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Abstract

The affects of placing a plane solid surface in close proximity to a Coanda effect jet
turning over a cylinder surface are investigated to help judge the possible application of this
type of jet to manufacturing line processes. The adjacent surface may represent a moving
sheet or conveyor line and the Coanda jet is proposed as a coating control mechanism for
fluid coatings on sheets or a particulate removal device. Coating control has traditionally
been accomplished with a normal directional air-knife (straight jet). An air-knife strips a
fluid film with pressure gradient forces. The Coanda jet develops both shear stress and

pressure gradient forces and these two affects together can achieve the desired effect.

A turbulent k - £ finite element model is developed within an accepted commercial
analysis software system (FIDAP) and presented that studys the effects of cylinder-sheet
separation distance and jet-to-gap angular placement of the jet. It was assumed that the
operation was isothermal and that the sheet speed was negligible compared to the air jet
speed. Unconstrained jet models were compared with experimental results to validate the
modeling method and optimize the empirical constants in the k - € equations. Acceptable

agreement was found if the Cp parameter in the equations was increased from 1.92 to 3.0.

When this refined method was applied to the situation where a jet is adjacent to a
surface it was found, for small gap sizes, that the flow stagnates and recirculates above the
gap for jets placed greater than about 150 degrees. Maximum shear stress and pressure
gradient values increased exponentially for a decreasing gap size and physical geometric
constraints will be the limiting factor to efficiency. For initial jets of similar slot size and
velocity this study shows that the Coanda jet develops stripping forces about 1/3 as great as
the regular air-knife, but has advantages such as directed flow. The Coanda jet is seen as a

viable option to air-knives for certain operations.

e —

SharkNinja Ex. 1018
Page 7 of 24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



iii

Acknowledgments

This project, as most worthwhile ventures, involved its fair share of trials and
tribulations and triumphs. I was most fortunate to be surrounded by considerate people
who helped ease the burdens either by technical prowess or emotional encouragement;
many of these people served wearing both hats. Hopefully they have enjoyed the
highlights along the way as I have. It has been my absolute joy to spend the last couple
of years rubbing elbows with Robert Craven, Bill Preece, Kurt VanVoorhies, Tom
Bonazza, Chris Chaney, Sunil Mathews, Marshala Wright, Ralf Wohl, Kenny Vance, JC
Pack, Cliff Judy, Tracy Novak and Ken Craven. Greg Thompson deserves a special atta-
boy for his steadfastness and perseverance.

I am very grateful to my dissertation advising committee, John Loth, Nigel Clark,
Richard Turton, Chris Atkinson, Marcello Napolitano and James Smith for their interest
and thoughtful probing of the concepts presented. With their respectable talents and
expertise they encouraged me to think and ask questions about each step along the way
and pay attention to the details. My research adviser James Smith is especially thanked
for his optimism no matter which way the world was spinning.

This page cannot possibly conclude without mention being made of the contribution
of my folks and the rest of my family. Gil and Lucy Churchill managed to raise four
boys (Kent, Alan, Ralph and me) and can be proud of each. For this undertaking of mine
they provided a safe retreat with food, comfort, distraction and love. The next family
addition, my fiancee Judith Walls, has cared for me, put up with my moods and jumped
in to edit documents and make proper sentences from my gibberish. May I always show
similar patience during our life together. Lacy Blue deserves a pat on the head as well for
sharing my weekend walks and cuddling with me on the couch to relax for a few minutes

every day.

SharkNinja Ex. 1018
Page 8 of 24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



iv

Table of Contents
List Of FIgUures & Tables........ooueueviririiiiiieceir ettt sn s seenens v
NOMENCIALULE.......coveeriininriicirt ettt et see e saess s e st e e ss et enaeseesssaessenseseonassnans vii
INEIOQUCHION «.vuveerceeeierceerteceet e et es s sreesaessessas s eaesaessessnesesrsassasasessessessasssessassessssssennsssanns l
Background and REVIEW .........cceececeeeiineerieeiieneenienreessesessenseessessesssssssssssasssesssensssssssessnssens 4
The Coanda PhenOmENON...........cccvvuereiesiirerenrenesesessseseesessesssssesssssssseseessesessssesnns 4
Coanda Jets To Enhance Aircraft Lift and Other Applications.........ccceveeeeveerervensnn 5
Unconstrained Coanda Jets Around a Cylinder .........oceeeeveeeeiemveneeesenieereesinneenns 10
Unconstrained Coanda Jets Over Logarithmic Surfaces ..........ccoccevvereecerreesennnen. 21
Constrained CUrved JELS .......ccceereereerieeiererreieneeresseseressessessesaessesessessesserasssoseses 24
CUIVEA FIEE JELS ...ouververeiieiciesire et et et s s e saeeseessesaas st e e satasaaraesbensnsnsenns 25
Turbulent Boundary Layers and Separation..........ccceeeeeereereeseereeseereesesesnsssesennens 26
ENtrainmeNt......coicieeereeeieeneieesteseesseeeseseesesseseessessessessssssssssssesssnsessessassassassesnssssnse 32
Turbulent Kinetic Energy and DiSSIPation........c..ccveeveeieecireeecsesesseereesnssseseessneeens 34
Pulsed versus Steady JELS ...ccuvuireiioceee et ceeteeree ettt se e e rer e 35
Applications of Constrained Coanda JEts..........ccveereereeieeieceereceeneseeeeresesseseseeenes 37
Analytical Modeling MEthOd ..........ecourirueiirieeneeiriesieiesessessessesseseessessssarssssassessssasssnssnens 41
ComPULING RESOUICES.....cccvverririerirrenrerereniriesresensssessssbesessessersessssessessesssssssessesenses 41
General Description Of FIDARP..........ooiiioririricieenreectece e stsses e sses e snassssnes 41
Governing Conservation EQUAtiONS.........ccoveeeeerieeiesieneesireeseeressesssesssseseeseessssssanns 42
Non-dimensionaliZaAtioN.........cccvueererereeeeeeneestrriesresesaeseeeeeresssessesseesaeseesssssesrsssnes 44
Entrainment BOUNAATIES.........ccoovvveeiiviniieineneieciene e eseseeisesesesessesessesans 56
Solution Scheme and MEthOd........c..ooeeveiieiiiveieceecrce ettt eveeve s 63
RESULLS ...ttt ettt ettt erbe st e s ste s s e st e e saesaa s e assbas s e sesaseseansasteesensessenssensenns 68
Sample Set 0f RESULL PIOLS....ccceviiveeeieeriiereseiee e evseretesaeseesessesessnane e sessesesens 68
Jet Growth and VEIOCItY......ecieeueeereeierieeereceeeeee ettt eve et se v evsetesseveseessssensenenes 77
Entrainment RateS......cviverieciiieceiiireiiniesneesieseeserseeseesaesseesesssesssesssnsessessessaessenses 80
FLOW SEPAratiON......cccciveerrireereereeiesrentecsssesseseesesseesesssessessessesssenesnsensersassasseensns 83
SREAI FOICES ... iieeviieireiecerieerteesreesersesanesessseseessessenssesssssessesssessessessassssnsessansesnnan 85
Pressure Gradients......oeveeereriereriereireieseesersesessassessesseressessessesssssessasssssssessssssnsenes 87
Comparison of Forces of Jet on Adjacent Surface........oueeeeereveeerevecereeevereseenene. 88
Reynolds Number DEependence .........coveeeereceeereneecreeeecneieeraesessesseseesessessesessosens 89
Conclusions and ReCOMMENAALONS .......ccuevererrerereeerereiriereeeeseseteste e sasteaesesessesesssnns 90
Conclusions From This Coanda Jet Over a Cylinder Study........c.ccoueveveveeennnne. 90
Recommendations For Further Study ..o, 93
RELEIENCES ...ceveeieure it serie st sest st sae st as e aesvesaessese e srasnestesassessassansansesesnssaensansns 94
Appendix A - FIDAP Programs For Coanda Jet Model...........coeceverereneeereenenenreeereenns A-1
Coanda Jet Model INPUL FIIES.........cccvereveeeeeeeereeeeeseereseeressevensseseenestssessenassenes A-1
Boundary Conditions........cceeeeeeeirrecnierenieseesessaesesaessessessesasssesssessesssssesesssassaesans A-4
Results file CONVErsion ProOgrams........cceeveerrrereeerverseereesreesseesseesssessesssesssessaesssenes A-8
Batch results plotting command file.......c.coveeuevereeniennirnirenrrreeeeeese et enees A-8
Appendix B - Supporting CalCulations ..........ccceveveereeieeiereeresisreeerseeseeeeseeesessnesssssenns B-1
Experimental Results Used for Boundary Conditions and Validation................... B-1
Fluid Film Thickness CalCulation ..........c..coeeveveevuereeriirie et see v enenens B-4
Conventional Air-Knife CalCulations ..........ovucceeeerereninrensenressesesnnnesnnsensieneseesannes B-5
Appendix C - Plots From Coanda Jet & Adjacent Surface Model..........ccccvvvevecerrenrennne. C-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissior%l']ark[\lInja Ex. 1018

Page 9 of 24



List of Figures & Tables

Fig. 1 Coanda jet coating CONtrol CONCEPL. .....evvverererererererererereseresesesssecsesssssesessessessssns 3
Fig. 2 Trailing edge of a circulation control Wing.2...........c.ecueveeeeeemneecrcscssrsnsnesesesesssennns 6
Fig. 3 Typical augmentor Wing SECHON.2 .......c.cvevereviieceereieieereeseeeneseeeeeseesessessesessssssssnes 7
Fig. 4 Two-dimensional view of "Jetwing" concept. 10 .........veveueeeeevrereeemereeeeeeeeeeeereeesenes 8
Fig. 5 Ejector and diffuser configuration on the thrust augmented wing.2...........coeene... 8
Fig. 6 Coanda surface pressure outside a "Symmetric" n0zzle. 11 ......ccoereeeeeereeeeeeveereans 9
Fig. 7 The Coanda FIare CONCEPL.17 ....vvveeeeerreeeeeereeeceeseceeeeseessescsesnsseneesesssesesasasasns 11
Fig. 8 Flow of a two-dimensional jet around a circular Cylinder...........c.ooeeeeevecereeeirinemnen. 12
Fig. 9 Comparison of velocity profile approximation and experimental data

£Or @ Wall-JEL24n.......oceeeeeeeete et er et evete e s ssse st s bsesassssanes 16
Fig. 10 Schematic of test section used to study wall jets over "strong" convex

SUIFACES.28 ..ne ettt ettt ee b s s b se s sasasesa e sanas 19

Fig. 11 Balances of Reynolds normal stresses equations. (a) ;3 (b) :"_5 (©
w' 2, (d) uV' . - - strong convex surface (radius = 134 mm),

and - " - plane Surface.28 .......coevveeveeiceeecee e 20
Fig. 12 Surface-oriented coordinate system and mapping technique.29..............oceueeee... 21
Fig. 13 Mean velocity profiles of jet flow over logarithmic spiral surfaces.30................... 23
Fig. 14 Turbulent kinetic energy distribution for surfaces of various curvature

(q = turbulent kinetic energy, also known as k).30 ..........cceceueveeereerercnnnne 24
Fig. 15 Schematic of a constrained Coanda jet over a Cylinder..........oueveeeverevecesuemevenennns 25
Fig. 16 Separation point for jet flow over a cylinder for a range of Reynolds

NUMDEIS. 18...oooieiiiie ettt et e e et ere e enesnes 29
Fig. 17 Separation point for jet flow over a cylinder for various slot sizes.18................... 30
Fig. 18 A diagrammatic layout of the curved-wall tunnel. The span of the

entrance of the test section (normal to the page) was 4 ft.38.........c.coeuue. 31
Fig. 19 Layout of apparatus for experiments of Ramaprian and

Shivaprasad.39 .......c.coeeieirieereeeee ettt se s 32
Fig. 20 Coefficient of lift vs. mass flOW TAE.45 ........ocooeeivieeeieieieieeee et vereveneens 37
Fig. 21 Effect of pulsed flow on the entrainment of a round jet into stagnant

BIEAO oottt e e e e e es et et en s e e nesans 37
Fig. 22 Dimensionless values of flow parameters for Coanda jet........ocoveeurveeureereseseennes 46
Fig. 23 Published Coanda wall jet velocity profile.19 .......eeevevueueueeeeeeeeeeeeeeeseeseeesessenenas 49
Fig. 24 Published results of decay of maximum velocity for a Coanda jet over

acurved Wall 19 ...ttt 50
Fig. 25 Published results of jet thickness growth for a Coanda jet over a

CUrved Wall.10.....cuouimiiiiiinecietceeee ettt 51
Fig. 26 Turbulence intensity measurements in normal and streamwise

BIFECHONS. 19 ...ttt ettt en e 52
Fig. 27 Coanda jet kinetic energy profile, calculated in subroutine, used as

boundary CONAILON. .....c.coveeiuirieeeriireercee ettt enesesone 53
Fig. 28 Coanda jet dissipation profile, calculated in subroutine, used as

bouNdary CONAIEON. .....cccvvviereriecereeeeeie et eae et sssasnasans 54
Fig. 29 INTENSITY control word parameter study, matching the intrinsic

kinetic energy generation with experimental data. ............ceeeeeverveeeneennnn.. 35

Fig. 30 Values of the LENGTH keyword are based upon the size of the jet,
but vary over such a small range that a constant value is

assumed for MOAEHING. .....cceeirivrirerrieririee e nerenens 57
Table 1. Descriptions of the k-e model constants recommended for general
applications and those used in this StudY. ..........cceveeeeeeeeerererirereececeieienens 61

—

duced with issi f th ight owner. Further reproduction prohibited without permissior%l']ark[\linja Ex. 1018
Reproduced with permission of the copyright o . p p . Page 10 of 24



Fig. 31 Parameter study of k-e model, variation of C2.......c.ccccevrerircnrrenvennencensseenenesnnnenns 63
Table 2. Range of RELAXATION Values. ......cccccevereieeeseeeneeeseneceteceersreeseessesvsessssesesessenns 67
Fig. 32 Sample mesh plot. (Gap = 0.25*Radius, Jet-Gap = 160 degrees)..........cceeeeveuenee 69
Fig. 33 Sample streamline plot. (Gap = 0.25*Radius, Jet-Gap = 160

EEIEES) v.uvereererereeerrrrerrstessreseesteessesseesssesseesasasssasssasssassressssesnnsssassensanns 70
Fig. 34 Sample pressure contour plot. (Gap = 0.25*Radius, Jet-Gap = 160

AEBICES) cecuvenereeeeerreererireseeseeressansesesssesnesaesssennssssessassesnsesatessassesesssnsessanes 71
Fig. 35 Sample pressure line plot, pressure along the cylinder surface. (Gap

= (.25*Radius, Jet-Gap = 160 degrees).....coveerurevernrreserseeseerseresereeseneenns 72

Fig. 36 Sample shear rate line plot, shear along the cylinder surface indicating
separation point with discontinuity near right end. (Gap =

0.25*Radius, Jet-Gap = 160 degrees) .....occeevveecerererenrrreenrerersersreessneesaeens 73
Fig. 37 Sample pressure line plot, pressure along the adjacent surface from
tOp (At 1eft) t0 DOLLOM ... ceevvercreeeeeeeereceeereeese e seee e sreeseesesesenssennecsesssnasnne 74

Fig. 38 Sample shear rate line plot, shear along the adjacent surface showing
the maximum shear force against the sheet surface. (Gap =

0.25*Radius, Jet-Gap = 160 degrees) .......ceccveevererererenueneneeseseeneeceenees 75
Fig. 39 Sample absolute velocity (speed) 1ine plot ......coeveeveeceerrirersienecriseinsenrnseresenenen 76
Fig. 40 Sample fIoWrate PIOt......c.coceeeeiriereirierereroeneeeie e eene st se s seessesee e secmesnenaeseesenae 77
Fig. 41 Jet growth for flow around cylinder and through a large gap.....cccccoeveveeveveeenenee 78
Fig. 42 Jet velocity decay for flow around cylinder and through a large gap......c.ccceeeeeeee 79
Fig. 43 Jet velocity slowdown and subsequent acceleration exhibited through a

SMALIET BAP. «.coviiriiiecinircr ettt ettt e st s e e sessnae it enne 80
Fig. 44 Net flow channeled through the gap between cylinder and surface....................... 81
Fig. 45 Pumping efficiency of a Coanda jet with adjacent surface. .........cccceveerveruvcnenee 82
Fig. 46 Relationship of gap size and jet position that creates recirculating flow

DEfOre the Zap. .....ocecvieiiviiinirccticnrec e 83
Fig. 47 Impact of an adjacent surface on the separation point of Coanda jet

FLOW OVET @ CYHNAET. cevrererereieecieciecestiee e ce e e sane e ese s e enessessaerasennesns 84
Fig. 48 Impact of an adjacent surface on the separation point of Coanda jet

fIOW OVET @ CYHNALL. ..v.eveeeeeeeeceeeecce e cecreres st e sresenes e essnsnesssasesennens 85
Fig. 49 Maximum viscous shear value exerted upon the adjacent surface by a

COANAD JBL.uverireeereererieresresterstete st ese e e sresaeesseeessesressnsssesassssassasssessensane 86

Fig. 50 Estimate of stripping capability and film thickness for a Coanda
coating control jet applied to a moving sheet with surface film

JAYEE Of WALCT . cvteereeeteeeeieceee et ee e e e r st e s stsesas e s saesmse s senennasnnas 87
Fig. 51 Pressure gradient forces against adjacent surface developed by
Coanda jets, the maximum gradient value is plotted. ........cccccceeervrcecnncene 88

SharkNinja Ex. 1018

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P P PYIg P P P Page 11 of 24



0
=

.12, 13

o  RASQUR T

~

Nomenclature

chord
representative coefficient in matrix equation
empirical constants in k- model

lift coefficient = _L—z_
12pUc
. - (P-Po)
static pressure coefficient = —
12pU_C
V2
blowing-jet momentum coefficient = 32° : ; empirical
12pU_C

constant in k-€ model

empirical factor in separation criterion or entrainment
forcing term in matrix equation

gravitational constant

heat generation by viscous shear

integral parameters of the velocity profile

wurbulent kinetic energy

curvature correction factor; representative coefficient in matrix
equation

parameter in Spalding's velocity profile; lift per unit span
Kolmogorov length scale parameter; characteristic length

)
f p udy

dimensionless mass flux in wall jet = ;
. pU.c

0L, U

U,.c

dimensionless mass flux, in upstream boundary layer, from
blowing slot, and entrained by wall jet, respectively

I/n is exponent in power-law profile used to represent
upstream boundary-layer profile

itcan be shownthat M =

vii

static pressure, static pressure in undisturbed free stream, and

mean static pressure in curved wall jet
pressure across the smallest distance between plane and Coanda
surfaces

jet plenum pressure

pressure in separation bubble at trailing edge

calculated wall-jet separation pressure for any given estimate of Cu

volume flux in wall jet =MU,_ ¢
radius of curvature of surface
Reynolds number =p UL/
Richardson number

blowing slot height; time in derivatives
Kolmogorov eddy time scale

velocity

mean velocity
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u' tangential velocity turbulent perturbation

ut Law-of-the-wall non-dimensionalized velocity

U velocity at outer edge of wall jet; velocity

Um peak velocity in jet profile

U velocity in undisturbed free stream

U’ velocity that would prevail at outer edge of wall jet if stagnation

pressure were equal to free-stream stagnation pressure; therefore

U =U./(I-Cyp)

v,V normal velocity component, normal direction turbulent perturbation

VK Kolmogorov eddy velocity scale

v velocity at outer edge of upstream boundary-layer profile; velocity

Vjet velocity of blowing jet at slot exit

W 3rd dimensional velocity turbulent perturbation

X,y coordinates parallel and normal to surface

Ym» Ym/?2 coordinates of points at which u=Upy and u = 1/2 Up,
respectively, in wall-jet profile

yt non-dimensionalized normal direction distance

Z parameter in Spalding's velocity profile equation

= (law-of-the-wall vel at outer edge of BL) / (mainstream velocity)
B parameter in Stratford's separation equation
) laminar BL thickness, wall jet thickness, fluid film thickness
€ turbulent energy dissipation
n Kolmogorov length scale
0 angular position from slot exit for curved wall jet; also momentum-
defect thickness of a shear layer

T8 dynamic viscosity

M turbulent or apparent viscosity

K curvature parameter

\Y kinematic viscosity

£ dimensionless distance =y /3§

p fluid density

Ok, O¢ empirical constants in k- model

t shear stress

o, © local coordinate transtormation vectors
Subscripts / Superscripts

a ambient

A,B denotes conditions at points A and B
BL boundary-layer

i denotes parameters of initial wall-jet profile
i,j direction in coordinate space

i derivative w.r.t. i

max maximum value

s, surf surface

sep separation

T transpose

w denotes parameters at wall/surface
oo freestream condition

* nondimensionalized value

R,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

SharkNinja Ex. 1018

Page 13 of 24



Introduction

This document presents the concept of a Coanda jet over a cylinder with an adjacent
interacting plane surface that may be solid or have a fluid coating attached to it as might be
found in many manufacturing processes. The jet interaction with the sheet is as a parallel
flow as opposed to the normal direction used by conventional jets (known as air-knives)
used for coating thickness or sheet motion control. Traditional coating control methods
using air forces aim a high pressure jet of air directly at the sheet. A sharp pressure dome
results and the stripping efficiency is proportional to the maximum pressure gradient along
the surface of this pressure distribution. The air jet is oriented perpendicular to the surface
and does no useful work after the initial impingement. The flow deflects from the surface
both above and below the jet and may dangerously spread liquids or particulates in an
uncontrolled fashion. Forces on the surface result from the pressure gradients, only as any

viscous forces due to flow velocity along the sheet are negligible in comparison.

A Coanda jet coating control device alters the jet flow to spread out the pressure dome
and use viscous forces to impact the surface. The concept is illustrated in Fig. 1. The jet
flows over the surface of a cylinder placed close to the sheet surface, forming a strong
tangential flow through the gap formed between cylinder and sheet surfaces. The jet starts
at some angular position away from the gap to allow the jet to grow in size and entrain fluid
to increase the impact of the jet flowing through the gap. The jet flows out of this channel
or gap and is pulled away from the cylinder as it attaches to the sheet and flows along the
sheet; the expanding flow prefers to stay with the flat surface. The dominant interacting
force is shear as opposed to the pressure gradient so the magnitude of the force is not as
great as air-knife jets but the characteristics of the flow may be useful for certain special
applications. The jet flow direction is tightly controlled which is beneficial for processes

involving dangerous chemical or high temperature fluids. The jet remains attached to the

page 1
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sheet for a significant distance—a characteristic which may aid heat transfer applications

and particulate removal cases. The jet may use another gas or entrain a particulate stream
necessary for processing. These jets may be applicable to several types of manufacturing
and processing operations such as sheet coatings, film processing and composite material

production.

Air Jet

Adjacent Surface/Sheet

Fig. 1 Coanda jet coating control concept.

A finite element model has been developed in FIDAP, a popular flow simulation and
analysis computer software, and refined to simulate the jet interaction with the surface and a |
test matrix of operating conditions has been run to cover a wide range of possible
applications. The examination of gap sizes and jet orientation will enable designers to apply
Coanda jets to particular situations, The adjacent surface is taken as stationary because any
adjacent surface speed would be negligible compared to the jet speed (on the order of Mach
=(.5). The surface is also taken to be perfectly flat and non-porous as a most general case.

The proposed finite element solution scheme is validated by comparing numerical and
page 2
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experimental results for an unconstrained Coanda jet. A k - € model is used and the

empirical constants of that scheme are optimized for this type of turbulent flow.

An examination of Coanda effect jets over a cylinder and an adjacent surface is a
unique study as past Coanda jet examinations involved the flow over unconstrained surfaces
as found in V/STOL aerodynamics. Coanda effect jets have been used and studied as lift
enhancement devices where they are blown over the trailing edge of wings to delay
separation of the flow over the wing and increase the wing circulation and lift. The device
proposed here is a distinct departure from those external concepts. This work makes a
significant contribution to the field of fluid flow research and applications by examining a
device that is being promoted in industry but lacks technical or analytical support. This
project report details the effects and characteristics of Coanda jets over a cylinder with an

interacting adjacent plane surface.

page 3
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Background and Review

Coanda Phenomenon

A jet issuing close to a surface shows a strong tendency to attach and remain attached
to that surface whether it is concave, plane or convex. The Coanda effect refers to those
specific cases where the flow travels over top of a convex surface, one that recedes away
from the streamline. Plane wall jets and those into a concave surface exhibit very different
characteristics and control mechanisms. If the wall is concave the stream's inertial

(centrifugal) forces force a contraction of the boundary layer.

The Coanda phenomenon is characterized by a balance of inertial and normal direction
pressure gradient forces. For a wall jet the boundary layer (BL) is energized and this
generates a lower pressure near the surface than in the free stream. Another description is
that the mainstream tries to entrain fluid from both sides of the jet, and thus pumps fluid
from the boundary layer region creating the low pressure. This low pressure pulls the
stream toward the surface. This normal pressure gradient balances the jet's inertial
resistance to turning. Discovery of the phenomenon is comonly attributed to Henri-Marie
Coanda who invented and tried to market several applications of the concept before turning
his attention to other endeavors.! Henri-Marie was born in Bucharest, Rumania in 1885
and later worked in Germany and France. Debate also mentions that Osborne Reynolds
played with the Coanda effect in some of his extensive adventures in fluid flow; if true this

would have occurred before Coanda's time by a few years.

As with other wall jets, a Coanda jet continuously entrains fluid, causing the jet width to
increase and the velocity to decrease. Real fluid flows along a convex surface will

eventually separate due to viscosity. As the jet travels, viscosity reduces the jet's thrust and
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lets the pressure rise. Eventually an adverse pressure gradient occurs at the surface and the

flow separates.

n To Enhance Aircraft Lift and Other Application

Many examples of applied Coanda jet flows can be drawn from Kohlman's review of
V/STOL aircraft design concepts.2 The objective of these aircraft is to increase the vertical
lift to weight ratios of the vehicles so lower speeds are possible and aircraft can be landed
on shorter fields, thus increasing their capabilities for certain situations. One method of
increasing lift is to use circulation control wings and the first example below illustrates this
where a jet issues on the top surface and adheres to the circular tail portion preventing
boundary layer (BL) separation, increasing the effective length and thereby increasing lift.3:

4,5,6,7

Fig. 2 Trailing edge of a circulation control wing.2

This type of blown flap was tested on the A-6 STOL Demonstrator designed and built
by Grumman Corporation.8 The predicted performance was demonstrated with a 30%
reduction in takeoff and approach speeds, and a 50% decrease in required ground space. In

addition to the blown flaps and thrust vectoring used, this airplane employed an enlarged
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horizontal rear stabilizer and enlarged fin and rudder to help maintain control during low

speed operation,

Another example of a high lift system for aircraft is the augmentor wing section shown
below. In this case an ejector jet is used to entrain air into the channel between wing flaps
and increase the jet flap momentum coefficient. Ejectors were studied by Maroti, Hill,
Armstrong and Haines in a 1976 initiative investigating lift enhancement techniques.?
While their experimental and analytical results are not directly applicable to the study here,

they do present an alternative design scheme of placing the jet away from the curved Coanda

surface and entraining an interior, secondary flow in addition to entraining the tertiary

% PRIMARY

freestream.

Fig. 3 Typical augmentor wing section.?

The "Jetwing" design described by Sinha, Kimberlin and Wu is a more radical
approach than most other jet-enhanced circulation ideas in that it redirects all of the jet
exhaust stream to blowing slots located on top of and near the front of the wings.1® Most
other developers propose only partially utilizing the exhaust gases or provide a separate
pumping system altogether. The diagram below illustrates the wing cross section and
includes a second small upper wing. The obvious practical problem of dealing with high

temperature gases may make this a difficult design to implement.
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Fig. 4 Two-dimensional view of "Jetwing" concept.10

The previous examples have outlined concepts used for aircraft to reduce take-off
lengths but are not capable of hover or vertical take-off. Kohlman presents a Coanda jet-
configured winged craft that may be able to take off vertically and it is illustrated below.
For this aircraft, substantially larger ejector jets are used and, similar to the concepts above,
entrain flow to increase the momentum coefficient and augment the jets' performance. The
hover configuration is shown below. For forward motion the various flaps forming the

vertical jet would be rotated to close off the channel and help form a wing for standard

flight.

Fig. 5 Ejector and diffuser configuration on the thrust augmented wing.2

Supersonic jet flows were studied by Bevilaqua and Lee in the interest of reducing the
impact of shock waves as they tend to cause premature separation of the jet flow, eliminating
the advantage of Coanda flow over the trailing wing edge.!! Their results indicate that a
convergent/divergent nozzle is recommended to expand the jet stream and avoid the severe

shocks that result with an underexpanded jet. Measurements of surface pressure for a
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Coanda flow over a cylinder were provided and can be used in this study to help validate

modeling schemes.

p—l

0.5 Atmosphere

Fig. 6 Coanda surface pressure outside a "Symmetric" nozzle.1

Aircraft designers and operators tend to be a conservative lot due to the emphasis
placed upon safety and reliability, so the innovative concepts described above have reached
only the experimental and prototype stage, except in isolated high performance or fighter

applications.

Blowing jet technology over the trailing edge of wings has been proposed for large
transport class aircraft for military uses. In the early 1970's the U.S. was evaluating
replacements for the C-130 with Douglas Aircraft and Boeing proposing planes
incorporating blowing jets, be it with different approaches. One of the driving factors of the
transport plane design was short field capability achieved by wings with increased
circulation. The McDonnell Douglas YC-15 design captured the exhaust gases from
underwing engines and funnelled them to the top surface of the trailing flaps to form wall
jets over the flaps.!? Increased lift is gained from both increased wing circulation and the
deflection of the jet thrust; a 90% turning efficiency was claimed. The Boeing model placed

the engine on the upper surface of the wing where the exhaust jet remains attached over the
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entire span and then over the trailing flaps, creating thrust deflection and

"supercirculation."13

Helicopters have been proposed that also use blowing slot techniques on the trailing
edges of rotors to similarly increase lift. Williams of the Naval Ship R & D Center
describes a craft designed for high speed cruise and VTOL that uses a rotor with a blown
trailing edge that is radically different from conventional helicopter rotors in its size and
profile.14 The Naval initiative drew upon experiments performed on rotor shaped wings
with blowing slots at the University of Maryland as reported by Englar.!5 This work is
different from other experiments performed during this time period in its use of novel

measuring instruments and small Coanda surface cylinders (1 - 2 inch radius).

Another application of Coanda jet technology is for Coanda Flare combustors as
described by Gilchrist and Gregory-Smith and shown below.16:17 The principle of
operation here is that the jet of high pressure burnable gas turns over the Coanda surface,
experiences increased entrainment and turbulent mixing and therefore promotes combustion
and reaction. The source of gas is in practice at a pressure so that the flow is always choked
and this brings up the problem of shock waves and separation caused by the same. The
analysis and experimentation presented in these references addressed the flow structure and
the shapes of the jet over the surface. It is yet to be determined if this asymmetric burner is
advantageous when compared to more conventional designs. The Coanda surface will
impose some heat transfer effect and the lack of oxidizer on the inner surface of the jet will

corrupt combustion.
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Fig. 7 The Coanda Flare concept.17

nconstrain n Around linder

Newman presented a cursory introduction to the Coanda jet flow around a cylinder in a
stagnant environment.!® He compared some experimental results with analytical techniques
assuming known profile shapes and estimated jet boundary growth, and developed
equations to predict jet separation points and other characteristics. The geometry and
nomenclature for his work are shown in Fig. 8 and will be maintained throughout this

document.
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Fig. 8 Flow of a two-dimensional jet around a circular cylinder.

Numerous experimental studies were compiled to develop correlations to describe and
predict the jet profile and characteristics. The profile shape is predicted by Newman with

the relation below:

Ym2 _ 011 (1+1.5”%)
r® ) (eq. 1)

The surface pressure distribution is estimated as

4
(Pe-Pous)r Sln(1+_§%)
P-P_.)b 2
F-’R [(——4;’";’2“) -1+21n(1+——4§";’2)] , (eq. 2)

and the position of separation is believed to be the following for a turbulent constant

Reynolds number:
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