equations and a two-mass vocal fold
description that was used to study the aerodynamics in a vibratory glottis
and the vocal fold vibration. Using the model, they were able to predict self-
oscillations of the coupled glottal aerodynamics and the vocal cord system.
They also found the Coanda effect occurring in the vibratory glottis and
concluded that the Coanda effect was responsible for the asymmetric flow
in the glottis and the difference in the driving force on the left and the right
vocal folds.

One of the first fluid—solid interaction models with fully resolved fluid can
be found in [136]. Using this two-dimensional setup and where the inverse
boundary method was applied for fluid—solid interaction, the authors were
able to simulate significant jet symmetry that attached to either side of the
pharynx wall, signifying the occurrence of the Coanda effect.

An attempt to develop a three-dimensional fluid-solid coupled model
based on the finite element method with coarse grid can be found in [137].
The authors had some success in demonstrating the self-sustained vocal fold
oscillations in their simulations. Overall, full three-dimensional coupled
simulations of human phonation are still not well developed.

5.6.2.2 Solid-Acoustic Interaction Model

The aero-acoustic of phonation has been investigated by several authors.
Amongst them, Zhao et al.’s works [138, 139] involved the simulation of sound
from confined pulsating axisymmetric jets and investigation into the mecha-
nism of sound generation mechanisms while Zhang et al. [140] examined
sound generation through glottis-shaped orifices. These studies essentially
used a rigid pipe under forced vibration to model the aero-acoustic aspects
of the aerodynamic sound produced. In these studies, the fluid—solid inter-
action was neglected, aiming only on the fluid—acoustic coupling based on
Lighthill’s acoustic analogy, and solved using the integral method of Ffowcs-
Williams and Hawkins [141]. The results from the Ffowcs-Williams and
Hawkins-based method were found to agree well with the results obtained
using direct numerical simulations that solved the compressible Navier—
Stokes equations. In addition to these studies, a theoretical approach was
attempted by Crane [142] to develop an acoustic source model. This approach
was based on prescribing a jet profile using a train of vortex rings that was
then applied to an axisymmetric model of the vocal tract.

Because of the inconsistencies in amplitudes, length, and frequency scales,
the monolithic numerical approach has proved hard to implement in acous-
tics or to find an optimal numerical grid for all scales [143]. This has made the
task of obtaining direct solutions for acoustics and flow of the compressible
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Navier-Stokes equations, extremely difficult, particularly for low Mach
numbers [144].

5.6.2.3 Solid-Fluid-Acoustic Interaction Hybrid Model

Thus, most researchers have either focused separately on the fluid—solid
interaction or fluid—acoustic interaction. Human phonation can be viewed as
a multi-field phenomenon where the physical fields lie in the continuum of
mechanical fields, and where interactions of not only solid and fluid mechan-
ics but also of acoustics take place. Hence a more comprehensive method
entailing all the three-fold interactions is desired. There has, unfortunately,
been very limited success in developing complete coupled systems that take
into account all the fluid—solid—acoustic interactions.

The challenge for such three-field problems lies primarily in the computa-
tion of the flow-induced sound. Hybrid methods have, therefore, been devel-
oped where the fluid—-acoustic interactions can be modelled using Lighthill’s
acoustic analogy [145, 146] and achieve the solid—acoustic coupling by forcing
the continuity of surface velocities in a normal direction. The fluid—solid—-
acoustic relationship in mathematical modelling and discretization of these
hybrid methods is shown in Figure 5.21.

As can be seen from Figure 5.21, the first step of these hybrid methods
consists of obtaining a fluid mechanical solution. This is accomplished by
conducting flow simulation on a fluid domain including all structures and
relevant sound sources. The fluid field is modelled using incompressible,
unsteady Navier-Stokes equations, while the solid field uses Navier—Stokes
equations modelling linear elasticity and geometric non-linearity. This is
then followed by an acoustic solution step where acoustic sources and sound
propagation are modelled using an inhomogeneous wave equation based on
Lighthill’s analogy [145, 146] and extended [147-151] to account for mechani-
cal-acoustic coupling.
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FIGURE 5.21
A simplified fluid-solid-acoustic interaction flow chart.
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Zorner et al. [152] and Link et al. [153] are some of the few researchers who
have attempted to apply the hybrid concept to larynx flow in human phona-
tion studies. The work of Link et al. [153] also demonstrated the potential of
the hybrid approach to capture the Coanda effect in the simulation of larynx
flow.

Those authors used the same geometric assembly of the vocal folds that
were used by Thompson et al. [133] to represent the vocal folds of the human
larynx. The view of the larynx model is shown in Figure 5.22 where the
air movement was from the left to the right. The fluid domain was subdi-
vided into two sub-domains: Q,; ; and Qg (see Figure 5.22). The fluid-solid
interaction took place in the Q,;; domain. This part of the mesh had to be
adapted within each fluid—solid iteration while the remaining part of the
fluid domain Qg required no mesh adaption.

From the fluid-solid—-acoustic-coupled results, a qualitative assessment of
the development and impact of the Coanda effect were possible. These will
be discussed in more detail.

The development of the Coanda effect will be discussed first. This was
explored for a fixed glottis width by assuming a constant pressure drop
along the glottis. Such a pressure drop may arise within a human body due
to the contraction of the lungs. The authors found it advantageous to con-
strain the volume-induced sound source to a single frequency, which was
achieved by prescribing an oscillating pressure drop [154].

The flow boundary conditions were assumed symmetric with symmetric
oscillation frequency near the jet front and shear layer. This resulted in sym-
metric jets forming first. Thereafter, as the shear layer developed, Kelvin—-
Helmholtz instability setin and jet oscillations started to appear downstream.
When the instability moved upstream in time, the corresponding oscillations
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Computational larynx model. (Distances in mm) (After: [153])
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increased further, and the flow became asymmetric. Finally, the oscillating
jets attached to one side of the trachea wall randomly.

Using the velocity magnitude plots around the deformed vocal folds for
the first four cycles, Link et al. tracked the development of the Coanda effect.
This is shown in Figure 5.23.

The mechanical deformations of the fluid-induced vibrations for each
deformation cycle were viewed to start with a forward movement of vocal
folds. From an assumed initial state, the vocal folds first deformed and tended
to close the gap, making the glottis shape convergent, and then subsequently
opened to become divergent. During the back movement of the folds, the
shape again became convergent and the cycle repeated continuously as also
observed in other experiments [155].

The fact that the flow became asymmetric and randomly attached to one
side of the trachea wall may provide a significant contribution to the sound.
The region just downstream from the glottis was also found to be a sound
source worth noting because strong shear layer regions existed in both.

The velocity field generated large acoustic nodal loads that also repre-
sented acoustic point sources and were deemed to be the consequence of
highly unsteady flows downstream of a shape-changing glottis.

50 |f] in m/s

FIGURE 5.23
Development of the Coanda effect. (After: [153].)
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The behavior of flow at control points A, B, C, and D, whose locations can
be found in Figure 5.22, when examined in terms of power spectra over a fre-
quency range was used to ascertain the acoustic impact of the Coanda effect.

Under an asymmetric flow condition, i.e., when the Coanda effect was
present, the power spectra of the displacement and velocity in the cross flow
direction showed significant fluctuations with no single dominating fre-
quency, but in the streamwise direction the existence of a single dominant
frequency appeared. The power spectra of the acoustic pressure showed
fluctuating signals but also a single dominant frequency under Coanda
effect that disappeared in a symmetric flow, replaced by fluctuating signals.
The acoustic effects for control point C are shown in Figures 5.24 (a) and (b).
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(@) and (b): Flow behavior at control point C: (a) acoustic pressure at point C under asymmetric
condition, i.e., with Coanda effect; (b) acoustic pressure at point C under symmetric condition,
i.e,, with no Coanda effect. Note: the horizontal axis is frequency (in Hz) (After: [153])
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It was inferred from these studies that the nodal acoustic loads, and there-
fore, the acoustic field, depended to a great extent on the air jet dynamics for
a developed Coanda effect. Similar Coanda effects have also been found in
other phonation studies [155].

Although the above studies have shown the Coanda effect to have major
impact on the level of sound generated, they have failed to establish how the
quality of sound is affected by the fluidic effect.

5.7 Concluding Remarks

A human body is a living entity with an innumerable number of variables
that constantly keep changing with time. This makes any investigation into
the functions of its various organs and their interactions with each other
an extremely difficult undertaking. Thus, despite enormous resources being
spent in the health sector worldwide, progress in establishing the desired
linkages between the fluid mechanical flow and its medical impacts has
been slow. The state-of-the-art of research using physical experimentation
and numerical simulation as tools of investigation, particularly in relation to
Coanda effect may, therefore, be considered to be at an infant stage.

But there are reasons to be optimistic for the future. We have seen the
development of several two-dimensional flow schemes that can simu-
late the Coanda effect in blood flow networks and the identification of the
flow instabilities associated with them. We have also seen the emergence
of hybrid solid-fluid-acoustic interaction numerical schemes that have suc-
cessfully captured the occurrence of Coanda effect in phonation. It is true
that they have been achieved under very simplified conditions, but the fact
that researchers have been able to capture the main attributes of factors that
give rise to the fluidic effect providing the basis for future progress is reason
for excitement. It is only a matter of time before realistic, fully three-dimen-
sional, time-dependent numerical solutions and physical experimentation
techniques will be developed that will open up new doors for better diag-
nosis, better control over medical conditions, and overall better health care.
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Hydrostatic pressure, 242, 243
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Ideal flow, 96, 97, 118, 121, 126, 133

Ideal function, 119

Ideal gas, 53

Imaging technique, 110, 271, 278
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Induced aerodynamic loading, 166

Induced angle, 152

Induced drag, 117, 152, 153

Induced velocity, 29

Induction mechanism, 30

Induction phase, 28, 29

Induction process, 30

Industrial application, 10, 183

Inertia force, 32, 52, 54, 55, 190

Infinite distance, 10, 40

Infinitesimal vortices, 149

Infinite span, 117, 124

Inflectional velocity profile, 21, 31, 37, 45

Inflection of a current, 2

Inflection point, 30, 40

Inflection theorem, 22
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Injection nozzle, 184

Injection rate, 187
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Internal carotid, 273, 275, 296

Internal carotid artery, 273, 275, 296
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Internal shock wave, 216, 220
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Intimal thickness, 260

Intracardiac blood flow, 278, 279
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Inviscid growth, 37

Inviscid instability, 22, 38

Inviscid shear layer, 47
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Irrotational, 25, 27, 66, 96, 123, 233, 264,
266, 270

Isentropic expansion, 149

Isentropic relation, 97
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Jet angle, 149

Jet blowing, 66, 162, 175

Jet density, 172

Jet engine, 113, 146

Jet flap, 145, 146, 153, 164, 178, 179
Jet-flapped wing, 156, 157, 179
Jet induced thrust, 157
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Jet-water equation, 230

Jet wing, 178, 179
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314

Laminar velocity profile, 20, 21, 33

Laminar viscous diffusion, 66

Laser anemometry, 69, 86, 91, 110, 305

Laser Doppler, 110, 305

Laser light sheet, 68

Laser source, 86, 90, 93

Lateral control, 146
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Logarithmic function, 33
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Logarithmic velocity profile, 160
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Longitudinal shear stress gradient, 40
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Loop, 8, 217

Low pressure region, 27, 116, 214, 223

Low pressure zone, 17

Low specific weight, 114

Lumped model, 280
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Mach instability, 37

Mach number, 31, 38, 55, 70, 289, 302
Mach wave, 218
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Marine vehicle, 116
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Military, 113, 175, 176
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Momentum theorem, 148
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Piston engine, 1
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Pitch range, 283
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Pneumatic, 141, 145, 178, 181, 182, 256

Point of inflection, 22, 40

Point vortex, 65, 66

Point vortices, 67, 132

Poiseuille flow, 37

Polar coordinate, 122

Pollution, 9, 10, 184, 214, 253

Porosity, 7, 243

Positive shear stress, 160
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Post-operative, 275
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Potential energy, 118
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Potential line, 126, 127
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Pump, 1
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Radial spread, 27

Radial turbulence, 192
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Random disturbance, 31

Random function, 56
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Rayleigh’s theorem, 22

Reaction, 149

Reaction force, 149
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Re-circulating flow, 239
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Regurgitant flow, 279
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Reynolds number, 2, 25, 27, 31, 32, 37, 38,
44, 45, 55, 56, 75, 77, 137, 236,
238, 269, 279, 280-283, 286
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Rotating disc method, 85
Rotation, 72, 82, 121, 173, 199
Rotatory wing, 181

Rotor aircraft, 181

Rotor blade, 173

Rotor/wing, 173

Roughness, 7, 33, 36, 108, 202, 232
Round bubble plume, 184
Round jet, 45, 216
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Runway length, 114, 176
Rupture, 258, 273
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Secondary bifurcation, 275

Secondary flow, 41, 42, 162, 261

Secondary instability, 37, 47
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Self-sustained tones, 256, 300

Separation bubble, 18, 42, 215-217

Separation control, 8, 9, 182

Separation profile, 22, 23

Seven-hole probe, 72, 107

Shallow water, 229, 231, 232, 254

Shallow water equations, 230, 254
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Shear stress, 33, 40, 58

Shear stress angle, 79, 80

Short take-off, 115
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Side force, 175

Single frequency, 290

Singular function, 119

Singularity, 40, 48, 74, 75-77

Sink, 42, 119

Sinusoidal, 20, 85

Skin friction, 14, 20, 33, 48, 59, 79, 106,
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Smoking, 271
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Smooth separation, 126, 158

Smooth spiral, 67

Smooth transition, 245

Solar load, 236, 239

Solid—acoustic, 288, 289

Solid—fluid—acoustic, 289

Songbird, 253

Sound source, 290, 291, 302

Source, 119

Source and sink, 119

Source of disturbance, 31, 37

Source of heat, 44

Span, 125, 152, 155, 172
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Span wise vorticity, 60
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Specific heat, 55

Speech, 9, 10, 283, 286, 299, 300, 302

Spence, 146, 151, 152, 178, 179

Spence model, 147, 149, 155, 157

Spirals, 67, 162, 283

Split flap, 135, 140

Splitter plate, 20

Spoiler, 141
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Spoon, 4,5

Spread angle, 226, 227

Stagnation point, 41, 48, 120, 123-126,
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Stagnation pressure, 70, 215, 220, 222

Stall, 117

Stall angle, 134

Stalling characteristics, 146
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Static pressure, 3,41, 70, 71, 73, 79, 97, 98,
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Stent, 271, 273
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Stoichiometric, 214, 225, 226

Stokes hypothesis, 54

Stoppable rotor VTOL, 164

Straight wall, 1013, 34, 59

Straight wall jet, 159, 161

Strain rate, 3, 35, 53, 60, 62

Strain tensor, 53, 62

Stream disturbance, 37, 47

Stream function, 118-120, 122, 126, 127

Streamline, 78, 118

Streamline curvature, 35, 47, 60, 106, 180,
216,223,226

Streamlining, 38, 139

Streamlining of a body, 7, 117

Stream of vortices, 125, 126

Stream pressure, 98, 102

Stream velocity, 32, 33, 125, 132, 134,
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Strength of doublet, 119, 122

Subsonic aircraft, 181

Subsonic airfoil, 98

Subsonic flow, 55, 100, 178, 266, 306

Subsonic jet, 16, 24, 25, 264

Sub sonic wind tunnel, 68, 181

Suction, 7, 58, 59, 68, 115, 117, 142-144, 153,
157, 163, 164, 177, 206, 209, 239

Suction pressure, 117

Suction slot, 178

Suction zone, 2

Sudden expansion, 16, 18, 221, 281, 283,
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Sundt clipping, 274, 296

Super circulation, 164
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Supersonic flow, 55
Supersonic jet, 26, 253
Supersonic wind tunnel, 68
Supra-glottal, 287, 301

Surface curvature effect, 161
Surface roughness, 33, 108, 202
Surgery, 274, 275, 278, 296, 297
Suspension, 2, 4, 5, 43

Sweep, 153

Sweepback, 179

Symmetry breaking, 279, 282, 283, 285, 298
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Tail boom, 175

Tail fin, 166

Tail rotor, 174, 175, 182

Take-off, 1, 115, 132, 134, 175, 176

Tangential blowing, 162, 165, 181

Tangential velocity, 66, 123

Tap, 4,5

Tapping point, 69, 82, 98, 99

Temperature, 7, 33, 36, 53, 54, 56, 69,
83, 105, 108, 160, 198, 202, 203,
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Thick airfoil, 142, 143, 163

Thick jet, 95

Thin airfoil theory, 132-134, 146, 151,
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Thin jet, 24, 95, 97, 179

Thomas Young, 1

Three-dimensional boundary layer, 41

Three-dimensional disturbance, 46

Three-dimensional separation, 41, 42

Three-hole probe, 72

Throat, 86, 214, 239, 266

Thwaites flap, 153, 155, 157, 179

Tilt angle, 243, 248, 249

Tilt-jet aircraft, 115

Tilt-propeller aircraft, 115

Tilt-rotor aircraft, 2

Tilt-wing aircraft, 115

Time of flight, 86, 90, 91

Tip vortices, 156, 168

Tomography scan, 271

Topology, 49, 248, 287

Total chord length, 134, 147

Total circulation, 133, 150

Total drag, 68, 100, 104, 111, 153
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Total energy, 70, 118, 160

Total lift, 68, 117, 150

Total power, 170, 172

Total pressure, 32, 70, 73, 95, 97, 100, 102

Total stress, 62

Trachea, 259, 275, 276, 291

Trailing edge circulation, 165, 181

Trailing edge flap, 138, 141

Trailing edge noise, 302

Trailing edge stagnation point, 131, 153

Trailing vortex, 166

Trajectory, 5, 166, 245, 270, 287

Transition, 6, 30, 31, 35, 36, 38, 46, 47, 226

Transitional drag, 7

Transitional flow, 34, 82, 255

Transitional layer, 32

Transition boundary layer, 32, 34

Transition control, 7-9

Translational motion, 124

Transonic flow, 35

Transonic wind tunnel, 68

Trauma, 271

Tree-bifurcation, 261

Trifurcation, 275

Triple sensor, 85

Triple slotted trailing edge flap, 141

Triple wire, 82

TS disturbance, 37

Turbojet engine, 145

Turbulence, 37

Turbulence modelling, 160

Turbulent boundary layer, 6, 24, 34, 45,
62, 78, 105-107, 109, 162, 180

Turbulent boundary layer separation,
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Turbulent energy, 160

Turbulent entrainment, 49, 184

Turbulent flow, 20, 22, 27, 28, 30-33,
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Turbulent fluctuation, 57, 62, 63

Turbulent intensity, 236

Turbulent jet, 25, 44, 45, 179, 180

Turbulent plume, 184

Turbulent regime, 225, 226

Turbulent shear stress, 34, 63

Turbulent skin friction, 107

Turbulent stress, 57, 62
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Turbulent structure, 109
Turbulent velocity profile, 21, 46
Turning vane, 1, 175, 204
Two-bladed rotor, 164
Two-dimensional jet, 4
Two-mass model, 286, 288, 300
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Unbounded, 19, 24, 279

Unbounded jet, 19, 24, 279

Unequal ventilation, 276, 277, 296

Unflapped, 134, 168, 171
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Unpowered flap, 132, 134-137, 175
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155, 164, 203, 242, 244, 245, 262,
265, 266, 281, 290

Upwash, 156, 169
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Valve leaflet, 277

Valve prolapse, 277

Valvular heart disease, 278, 297

Velocity differential, 279

Velocity profile, 20-23, 25, 27, 28, 30, 31,
33, 37,40, 45, 46, 58, 79, 100, 109,
159-161, 294, 300
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Ventilator, 106, 107, 254, 255, 276

Ventricle, 277-279, 284

Ventricular septum, 279

Venture pump, 214

Vertebral artery, 273

Vertebral basilar, 273

Vertical take-off, 115

V-formation, 6

Vibration, 36, 43, 175, 237, 253, 284,
286288, 300-302

Vibration cycle, 286

Vibratory effect, 259

Vibratory glottis, 288
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Viscous diffusion, 28, 65, 66

Viscous dissipation, 55

Viscous effects, 3,9, 32, 131, 133, 153-155

Viscous force, 32, 38, 52, 54-56, 117, 121

Viscous growth, 6

Viscous instability, 37, 38

Viscous layer, 3, 33, 34

Viscous stress, 33, 34, 37, 57

Viscous sub layer, 38, 45

Viscous wake, 145

Visualisation, 298

Vocal fold, 283, 285, 286-291, 300-302

Vocal fold oscillation, 287

Vocal fold vibration, 287, 288, 301

Vocal pitch, 283

Volume induced sound, 290

Volume penalties, 137

Vortex attenuation, 166, 182

Vortex decay, 66

Vortex drag, 157

Vortex induced wake, 168

Vortex ring, 288

Vortex roll up, 67

Vortex shedding, 85, 109

Vortex sheet, 28, 67, 106, 126

Vortex wake, 65, 168, 169, 171, 181

Vortices, 14, 28, 37, 41, 42, 47, 66, 67, 125,
126, 132, 149, 156, 168, 177, 180,
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Vorticity diffusion, 66

Vorticity distribution, 133, 151, 168, 171

VTOL/VSTOL aircraft, 113, 115, 138, 179

w

Wake, 24, 40, 100, 102, 145, 166, 221, 266
Wake bubble, 48

Wake flow, 20, 21

Wake traverse method, 100, 101, 103
Wake turbulence, 166

Wall-hugging, 283
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Wall shear stress, 107, 108, 259-261,
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Waste gas, 214, 215

Waste water, 241, 242

Water depth, 230

Water diffusion, 233

Water treatment plant, 241

Wave, 47, 86, 183, 216, 218, 220, 278, 289

Weber number, 185-187

Weir, 243, 244

Windpipe, 257, 260, 270, 275, 276

Wind tunnel, 1, 68, 72, 84, 100, 106, 113,
168, 178, 179-181, 305

Wing, 67, 116, 117, 134, 152-154, 157, 158,
168, 171,172,177, 178, 181, 305

Wing assembly, 137

Wing chord, 153

Wing stall, 117

Wing tip, 117, 147, 182

Wing tip vortex attenuation, 166

Wing tip vortices, 156, 168

X

X-probe, 109

X-ray, 110, 250, 271, 276
X-wing, 173, 174, 182
X-y plane, 127

Y

Yaw angle, 73-75, 77, 80, 81, 108
Yaw probe, 72
Y-configuration, 262, 263

z

Zap flap, 135

Zhukovski, 124-126, 177
Zhukovski constant, 127, 128
Zhukovski function, 127, 129
Zhukovski’s theorem of lift, 125



