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Over the last quarter century or so, the Coanda principle has become increasingly used in a wide variety of ap-

plications, including industrial, medical, maritime technology, and aerodynamics. In addition, its effect has been

increasingly observed in the natural world. Devices employing this principle usually offer substantial flow de-

flection, and enhanced turbulence levels and entrainment compared with conventional jet flows. However, these

prospective advantages are generally accompanied by other significant disadvantages such as jet flow detachment,

and a considerable increase in associated noise levels. Much of the time, the reasons for this are not well under-

stood. Consequently, in many cases, the full potential offered by the Coanda effect is yet to be completely realized.

This paper discusses a variety of recent applications of the principle and describes attempts to understand some of

the difficulties associated with it, particularly those related to increased acoustic radiation.

Figure 1. The Coanda effect. (Image by Caroline Lubert, based on image

from Scientific American, December 1964, pages 80–88).

1. THE COANDA EFFECT

The Coanda effect is a phenomenon that was first ob-

served in 1910 by a mathematician and engineer named Henri

Coanda.1, 2 He discovered that when air was ejected from a

rectangular nozzle, it would attach itself to an inclined flat plate

connected to the nozzle exit. Emphasizing the need for a sharp

angle between the nozzle and the flat plate, Coanda then ap-

plied the principle to a series of deflecting surfaces, each at

a sharp angle to the previous one, and succeeded in turning

flows through angles as large as 180 . He stated that “when

a jet of fluid is passed over a curved surface, it bends to fol-

low the surface, entraining large amounts of air as it does so,”

and this phenomenon has become known as the “Coanda Ef-

fect.”1 The effect is a result of entrainment of the ambient fluid

(liquid or gas) by the similar-phase primary jet. When there

is a proximate surface, a low pressure region develops as en-

trainment of the ambient fluid by the jet removes fluid from

the region between the jet and the surface, causing the jet to be

deflected toward the wall, as shown in Fig. 1. The balance be-

tween the inward radial pressure gradient (suction force) and

the outward centrifugal (inertial) force then holds the jet to the

wall. The Coanda effect can also be demonstrated without the

presence of a solid surface using two adjacent lighted candles.

The rising heated air from each candle is attempting to entrain

the (common) ambient air in the area above and between the

flames, causing the two smoke streams to be deflected toward

one another.

It should be noted that the term “Coanda effect” is often used

incorrectly. Recall that a key requirement for the existence

of this phenomenon is that the primary jet and the surround-

ing fluid must be essentially the same substance (e.g., a gas

jet flowing into a body of gas, or a liquid stream discharging

into an ambient liquid). Thus, the commonly observed phe-

nomenon whereby the back of a spoon is placed in a flowing

stream of water and is observed to be pulled into the stream (as

shown in Fig. 2) is clearly not an example of the Coanda ef-

fect, since there is no ambient liquid available to be entrained

into the water stream. A more accurate name for this phe-

nomenon would perhaps be the “teapot effect,” after the related

occurrence in which liquid poured from a teapot often runs

down the outside of the spout and drips from the base of the

teapot.3, 4 This frequently experienced phenomenon is often

attributed to either surface tension or the adhesion of the liq-

uid to the container surface. However, in fact the phenomenon

appears to depend on the associated flow regime. First, con-

sider large-scale (rapid) regimes, in which case both the Weber

number (a measure of the relative importance of the fluid’s in-

ertia compared to its surface tension) and the Reynolds number

(which measures the ratio of inertial forces to viscous forces)

are significantly greater than one. In this case, surface ener-

gies are negligible, and therefore, surface adhesion effects are

minimal. Keller and others argue that there are in fact two

mechanisms at work: the bending of streamlines and flow sep-

aration.3 At the lip of the teapot, the liquid velocity is greatest

and so (by Bernouilli’s principle) the liquid pressure is low-

est. The correspondingly greater atmospheric air pressure then

pushes the liquid against the lip, so that it flows around it and

turns the corner. The surrounding air then supports the flow

along the underside of the teapot, although this flow is unsta-

ble and eventually detaches from the surface at a point deter-

mined by the flow characteristics. In small-scale regimes, on

the other hand, capillary effects are expected and the influence

of wettability has been shown by Kistler et al. and others to

be of paramount importance.4 More recent work suggests that

wettability is also important in the separation of rapid flows,5

and this result, if correct, bridges the gap between small (sur-

face) and large (flow) scales. A comprehensive discussion of

this flow is given in Howe.6

When a jet attaches to a convex surface as a result of the
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Figure 2. The Teapot effect (Image by Axda0002 at en.wikipedia [CC-BY-

SA-2.5 (www.creativecommons.org/licenses/by-sa/2.5)], via Wikimedia Com-

mons).

Coanda effect, the accompanying longitudinal curvature yields

increased entrainment and jet growth compared with a wall jet

on a plane surface. Indeed, experimental results indicate that

Coanda jets can entrain as much as twenty times their own

volume whilst following the curved surface.2 This effect can

be used to provide vehicle propulsion and lift. A Coanda jet

blowing over the front of an appropriately curved body causes

entrainment of the surrounding fluid, which in turn generates

a relative vacuum in this location. The higher (atmospheric)

pressure at the rear of the body then impels it forward. This

process, which is commonly referred to as negative drag, is the

opposite of a standard propulsion system that utilizes a force

at the rear of the body to propel it forward against the resis-

tance of the fluid in front of the body. A similar principle can

be applied as a means of generating lift. Clearly one of the

most serious problems in the application of the Coanda effect

is jet flow detachment, which can occur for many reasons.5

For example, if shock waves are formed inside the jet plume,

jet flow detachment from the solid surface occurs because of

shock wave- boundary-layer interaction. Thus, much recent

research has focused on methods for delaying or preventing

this detachment, or breakaway. For example, since the detach-

ment is a result of a high static pressure at the nozzle exit,

it can be slowed by lowering the exhaust static pressure (by

using a divergent nozzle). In fact, it can be delayed consider-

ably by the use of a convergent-divergent nozzle.7 Indeed, the

potential benefits, including enhanced turbulent levels and in-

creased entrainment, overshadow the disadvantages associated

with devices utilizing the effect. This explains the existence

of numerous examples of the Coanda effect in nature and the

abundant and growing number of man-made uses of the prin-

ciple.8

2. APPLICATIONS OF THE COANDA
EFFECT

Some of the most significant applications of the Coanda

principle are in the fields of aerodynamics, marine technology,

and industry. The effect is also beginning to be more com-

monly recognized as responsible for observed phenomena in

the natural world, and this will be discussed along with the

recent utilization of the Coanda effect in other, novel applica-

tions. Finally, a more detailed discussion of recent work in

aeroacoustics will be presented, including details of a recently

developed model for predicting the aeroacoustic characteristics

of a three-dimensional turbulent flow over a particular Coanda

surface.

2.1. Application to Aerodynamics

The Coanda effect has been used in aircraft design since the

mid 1950s and is still in use today. As one of the most effi-

cient methods of generating increased lift, the Coanda effect

has many applications in aviation and navigation. Two aerody-

namic applications where the principle has been used success-

fully for some time are in circulation control devices and in

thrust vectoring. Two of the most recent applications have been

to the B-2 Spirit stealth bomber (in 1997) and the F22 Raptor

fighter aircraft (in 2005). The former is an aircraft specifically

designed to employ stealth technology to penetrate anti-aircraft

defenses. The B-2 exhaust ducts have curved profiles, which

flatten out to wide slits and open out into over-wing trenches.

The Coanda effect is exploited to direct the thrust aft (towards

the rear) whilst simultaneously concealing the nozzle openings

from direct rear view. The F22 relies on the thrust vectoring ca-

pability offered by the Coanda principle to perform maneuvers

not possible in conventional fighter aircraft.

2.1.1. Airfoil Circulation Control Devices

Over recent years, a great deal of effort has been put into

modifying aircraft wings and wingtip configurations to im-

prove performance. Conventional airfoils derive lift from the

circulation produced by the pressure differential between the

lower and upper airfoil surfaces and typically have poor lift

characteristics. In contrast, a circulation control airfoil (CCA)

produces lift by the use of Coanda surfaces and slot blowing. A

small high-speed jet is blown over a rounded (Coanda) airfoil

trailing edge. The rounded contour (in contrast with conven-

tional airfoils, which are cusped) promotes the Coanda effect,

and the flow separation point at the airfoil’s trailing edge is

displaced downwards. The jet flow over the contour creates

a relative vacuum via the Coanda effect (as explained previ-

ously), producing circulation and thus lift. The displacement

achieved depends entirely on the momentum of the blowing

jet. In one such study, Simpson investigated the improvement

of a wing’s aerodynamic efficiency by the use of Coanda tip
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jets.9 Simpson determined that use of a Coanda jet, blowing

outward from the wing tip region of a lifting wing, yielded a

significant increase in the lift-to-drag ratio for the higher lift

coefficients, compared to the jet geometries used in previous

studies. Related experiments have confirmed such circulation

control wings (CCW) to be effective in offering significant

lift enhancement compared with conventional airfoils.10 CCW

technology is one of the most important potential applications

of the Coanda effect, and it has been successfully incorporated

into the design of a number of aircraft including a prototype

Boeing 707, the Hawker Siddeley Buccaneer, and a modified

Northrop Grumman A6 Intruder. Other significant benefits of-

fered by airfoils with Coanda trailing edges include a consider-

able reduction in wake fluctuation at high angles of incidence

compared with standard airfoils and improved stability at the

wake boundary.11 Extending the design further such that the

Coanda surface is moveable facilitates the formation of two

(upper and lower) slots, yielding the same bidirectional con-

trol as a device with a conventional mechanical flap, but with-

out the need for a flap.12 Unfortunately, a major disadvantage

of this technique is that it requires additional Auxiliary Power

Units (APUs) or engine capacity in order to supply the bleed

air for the slot blowing. Engine and APU manufacturers are

trying to address this problem by designing APUs that would

supply all of the bleed air so that engines would be dedicated

to providing thrust only. However, achieving this would first

require a significant improvement in APU reliability.

2.1.2. Thrust Vectoring

Thrust vectoring is the ability of an aircraft (or other vehi-

cle) to direct the exhaust thrust from its main engine(s) in a

direction other than parallel to its longitudinal axis. It allows

VTOL (vertical take-off and landing) or STOL (short take-off

and landing). The principle of thrust augmentation due to the

increased mixing associated with the Coanda effect is well un-

derstood2, 13, and this principle enables aircraft such as the F22

Raptor fighter to perform various maneuvers that would not

otherwise be possible. The design of high-performance thrust-

vectoring exhaust nozzles is extremely complex.14 Of partic-

ular concern is the issue of jet flow detachment, and a great

deal of recent work has focused on this issue. For example,

supersonic jets are commonly over- or under-expanded and the

adjustment of (increase or decrease in) the jet pressure to the

pressure outside the nozzle results in a system of shock waves

being formed inside the jet plume. The interaction of the jet

with these shock waves can act to precipitate jet flow detach-

ment from the solid surface. Bevilaqua et al. performed one of

the few supersonic Coanda jet studies.15 In their work they

tried to improve thrust vectoring by designing a supersonic

nozzle in which the Coanda effect could be used to deflect

the engine exhaust jet. They examined the effect of exhaust

nozzle geometry and designed a convergent-divergent nozzle

which eliminated the expansion shocks and significantly im-

proved thrust vectoring compared with other conventional con-

vergent nozzles in use at the time. Cornelius and Lucius sub-

sequently performed an experimental study of a two dimen-

sional under-expanded supersonic Coanda jet flow around a

circular cylinder.16 They confirmed the results of Bevilaqua,

determining that jet flow detachment could be significantly de-

layed by employing a convergent-divergent nozzle. In related

work, Sawada and Asami performed a numerical study on an

under-expanded supersonic Coanda jet flowing around a cir-

cular cylinder.17 They solved the Navier-Stokes equations in

two and three dimensions. The result of their two-dimensional

calculation yielded rather poor quantitative agreement with ex-

isting experimental data. They posited that this was due to

their model’s omission in the model of the significant three-

dimensional structure observed to develop, because a prelimi-

nary three-dimensional calculation provided better agreement

and revealed the considerable influence that the surface had on

the flow field. As a result of these and other studies, most cur-

rent aerodynamic applications of the Coanda principle utilize

convergent-divergent nozzles.

Unfortunately, most effective thrust-vectoring design con-

cepts depend on the use of actuators with variable geometry,

which is in direct opposition to other desirable design goals

since actuators add both weight and complexity to the aircraft.

Thus an alternative area of research has focused on fluidic

thrust vectoring concepts, many of which utilize the Coanda

principle.18, 19 The basic concept is to inject a secondary sheet

of air along a curved sidewall flap and, via entrainment, to draw

the primary jet in the same direction as the injected jet, thus

producing yaw thrust vectoring. Unfortunately, this has so far

proven to be largely unsuccessful. The largest thrust angles

were produced at low nozzle pressure ratios (NPR), where the

primary jet momentum was minimal near the sidewall flaps.

As the NPR increased, the pressure gradient—which is cru-

cial to the Coanda effect—disappeared.18 It is postulated that

the high aspect ratio of the nozzle may have impeded the ef-

fectiveness of the thrust vectoring concept, and work on this

promising concept is still ongoing.

2.2. Industrial Applications

There are many areas in engineering where the Coanda prin-

ciple has been used to great effect including turbines, cooling

processes, and galvanizing techniques. A turbine is an engine

which extracts energy from a fluid flow and converts it to use-

ful work. There are two main types of turbine. Impulse tur-

bines change the direction of flow of a high velocity liquid or

gas jet, whereas reaction turbines (as implied by the name) de-

velop torque and are turned by reactive forces rather than by a

direct push or impulse. A new kind of reaction turbine, driven

by the deflection of a jet along a curved wall due to the Coanda

effect, was described by Teodorescu-Tintea in his PhD thesis

and other work.20–23 In this turbine, the fluid, combustion gas,

or hot air is discharged through nozzles on a rotating hollow

shaft. It is then deflected along adjoining backward-curving

(Coanda) blades. The resulting forward reaction force drives

the system. In contrast to other reaction turbines, the fluid does

not flow in a channel but along the convex surface of a blade

which provides the additional benefit of facilitating the cool-

ing of the surface. Impulse turbines work by discharging a

water jet into air through a nozzle and directing it onto curved

buckets which extract energy and convert it to work. Mod-

ern impulse turbines successfully employ the Coanda effect

to adhere the high-speed jet to the back of the appropriately

curved (Pelton turbine) buckets, creating a lift force and an as-

sociated angular momentum (in the sense of rotation), which

yields an increased torque compared with a system using a reg-

ular bucket.24
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The same principle used to cool the reaction turbine blades

is used to cool circular cylinders, which are present in many in-

dustrial circumstances. This is traditionally achieved by plac-

ing the cylinders in an unlimited uniform parallel air stream

with negligible turbulence in the main stream, but the princi-

ple can be considerably improved by locating the cylinder sym-

metrically in a two-dimensional finite-width jet.25 The Coanda

effect causes the jet to adhere to the cylinder, and the associ-

ated heat transfer can be increased by up to 20 % in this way.

Swirl atomizers are devices for breaking a liquid into small

droplets. Typical applications include agricultural spraying

machinery and oil-fired furnaces. The droplets are the result

of the breaking of the liquid sheet under the action of internal

turbulence. Air is blown through the middle of the nozzle, and

swirling liquid is passed over the nozzle lip. Clearly this pro-

cess is an example of the teapot effect rather than the Coanda

effect, since it involves two non-similar-phase fluids. How-

ever, the results are still of some interest. For example, with a

sharp-edged lip, the atomization is found to be poor, but when

a curved lip is used, good atomization is ensured.26 In a re-

lated problem, Lee et al. studied the effect of using a Coanda

nozzle (rather than a regular nozzle) in a process for putting a

galvanizing layer on a metallic strip.27 Using a regular nozzle

causes “splashing” and an uneven layer on the strip. Using a

Coanda nozzle instead causes the wall shear stress to be in-

creased due to the deflection of the jet by the teapot effect as

it leaves the nozzle. This causes the potential splashing region

to be moved further downstream out of range; therefore, the

problem of splashing is removed, and the whole galvanizing

process is improved.

2.3. Medical Applications

The Coanda effect is an established physical phenomenon

of fluid flow which has practical relevance in the medical field.

Two applications in which it is particularly prevalent are Cardi-

ology and Artificial Respiration. In the former, the Coanda ef-

fect is generally a beneficial physiological effect; although, one

must guard against the misdiagnosis of cardiac irregularities

due to the appearance of potentially misleading phenomena

resulting from the Coanda principle. In the latter, the Coanda

effect can lead to advantageous developments in the design of

artificial respiration devices.

2.3.1. Cardiology

In cardiovascular medicine, the Coanda effect is responsi-

ble for the two separate streams of blood in the fetal right

atrium.28, 29 Both streams are mutually important and play

an essential role in fetal circulation and development. How-

ever, it is critical that the streams remain separate, or they

could destructively interfere with one another, with severe con-

sequences. As a result of the convex geometry of the right

atrial muscular anterior wall, the Coanda effect ensures that

the streams are kept apart.

However, the Coanda principle can also have negative im-

plications, particularly in the context of medical diagnosisc.30

The Doppler effect refers to the well known apparent change in

frequency experienced when a sound source is moving relative

to an observer. If high-frequency sound waves are reflected

from a moving flow, such as blood in an artery, the detected

change in frequency can be used to determine the speed and

Figure 3. Schematic drawing of Mitral regurgitation. (Image by J. Heuser;

JHeuser [CC-BY-SA-2.5-2.0-1.0 (www.creativecommons.org/licenses/by-

sa/2.5-2.0-1.0)], via Wikimedia Commons).

direction of the flow. This process forms the basis of Doppler

ultrasound, and colors are often used to indicate the direction

of the flow. Color Doppler echocardiography is an imaging

technique that is extensively used in clinical applications since

it not only allows doctors to easily and non-invasively evaluate

the heart valves, but it can also detect abnormalities such as the

backward flow of blood through partially closed heart valves

(so-called valvular regurgitation). Mitral regurgitation is the

most common form of valvular heart disease and is invariably

fatal if not detected. It is a disorder in which the mitral valve

does not close properly when the heart pumps out blood, caus-

ing a jet of blood to leak (regurgitate) back into the left atrium.

As a result of the Coanda effect, such jets (known as wall-

hugging jets) are then typically dispersed along the adjacent

curved left atrial wall (shown in Fig. 3), and consequently their

presence is often missed or underestimated by color Doppler

imaging, which focuses on the more readily apparent central

jets.31, 32

2.3.2. Artificial Respiration

The ability to provide sophisticated control using a fluid

logic device based on the Coanda effect, rather than using me-

chanical parts, offers tremendous potential in a medical envi-

ronment. The general principle is that a free jet flowing in a

diverging channel can attach itself to either wall, and it can be

forced to separate from one wall and attach instead to the other

via the Coanda effect. (The effect essentially changes the low

pressure area to one of relatively high pressure.) This is accom-

plished using small auxiliary jets flowing through holes in the

walls. Thus, a fluid logic device is analogous to a “monostable

flip-flop” in electronics. Fluid logic devices have been used to

great effect in artificial respirators and other applications for

many years.33, 34 Indeed, they were the cover story in Scien-

tific American as long ago as December 1964. The Coanda

principle has also been used to smoothly and efficiently guide

air and liquids into tubes and cuffs for ventilation purposes.35

However, the same principle may clearly be potentially detri-
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mental in some cases. For example, Qudaisat has reported the

occurrence of unequal inflation of the lungs during artificial

ventilation of a paralyzed and intubated patient using a single-

lumen tracheal tube, and he hypothesizes that this may have

resulted from the Coanda effect occurring in the trachea and

preferentially attaching air in one direction.36

2.4. Application to Maritime

There are numerous occasions in marine engineering where

the Coanda effect can be used to enhance performance, partic-

ularly in low-speed ship maneuvering and dynamic position-

ing. However, there are also many examples of it being experi-

enced by both floating and submerged vessels as an unwanted

side-effect when, according to English,“its presence usually

detracts from performance.”37

2.4.1. Propulsion

Vessel propulsion is one example of where the Coanda prin-

ciple can have a negative impact. The force on the vessel

that a propeller generates is proportional to the speed, vol-

ume, and direction of the water jet exiting the propeller. When

the vessel moves through the water, the propeller jet’s direc-

tion is changed by the Coanda effect, causing it to follow the

shape of the ship’s hull. This can significantly curtail the pro-

peller’s efficiency. A similar problem occurs when a ship is

being handled at low speed. In this case, when trying to go

astern, the nonsymmetric flow and pressure on the hull can

cause the Coanda effect to produce a turning moment on the

ship that may not be predictable.37 In order to try to miti-

gate such losses, anti-Coanda methods have been suggested for

separating both the jet-water-stream flow field and the support-

ing ocean-water flow field from the vessel hull by altering the

load-bearing properties of the hull to change it from a buoyant

surface to a hydrodynamic surface.38 However, this proposed

solution is obviously extremely costly and complex, and has

not been widely implemented to date. A more practical so-

lution in many circumstances is to increase the ship’s speed,

thereby utilizing the well known property of the Coanda effect

that entrainment of the surrounding fluid is reduced when the

primary jet is ejecting into a coflowing stream as opposed to a

stationary stream.

2.4.2. Hydrofoils and Sumbersibles

The principles governing airfoil circulation control devices

discussed previously (Section 2.1.1: Airfoil Circulation Con-

trol Devices) can also be applied underwater. A hydrofoil is

a watercraft which operates in a similar way to an airfoil. As

the vessel increases in speed, the foil develops sufficient lift to

raise the hull out of the water, typically resulting in a drag re-

duction and further increase in speed. Clearly, hydrofoils em-

ploying the Coanda effect via nozzles emitting water jets along

the leading edge of the appropriately-shaped foil will create the

well-known “negative drag” associated with the principle (Sec-

tion 1) and cause the hydrofoil to be self-propelling.2 Howe

studied in detail the noise associated with the circulation con-

trol of a hydrofoil by a Coanda wall jet.39 As discussed previ-

ously, the advantage of such devices is that the associated lift

can be greatly increased (even at low mean speeds) without the

need for mechanical apparatus. However, the relatively high jet

speeds needed to maintain attached flow around the hydrofoil

lead to at least one additional noise source. The noise at the

trailing edge of the hydrofoil is then identified as comprising

three principal components, namely “curvature noise,” trailing

edge noise, and “passive slot noise.” Theoretical predictions

of the associated acoustic radiation contributions are made and

are found to be “critically dependent on a proper understanding

of the turbulence characteristics of the flow, especially within

the Coanda jet.”39 This is common in aeroacoustics and will

be discussed in further detail in Section 3.

Underwater exploration has always been hampered by the

difficulties of propelling a submerged vessel efficiently and

economically, due to fluid resistance. Over the years, consid-

erable work has been carried out on the design and testing of

fully submersible vehicles that utilize the Coanda effect simi-

larly to an airfoil or hydrofoil.40, 41 Results indicate that such

devices do indeed yield some advantages over conventional

methods of propulsion, in terms of both vehicle maneuverabil-

ity and the reduction of drag. However, these advantages do

not appear to be significant compared with the associated dif-

ficulties, and consequently, other areas of research focusing

more directly on drag reduction have been pursued instead.

2.4.3. Ship/Structure Interactions

According to the results of physical modeling by English,

“...interactions arising from the Coanda effect are not restricted

to the propulsors and hulls of individual ships, but can be ex-

perienced by ships interacting with each other and with fixed

structures....”37 For example, when towing ships in restricted

waterways or berthing large ships near jetties with solid walls,

it is critical to notice where the wash from the ship’s propeller

is aimed. If it is directed at a glancing angle to another ship

or a solid wall, the Coanda effect could change the pressure

distribution on the hull and cause the ship to turn unexpect-

edly. Since increasing the speed is rarely an option in these

circumstances, solutions to this problem currently rely on the

experience and expertise of the ship’s captain.

2.5. Application to the Natural World

There are multiple instances of where the principle of flu-

idics under discussion here is observed in the natural world.

One such example is topographically directed winds.42 For ex-

ample, in the Moldavian Plateau in Romania, an arc is formed

by the Carpathian and Transylvanian Alps, and the Coanda

principle causes northerly air streams traveling around this arc

to be diverted toward the southwest (with an associated low

pressure area further to the southwest). This, together with the

föhn effect (a dry down-slope wind which occurs in the lee of a

mountain range), causes a surprisingly Mediterranean-like mi-

croclimate to be located in this part of the Danube Valley, prov-

ing extremely advantageous to local farmers and residents. A

second, less beneficial example occurs in Big Delta, Alaska,

U.S.A., where a local wind, described as similar to “...a stream

of water coming from the nozzle of a hose...,” is observed

when east-southeast or southerly winds are blowing.42 Such

winds tend to obey the Coanda effect and follow the curve of

the Alaska Range rather than flowing directly onto the Tanana

Plain as would be predicted. It should be noted that the behav-

ior of the Rhone Valley Mistral in France could also possibly

be explained by the Coanda effect, since after blowing along

the curved east side of the Rhone delta, it changes direction
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Figure 4. The Bombardier beetle and the teapot effect. (Image reproduced by

kind permission of Thomas Eisner and Daniel Aneshansley, Cornell Univer-

sity).

unexpectedly from northerly to north-northwest as it hugs the

Alps. Clearly, a greater understanding of the underlying princi-

ple causing these observed effects is crucial to future economic

development in such regions.

In a fascinating example of the teapot effect (incorrectly

identified in their work as the Coanda effect), Eisner and Ane-

shansley report that Bombardier beetles eject a defensive fluid

(a hot quinine-containing secretion) when disturbed, and “rely

on the Coanda [sic] effect for aiming.”43 Such beetles, which

are members of the family Carabidae, have flanges (diagnostic

for the subfamily Paussinae) behind which is a gland open-

ing from which liquid is ejected. The flanges are curved and

grooved in such a way that fluid emerging from the gland open-

ings is bent sharply to follow the curvature of the flanges, and

thus their ejections are anteriorly aimed, as shown in Fig. 4.

2.6. Other Applications

In addition to the more obvious engineering applications de-

scribed in the previous sections, the Coanda effect has been

very successfully employed in many other areas, including rain

and storm water filtration. In such systems, the removal of a

significant volume of water via a conduit, such as a downspout

or a curbside runoff, is the primary goal. However, the wa-

ter often contains dirt, grit, leaves, and other types of debris

that can accumulate within the conduits, reducing the through-

put and ultimately rendering them ineffective. Many of the

solutions involve using the Coanda effect to separate the wa-

ter from the debris (as shown in Fig. 5), since it is only the

water that is susceptible to redirection.44–47 A related appli-

cation of the Coanda effect has been sewage treatment.48 To

increase the operating reliability of wastewater (sewage) treat-

ment plants, it is necessary to separate the grit transported with

the wastewater and other mineral materials from the digestible,

organic material. Whilst as much of the mineral matter as pos-

sible should be removed, the maximum feasible organic matter

should remain in the wastewater. Grit is traditionally separated

either by gravity sedimentation or centrifugal force, with the

contaminated grit being disposed of, at great expense, consid-

erable inconvenience, and a squandering of natural resources.

However, a method has recently been developed whereby the

solids in the flow are separated from the wastewater via the

flow redirection associated with the Coanda effect.48 The grit

Figure 5. Operating principles of a Coanda stormwater filtration screen.

(Image taken from Wahl, Tony L., 2003,Design Guidance for Coanda-Effect

Screens. U.S. Dept. of the Interior, Bureau of Reclamation, Research Report

R-03-03. July 2003. [online paper]).

is then washed so that additional attached organic matter is

separated from the mineral grit particles, and the clean grit is

statically dewatered prior to reuse.

An alternative utilization of the Coanda principle is to wash-

ing and drying processes. In manufacturing processes which

require high levels of cleanliness (e.g., semiconductor wafers),

it is imperative to clean and dry the robotic devices used. For

example, during the wet processing of wafer substrates, robotic

end effectors carry the substrates between chemical processing

steps, rinse steps, and/or drying steps. Between these steps, it

is imperative to clean the end effectors so that substances that

adhere to them during transport are not transferred back onto

the wafers when they are subsequently retrieved by the same

end effectors. In other contexts, the periodic washing and dry-

ing of end effectors may be important in terms of minimiz-

ing the particle contamination between them and the wafers.

Talley and Atkins outline one such cleaning/drying tool for

robotic end effectors based on the Coanda principle that min-

imizes process time, process fluid consumption, and footprint

size.49 On a totally different scale, the dryers used in automatic

motor vehicle washing and drying systems typically include

one or more nozzles which may be stationary or oscillatory. If

they oscillate, they typically do so over a wide angular range so

that water will be pushed towards the centre of the vehicle and

then down the front and rear. Jones invented a dryer compris-

ing three downwardly-facing overhead nozzles that oscillate in

a synchronized manner with the two side nozzles oscillating

over a limited range—one on the passenger side and the other

on the driver side.50 A center nozzle located between them

oscillates over a wider range, thereby taking advantage of the

Coanda effect to drive water on the upper surface of the vehi-

cle toward the side nozzles, which then drive the water along

the contours of the vehicle surface and down the sides of the

vehicle.

Highway tunnels are often ventilated through a series of air

ducts. However, a simpler method employs a jet ejector system

blowing longitudinally through the tunnel itself, generally in

the direction of the traffic flow. If there is a strong head wind

it may also be necessary to ventilate with the wind direction

and for this reason, each tunnel is additionally equipped with a
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second ejector system. Etkin et al. proposed a method for elim-

inating one of these ventilating fan units by using the Coanda

effect to deflect the primary air (jet) sheet in the appropriate

direction for a given set of conditions.51 Two Coanda surfaces

are employed adjacent to a nozzle which swivels. By align-

ing the nozzle with one or the other surface, the ventilating

flow can be directed in whichever is the direction of least resis-

tance. As an additional benefit, these Coanda deflected sheets

promote enhanced mixing of the jet with the ambient air, com-

pared with conventional fan units. Related experimental work

on the vehicular tunnel under the Welland Canal, Canada, (be-

tween Lake Ontario and Lake Erie) indicates that “...the utiliza-

tion of the Coanda effect for jet pump ventilating is workable

and attractive.”52 Still other applications of the Coanda effect

include the coating of surfaces with powdered materials,53 the

development of drag reduction spoilers for Heavy Goods Ve-

hicles (HGVs)54, and anti-splash urinals.55

3. AEROACOUSTICS AND THE COANDA
EFFECT

A wide variety of aeronautical and aerospace applications

utilize the Coanda effect, or aspire to, due to the enhanced

turbulence levels and entrainment that devices employing this

effect generally offer when compared with conventional jet

flows. However, such advantages are not usually achieved

without a substantial increase in the corresponding acoustic ra-

diation. This obviously detrimental side-effect has meant that

in many cases the potential benefits of the Coanda effect have

yet to be fully realized. For example, in the petroleum indus-

try, situations often occur in which it is desirable to dispose

of a large amount of gas, as quickly and efficiently as possi-

ble. This is done by burning off the gas in a process known

as flaring. Initially, so-called pipe-flares were used. However,

the requirement of certain features (e.g., smokeless combus-

tion over a wide range of gas flows and conditions, reliability

of flare ignition by external pilots, and flame stability), soon

led to the development of other types of flare. A crucial step in

this development was the application of a simple, but effective

principle known as the Coanda Effect, to flare design. Figure 6

shows such a flare in operation, and Figure 7 shows the flow

field and combustion zone of a typical Coanda flare developed

by B.P., known as the Indair. The capacity to entrain large

amounts of air means that flares employing the Coanda effect

can offer advantages such as smokeless combustion, increased

combustion efficiency, and decreased thermal radiation, com-

pared to other types of flare.56–59

Coanda flares are also a significant improvement on other

flares in terms of pollutant and noise emission. However, de-

spite this improvement, Coanda flares are still a source of con-

siderable noise. Noise pollution has long been recognized as

detrimental, in terms of both health and efficiency, to indus-

trial workers, and nowadays noise pollution is regarded as im-

portant an industrial hazard as air pollution. Consequently,

legislation exists to control the level of noise to which indus-

trial workers can be exposed. Although this has led to much

research on various types of noise emitted by industrial ma-

chinery, relatively little work has been conducted on noise

emission due to the Coanda effect. Indeed, the majority of

such research has focused on use of a shield or shroud to de-

flect the noise.60 Carpenter and Green performed one of the

Figure 6. An operating I33 Indair waste-gas flare.

Figure 7. The overall flow field and combustion zone of an Indair waste-gas

flare.
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first exhaustive studies of the noise sources in external Coanda

gas flares.61 In their work, they identified the fundamental

high-frequency noise generating mechanisms associated with

Coanda flows as Turbulent Mixing Noise (TMN) and shock-

associated noise (SAN). They studied these and other noise

mechanisms via scale-model I4 flares of the full-size Indair

(I33) flares operated by B.P., with and without a step at the

nozzle exit. In a related approach, in which the aim is to un-

derstand the fundamental noise-generating mechanisms asso-

ciated with TMN, Lubert has developed a theory for predict-

ing the TMN emitted by unit volume of jet-type, shear-layer

turbulence close to a rigid plane, and extended it to a plane

two-dimensional wall-jet.59, 62–65 The improved understanding

offered by the development of a model for predicting the noise

emitted by three-dimensional flows over Coanda surfaces has

allowed investigation of the effect of various flow parameters

on the associated acoustic emission and has indicated ways in

which the perceived noise levels associated with such external-

Coanda flows could be reduced or attenuated.

Lubert’s theory is based on Lighthill’s acoustic analogy

which draws a parallel between the equation of sound in a

stationary medium and a wave equation derived from the ex-

act equations of fluid motion to show that TMN can be mod-

eled by a stationary distribution of high-frequency acoustic

quadrupoles.66 This theory was applied to unit volume of

free field turbulence, and Ribner’s method was used to spec-

ify the exact combination of acoustic quadrupoles that should

be used.67 The theories of Curle and Powell were extended to

take into account the presence of the rigid plane by develop-

ing a “Method of Images” approach (in which each original

acoustic quadrupole is replaced by a quadrupole system com-

prising the original quadrupole plus an “image quadrupole”

representing the image of the original in the plane rigid bound-

ary).68, 69 In this way, predictions were made of some of the

basic aeroacoustic characteristics associated with a plane two-

dimensional wall-jet.63 Subsequent work by Davies on high-

frequency acoustic quadrupoles in close proximity to a rigid

sphere indicated that, provided the sources are close enough

to the surface, the surface can be regarded as locally plane,

since only a small additional component is introduced as a re-

sult of the curvature of the surface curvature.70 Thus, the the-

ory developed for a plane two-dimensional wall-jet was ex-

tended to the case of a three-dimensional flow over a rigid

Coanda surface. It was found that the relatively simple “Ran-

domly Orientated Longitudinal Quadrupole” (ROLQ) method

of modeling the acoustic sources gives reasonable agreement

with the results obtained by Ribner’s71 much more complicated

source modeling method.59, 62–65 Using these ROLQ sources,

the sound emitted by each radial “slice” of a jet was calculated

by assuming that the zone of peak turbulence dominates the

sound generation within that slice, calculating the sound field

radiated by unit volume of turbulence at that location, and then

adjusting for the area of the slice. Predictions of the aeroacous-

tic characteristics associated with the mixing layer region of a

three-dimensional turbulent wall-jet were first developed for an

observer horizontal to the jet. These were then extended to the

case of an observer at some non-zero angle to the horizon. The

model was further extended to account for the transition and

fully-developed regions of the wall-jet, and finally a method

for predicting the aeroacoustic behavior of a three-dimensional

turbulent flow over a Coanda surface, was developed.64-65

Figure 8. omparison of theoretical predictions with experimental results for

the total power emission of a Coanda wall jet to a horizontal observer with slot

width. (jet exit velocity,  
 !

= 320 m/s).

A comparison of the current results with existing theoretical

models and experimental data is shown in Fig. 8. The theory

is currently being generalized to more commonly-occurring

Coanda surfaces, and a theory is also being developed to ac-

count for SAN.

4. CONCLUSIONS

The Coanda effect was discovered over 100 years ago, but

over the last twenty-five years, the range of applications has

grown exponentially. The effect offers significant advantages

in terms of substantial flow deflection and enhanced turbulence

and entrainment levels. However, in many cases, the full po-

tential offered by the principle is yet to be completely realized,

in part due to a lack of understanding of some of the funda-

mental physical characteristics associated with the effect. This

paper describes some examples of use of Coanda flows in en-

gineering and nature, and it describes recent attempts to model

the difficulties that can occur when the effect is present, includ-

ing increased noise levels and jet detachment issues.
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