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MRCETVISION

TobecomeamodelinstitutioninthefieldsofEngineering, Technologyand
Management.

Tohaveaperfectsynchronizationoftheideologiesof MRCETwithchallengingdemands of
International Pioneering Organizations.

MRCETMISSION

students, expose them to face the global challenges and become pioneers of vision of

Toestablishapedestalfortheintegralinnovation,teamspirit,originalityand com ce in the
a
modern society. E

MRCETQUALITYPOLICY. Q

Topursuecontinualimprovementofteachinglearningprocess graduateand Post
Graduate programs in Engineering & Management V|go

To provide stateofart|nfrastructureandexpert|set0|m ualltyeducatlon



PROGRAMOUTCOMES
(PO’s)

EngineeringGraduateswillbeableto:

1.

10.

11.

12.

Engineering knowledge: Apply the knowledge of mathematics, science, engineering
fundamentals,andanengineeringspecializationtothesolutionofcomplexengineeringproblems.
Problemanalysis:Identify,formulate,reviewresearchliterature,andanalyze
complexengineeringproblemsreachingsubstantiatedconclusionsusingfirst
principlesofmathematics,naturalsciences,andengineering sciences.
Design/developmentofsolutions:Designsolutionsforcomplexengineering \
problemsanddesignsystemcomponentsorprocessesthatmeet thesp iedneeds
withappropriateconsiderationforthepublichealthandsafety,andthecul societal, and
environmental considerations. ‘
Conductinvestigationsofcomplexproblems:Use researc knowledge and
researchmethodsincludingdesignofexperiments,analysisandipt etationofdata,andsynthe
sis of theinformationtoprovidevalid conclusions. 0
Modern tool usage: Create, select, and apply a swiate techniques, resources, and
modernengineering andIT tools including pr ti%dmodeling tocomplex engineering
activitieswithanunderstandingofthelimitations.

informed by the contextual knowledge

The engineerand society: Apply reasonin
toassesssocietal,health,safety,legalénd lissuesandtheconsequent responsibilities
relevant totheprofessional engi ctice.

Environmentandsustainabil ndérstandtheimpactoftheprofessionalengineering
solutions in societal a t&ironmental contexts, and demonstrate the knowledgeof,
andneed for sustain velopment.

Ethics:Applyethi rinciplésandcommittoprofessionalethicsandresponsibilities and norms
of the engineﬁing pragtice.

Individua ork: Function effectivelyas an individual,and as a member or leader in

diversetea

;andin multidisciplinary settings.
Commu on: Communicate effectively on complex engineering activities with the
engineeringcommunityandwithsocietyatlarge,suchas,beingabletocomprehend
andwriteeffectivereportsanddesigndocumentation,makeeffectivepresentations, and give
and receive clear instructions.
Projectmanagementandfinance:Demonstrateknowledgeandunderstandingof the
engineering and management principles and apply these to one’s own work, as a
memberandleaderinateam,tomanageprojectsandinmultidisciplinary environments.
Life-longlearning:Recognizetheneed for,and havethepreparationandability to engage in

independent and life-long learning in the broadest context of technological change.



DEPARTMENTOFAERONAUTICALENGINEERING
VISION

Department of Aeronautical Engineering aims to be indispensable source in Aeronautical
Engineering whichhasazealtoprovidethevaluedrivenplatformforthestudentsto acquire
knowledge and empower themselves to shoulder higher responsibility in building a strong
nation.

MISSION

Theprimarymissionofthedepartmentistopromote engineering educ i@esearch.
Tostriveconsistentlytoprovidequality education,keepinginpacewithtim technology.
Department passions to integrate the intellectual, spiritual, ethical a | development of

the students for shaping them into dynamic engineers.
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Impart up-to-date knowledge to the studentsyi Qautical area to make them quality
engineers. Make the students experience, the agplications on quality equipment and tools.

Provide systems, resources and training oppartuhities to achieve continuous improvement.
Maintain global standards in educatién, g and services.
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PROGRAMEDUCATIONALOBIJECTIVES—AeronauticalEngineering

PEO1 (PROFESSIONALISM &CITIZENSHIP): To create and sustain acommunity oflearning in
which students acquire knowledge and learn to apply it professionally with due
consideration for ethical, ecological and economic issues.

PEO2 (TECHNICAL ACCOMPLISHMENTS): To provide knowledgebased services tosatisfythe
needs of society and the industry by providing hands on experience in various technologies

in core field.
PEO3 (INVENTION, INNOVATION AND CREATIVITY): To make the students to design,
experiment,analyze,andinterpretinthecorefieldwiththehelpofothermulti isciplinary

concepts wherever applicable. Q
PEO4 (PROFESSIONAL DEVELOPMENT): To educate the students to @ inate research

findingswith good soft skills andbecomea successful entrepreneur.
PEO5 (HUMAN RESOURCE DEVELOPMENT): To graduate the if in building national

capabilities in technology, education and research Q
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PROGRAMSPECIFICOUTCOMES—AeronauticalEngineering

To mouldstudentsto becomea professionalwithallnecessaryskills,personalityand sound
knowledge in basic and advance technological areas.

To promote understanding of concepts and develop ability in design manufacture and
maintenance of aircraft, aerospace vehicles and associated equipment and develop
application capability of theconcepts sciences to engineering design and processes.
Understanding the current scenario in the field of aeronautics and acquire ability to apply
knowledgeofengineering,scienceandmathematicstodesignandconductexperiments in the
field of Aeronautical Engineering.

To develop leadership skills in our students necessary to shape the social, intellectual,
business and technical worlds.
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(R20A2107)Aerodynamics
Objectives:

1. Tointroducetheconceptsofmass,momentumandenergyconservationrelatingto
aerodynamics.

2. Tomakethe studentunderstand theconceptof vorticity,irrotationality,theory of
airfoilsandwing sections.

3. Tointroducethebasicsofviscousflow.

UNITIB3sicsof Aerodynamics:

Aerodynamic forces and Moments, Derivation of Lift, Drag and momentCoefficients with
pressure distribution, Variation of pressure distribution with respect to angle of
attack,Governing equations of flow-Continuity, momentum and Energy equations in
differentialform.Flow regimesbased on Mach number.
UNIT-I1InviscidlncompressibleFlowover Airfoil:

Governing Equation for incompressible and irrotational flow,Elementary flows and their
combinations, Magnus effect, D'Alembert's Paradox, Kutta -Joukowsky theorem, kutta
condition. Kelvin's circulation theorem & starting vortex, Thin airfoil theory, expressions for
calculatingthe aerodynamiccenter and Center of pressure.
UNIT-I1InviscidlncompressibleFlowoverWings:

Vortexfilament statement ofHelmholtz's vortex theorems,Biot -SavartLaw,horseshoe

vortex, Prandtl's Lifting line theorem-downwashandinduced drag,Elliptic loading &
wings ofellipticplanforms,expression forinduced drag.

UNITIVAppliedAerodynamics

LiftaugmentationandDragReduction methods -Flaps,slats, slots,winglets,Leading edge root
extensions,Large EddyBreakup device, Co-flowjet, Cuffsand vortex generators.NACA
Airfoils,Circulation control, strakes. Drag augmentation methods — spoilers, Air brakes.
UNIT-VEXxperimental Aerodynamics
WindtunnelanditsComponents,typesofwindtunnelsandModeltesting inwindtunnels.

Pressure, Temperature,Velocitymeasurements— Hotwireand Laser —Doppler
anemometer.Force measurements—Wind tunnel balances. Flow visualization techniques-
schileren and shadowgraph methods.

Textbooks:

1. FundamentalsofAerodynamics,Anderson,Jr.,).D.,Internationaledition,McGrawHill,
2001,ISBN:0-07-118146-6.

2. AerodynamicsbyL.J.Clancy



3. CompressibleAerodynamics,JohnD.Anderson

ReferenceBooks:
1. AerodynamicsforEngineers,fourthedition,Bertin,J.J.,PearsonEducation,
2012, ISBN:81-297-0486-2.
2. Kuchemann,D., TheAerodynamicDesignofAircraft,Pergamon,1978.
3. Shevell,R.S.,FundamentalsofFlight,Indianreprint,PearsonEducation,
2004, ISBN:81-297-0514-1.
4. McCormick,B.W.,Aerodynamics,Aeronautics&FlightMechanicssecond
edition John Wiley, 1995,ISBN:0-471-575062.

Outcomes:
1. Anabilitytoapplythinairfoiltheorytopredictaerodynamiccharacteristicsofairfoil
2. ApplicationofElementaryflowstodeveloprealproblems.
3. Developmentofdevicestoenhanceaerodynamic
characteristics of aircraftcomponents.
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MODEL PAPER -1

MAXIMUMMARKS:70
ALLQUESTIONSCARRIESEQUALMARKS

Sectionl

1. Derivetheenergyequationbyapplyingthefundamentalprincipletoasuitableflow model.
OR

2. Usingneatsketches,explaintheflowbehaviorpaststreamlinedbodiesplacedin

different mach number regimes.

Section I

3. a. Define boundary condition. Explain infinity boundary condition and wall — boundary

condition.
b.ExplainRankine—oval.DerivetheequationofRankine—oval.

OR
4. Astationarycircularcylinderisplaced inauniform flowstreamofvelocityV-. Obtain the
equation of stream line pattern around the cylinder. Also sketch the pressure distribution
over the surface of the cylinder.

Section Il

5. a.DerivethefundamentalequationofPrandtl’sliftinglinetheory.
b.Obtaintheexpressionsforcoefficientsoflift,induceddrag,effectiveangleofattackfor
anelliptical wing plan-form. Explain the symbols used clearly.

OR

6. Definevortexfilamentandvortexsheet.Obtainthesolutionforlifting—flowsover 2— D bodies
using vortex panel method. State the advantages of panel method over thin airfoil theory.

&
&



7. Usinganeatsketch,explainhowliftisaugmentedbyusing
Flapsystems
Circulationcontrolwing
OR
8. WhatistheworkingprincipleofVortexgenerators?Explainindetail.

Section-V

9. Discussbrieflyabouttypesofwindtunnelanditscomponents?
OR

10. ExplainbrieflyaboutSchilerenandShadowgraphmethodswithneatsketches.
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PAPER- I
MAXIMUMMARKS:70
ALLQUESTIONSCARRIESEQUALMARKS
Sectionl

®©

a.DeriveMomentumequationinintegralformanddifferentialformbyapplyingthe physical
principle to a suitable flow model.
OR
DerivetheNavier—stokesequation.
Section Il
A circular cylinder spinning about its own axis is placed in a uniform free— stream of
velocity V. Obtain the expression for the lift generated over the cylinder. State all the
symbols used clearly.
OR
Consider lifting flowover acircularcylinder.Theliftcoefficient isgiven by5.Calculate thepeak
pressurecoefficient,location ofstagnation points andthepointsonthe cylinder where the
pressure equals free stream static pressure.

Section lll

Using neat sketches, explain the effect of the presence of down wash on the local airfoil
section. How the characteristics of a finite wing are different when compared to the
characteristics of airfoil sections?

OR
Citingnecessaryexamples,explaintheeffecttheaspectratioofwingsonthe
performance parameters.

Section IV

Usingneatsketchesexplainthe useofwingletsindragcontrol.

OR
Explainthefunctionofleadingedgeflapsandtrailingedgeflapsindetail. @

BN



9. ExplainbrieflyaboutForcemeasurementsusingWindtunnels?
or
10. Explainbrieflyaboutflowvisualizationmethods.
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Aerodynamics
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RolINo

Time:3hours Max.Marks:70
Note: ThisquestionpaperConsistsof5Sections. AnswerFIVEQuestions,ChoosingONEQuestionfrom each
SECTION and each Question carries 14 marks.
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SECTION-I
1 taintheexpressionfortheaerodynamicforceandmomentcoefficientsby integrating the  [14M]
pressure and skin friction coefficients over the wing surface.

OR
2 rivethe Navier-Stokesequationsbyapplyingthephysical principleof momentum. [14M]
SECTION-11
3 ove that the theoretical result of lift coefficient is directly proportional to the angle [14M]
of attack.
OR
4 i. DiscussabouttheKelvincirculationtheorem. [7TM]
ii.Considering the non-lifting flow over a circular cylinder, Derive an expression for  [7M]
the pressure coefficient at an arbitrary point (r, 0) in this flow, and show that it
reduces to Cp =1-4sin0 on the surface of the cylinder.
SECTION-111
5 i. Considerafinitewingwithanaspectratioof6. Assumeanellipticallift [7TM]
distribution. The lift slope for the airfoil section is 0.1/degree. Calculate
andcomparetheliftslopesfor(a)astraightwing,and(b)asweptwing, with a
half-chord line sweep of 45 degrees.
ii.Use the numerical 5(i), except for a lower aspect ratioof 3. Froma comparison of  [7M]
the results from these two problems, draw some conclusions about the effect ofwing
sweep on the lift slope, and how the magnitude of this effect is affected by aspect
ratio.
OR
6 i. Explainhowinduceddragisproducedbyaliftingwing. [7TM]
ii. Basedontheliftinglinetheoryshowthatthedownwashisconstantoverthe span [7TM]

for elliptic lift distribution.
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SECTION-1V

Summarizetheselectioncriteriaofvortexgenerators.

Outlineyourviews on Largeeddybreak-updevice influenceon drag.
OR

Illustratetheeffectivesof theretractableleading-edgeslat.

Appraisethe aerodynamicperformanceoftheCo-flowjet wing.

SECTION-V

Explain the Concept of a Six-Component wind tunnel Balance withillustrations,and give
the standards of force measurement.

OR
HowShadowgraphTechniquework,DescribeabouttheWorkingPrinciple of
Shadowgraph Techniques.
HowsSchlierenTechniquework,DescribeabouttheWorkingPrincipleof
Schlieren Techniques.

kkkkhkkhkkikk
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Time:3hours Max.Marks:70
Answer Any Five Questions
AllQuestionscarriesequalmarks.

-

1 Usingneatsketches,explaintheflowbehaviourpaststreamlined [14M]
bodies placed in different Mach number regimes.

2 Explaintheroleofliftanddragcoefficientsinthepreliminarydesign of an [14M]
aircraft using neat sketches.

3 Derivethefundamentalequationofthinairfoiltheory.Explainthe [14M]
symbols used clearly.

4 ExplaindifferenttypesofelementaryflowandPressuredistribution of [14M]
non lifting flow over cylinder.

5  Based on the lifting line theory show that the downwash is constant [14M]
over the span for elliptic lift distribution. Explain how induced dragis
produced by a lifting wing.

6 Define and Derive the equation for induced drag coefficient with neat ~ [14M]

sketches.



7 Explainthefunctionofleading-edgeflapsandtrailingedgeflapsin [14M]
detail.

8 DemonstrateworkingprocessoftheWindtunnelandits Components. [14M]

*kkhkihkkkikkik



LESSONPLAN

UNIT TOPIC No.ofClasses
Aerodynamicforcesand Moments 2
DerivationofLift,DragandmomentCoefficientswithpressure 2
distribution

! Variationofpressuredistributionwithrespecttoangleof attack 2
Basics of

Aerodynamics

Governingequationsofflow-Continuity

momentumequationsindifferentialform

S

Energyequationin differentialform

Flowregimes basedonMachNUMBER

GoverningEquationforincompressibleandirrotationa

Elementaryflowsand theircombinations NJ
Magnuseffect,D'Alembert'sParadox

Kutta-Joukowskytheorem

o
F1
1
1
2
1
2

@"Q

2
kuttacondition. 1
"WiSCid_ Kelvin'scirculationtheorem&sta tingv)rtex, 1
Incompressible \
Flowover Thinairfoiltheory 1
Airfoil Expressionsforaerodynagmictentre 1
Expressionsforcq@essure 1
Vortexfilam tst&gntofHelmhoItz'svortextheorems 1
3 Biot-Savarl’ 1
Inviscid

voytex 1

Incompresible
Flowover Liftingline theorem- downwashandinduceddrag 1
wings icloading&wingsofellipticplanforms 1
vortexinduceddrag. 1
EllipticalLoadingandproblems 2
expressionforinduceddrag 1




Dragreduction&liftaugmentation-Flaps,slats,slots, 2
winglets
4_ Leadingedgerootextensions,LargeEddyBreakupdevice, 2
Applied . Co-flowjet,Cuffsandvortexgenerators.NACAAirfoils, 2
Aerodynamics
Circulation control,strakes. 1
Dragaugmentationmethods—spoilers,Airbrakes. 1
WindtunnelanditsComponents,typesofwindtunnelsand 2
5 Model testing in wind tunnels.
Experimental Pressure, Temperature,Velocitymeasurements 2
Aerodynamics [HotwireandLaser—Doppleranemometer 1
Forcemeasurements—Windtunnelbalances. 1
Flowvisualizationtechniques-schilerenandshadowgraph 2

methods.




UNIT-I

Basics ofAerodynamics



Introduction:
Aerodynamics is a sub-field of fluid dynamics and gas dynamics, and many aspects of

aerodynamics theory are common to these fields. The term aerodynamics is often used
synonymously with gas dynamics, the difference being that "gas dynamics" applies to thestudy
of the motion of all gases, and is not limited to air.

Aerodynamicsisprimarilyconcernedwiththeforcesofdragandlift,whicharecausedby air passing
over and around solidbodies. Engineers applytheprinciples of aerodynamics to the designs of
many different things, including buildings, bridges and even soccer balls; however, of primary
concern is the aerodynamics of aircraft and automobiles.

Aerodynamicscomesintoplayin  thestudyofflightandthescienceofbuildingand operating an
aircraft, which is called Aeronautics. Aeronautical engineers use the fundamentals
ofaerodynamics to design aircraft that fly through theEarth's atmosphere.

(for  detailed information:  Refer ~ FUNDAMENTALS OF AERODYNAMICS -
JOHN.D.ANDERSON)

NEEDFORSTUDYOFAERODYNAMICS

Aerodynamics istheway objectsmovethroughair.Therulesofaerodynamics explain  how
anairplaneisabletofly.Anythingthatmovesthroughair isaffectedbyaerodynamics,from a rocket
blasting off, to a kiteflying. Sincethey aresurrounded by air, even cars areaffected by
aerodynamics.

Studying the motion of air around an object allows us to measure the forces of lift, which
allowsanaircrafttoovercomegravity,anddrag,whichistheresistanceanaircraft“feels” as it moves
through the air. Everything moving through the air (including airplanes, rockets, and birds) is
affected by aerodynamics.

WhatAretheFourForcesofFlight?

Thefour forces of flight are lift,weight,thrustand drag.
These forces make an object move up and down, and
faster or slower. The amount of each force compared to m.’(:] ,
its opposing force determines how an object moves
through the air.

Welght

WhatlsWeight?
Fig:FourForcesonanAirplane(Ref:NASA)

Gravity is a force that pulls everything down to Earth. Weight is the amount of gravity
multiplied by themass ofan object. Weight is also thedownward forcethat anaircraft must



overcometo fly.A kitehas less mass andthereforeless weightto overcomethan ajumbo jet, but
they both need the same thing in order to fly --lift.

WhatlsLift?

Lift is the push that lets something move up. It is the force that is the opposite of weight.
Everything that flies must have lift.For an aircraft to move upward,it musthavemorelift than
weight.

Ahotair balloon has liftbecausethe hotair insideislighter thantheairaround it. Hotair rises and
carries the balloon with it.

A helicopter's lift comes from the rotor blades. Their motion through the air moves the
helicopterupward.

Lift for anairplanecomesfromitswings.
HowDoanAirplane'sWingsProvidelLift?

The shape of an airplane's wings is what makes it possible for the airplane to fly. Airplanes’
wings are curved on top and flatter on the bottom. That shape makes air flow over the top
faster than under the bottom. As a result, less air pressure is on top of the wing. This lower
pressuremakesthewing,and theairplaneit's attachedto,moveup.Usingcurvesto affect air
pressureis atrickused on manyaircraft.Helicopterrotorbladesusethis curvedshape. Lift for kites
also comes from a curved shape. Even sailboatsuse this curved shape.A boat's sail is like a
wing. That's what makes the sailboat move.

WhatisDrag?

Dragisaforcethatpullsbackon somethingtryingtomove.Dragprovidesresistance, making it hard
to move. For example, it is more difficult to walk or run through water than throughair.Water
causesmoredragthanair.Theshapeofanobjectalsoaffectsthe
amountofdrag.Roundsurfacesusuallyhavelessdrag thanflatones.Narrowsurfaces
usuallyhavelessdrag thanwideones. Themoreairthathitsasurface,themorethedrag the air
produces.

WhatlisThrust?

Thrust is the force that is the opposite of drag.lt is the push that moves something forward.
For an aircraft to keep moving forward, it must have more thrust than drag. A small airplane
mightgetitsthrust fromapropeller.Alargerairplanemightget itsthrust fromjetengines. Aglider
doesnot havethrust. Itcanonlyfly untilthe drag causesit to slowdownand land.



For further reference: http.//www.encyclopedia.com/science-and-technology/technology/aviation-

general/aerodynamics

INTERNALANDEXTERNALAERODYNAMICS
Aerodynamics is an applied science with many practical applications in engineering. No
matter how elegant an aerodynamic theory may be, or how mathematically complex a
numerical solution may be, or how sophisticated an aerodynamic experiment may be, all
such efforts are usually aimed at one ormoreof thefollowing practical objectives:

1. External Aerodynamics: The prediction of forces and moments on, and heat transfer to,
bodies moving through a fluid (usually air). For example, we are concerned with the
generation of lift, drag, and moments on airfoils, wings, fuselages, engine nacelles, and,
most importantly, whole airplane configurations. We want to estimate the wind force on
buildings, ships, and other surface vehicles. We are concerned with the hydrodynamicforces
on surface ships, submarines, and torpedoes. We need to be able to calculate the
aerodynamic heating offlightvehicles ranging from thesupersonictransporttoa planetary
probe entering theatmosphere of Jupiter.These arebut a few examples.

2. InternalAerodynamics:Determination offlows moving internallythroughducts.We wish to
calculate and measure the flow properties inside rocket and air-breathing jet engines and to
calculatetheengine thrust.Weneed to knowtheflowconditions in the
testsectionofawindtunnel.Wemustknowhow muchfluidcanflowthroughpipes under various
conditions. A recent, very interesting application of aerodynamics is high- energy chemical
and gas-dynamic lasers (see Ref. 1), which are nothing more than
specializedwindtunnelsthatcanproduceextremelypowerfullaserbeams.Figurel.5is
aphotograph of an early gas-dynamiclaserdesigned in the late 1960s

AERODYNAMICSINDIFFERENTFIELDSOFENGINEERING
Aerodynamicsisimportantinanumberofapplicationsotherthanaerospaceengineering.

e ltisasignificantfactor inanytypeofvehicledesign,includingautomobiles.

e |tisimportantinthepredictionofforcesandmomentsactingonsailingvessels.

e |tisusedinthedesign ofmechanicalcomponentssuchasharddriveheads.

e Structuralengineersalsouseaerodynamics,andparticularlyaero-elasticity,tocalculate wind loads
in thedesign of large buildings and bridges.

e Urban aerodynamics seeks to help town planners and designers improve comfort in outdoor
spaces, create urban microclimates and reduce the effects of urban pollution.

e The field of environmental aerodynamics describes theways atmosphericcirculation and flight
mechanics affect ecosystems.

e The aerodynamics of internal passages is important in heating/ventilation, gas piping, and in
automotive engines where detailed flow patterns strongly affect the performance of theengine.


http://www.encyclopedia.com/science-and-technology/technology/aviation-

Airfoil Basic Geometry: The leading edge is the point at the front of the airfoil that has

maximum curvature. The trailing edge isdefined similarly as thepoint of maximum curvatureat
the rear of the airfoil. The chord line is a straight line connecting the leading and trailing

edgesoftheairfoil. Thechordlength,orsimplychordisthelengthofthechordlineand
characteristicdimensionof the airfoil section.

'1\

Ch,
£ ) P Org Len
eading Edge , gth

i
Angle of ~ _ \ ’
Attack~ /T~ _
U,

Fig:BasicGeometryofaAirfoil

3.3ExpressionsforN,A,L,D(Detailednotesgivenintheclass—derivation)

M

L=Ncosao—Asina

D= Nsina+Acosa wherea—Angleofattack

is the
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3.4AerodynamicCoefficients(Detailednotesgivenintheclass—Derivation)

Dynamic Pressure:q-:Dynamicpressureisthekineticenergyperunitvolume ofafluid particle.

= 1
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UNIT-2
InviscidlncompressibleFlowAirfoil
2.DERIVATIONOFTHEGOVERNINGEQUATIONS

The Conservation ofMass, Momentum and Energy within aninfinitesimal small fluid element are
thefundamental governing equations of all Computational Fluid Dynamics simulations. Note that
one of these laws - the Conservation of Momentum — is also called as the Navier-Stokes
equations. We will derive them in this Chapter. The derivation follows that of JohnD.Anderson’s
textbookon CFD (published by McGraw-Hilland listed in the CourseOutline).

HISTORYANDBASICCONCEPTOFTHEGOVERNINGEQUATIONS

Historyof GoverningEquationsofCFD

The 3 pillars of the governing equations were derived independently in history. For example,
formulating the Conservation of Mass goes back to the times of ancient Greece, while
formulating the Conservation ofMomentum to thel8"century (formulated by Isaac Newton) and
applying this to a viscous fluid to the 19™century (formulated independently by Navier and
Stokes).

Basicconcept

The basic idea behind developing the Governing Equations for CFD is to apply the 3
fundamental conservation laws, i.e.

- conservationofmass
- conservationof momentum(=Navier-Stokesequations)
- conservationofenergy

toaninfinitesimallysmallhexahedralelementofdx,dy,dzdimensions (seethefigurebelow).

fluid
element

dx



HistoryoTNavier-stokesequations

The Navier-Stokes equations were derived independently by French scientist Claude-Louis
Navier in 1822 andlrish mathematician GeorgeGabriel Stokes in 1845-50. They both excelled in
many other fields of science, for example Navier is often viewed as the father of structural
analysis (for example, he was thefirst to describe the equations for the neutral line in bending a
beam or to define elastic modulus), while Stokes first defined kinematic viscosity, contributed to
optics and spectroscopy.

From Fluid Dynamics point of view, their main contribution was that they were the first ones to
apply Newton’s 2"law (conservation of momentum) to an infinitesimal small fluid element with
viscosity. Stoke also made assumptions about how shear stress and viscosity relates to each
other, the so-called Stokes law.Weusethese assumptions even nowadays.

2.1.3.“Shelving”and“undusting”theN-Sequations

As we will show later,the GoverningEquations,- i.e.the Navier-Stokes equations along with the
Conservation of Mass and Energy written for an infinitesimal fluid element, - form a set of
second order partial differential equations (PDE’s), which cannot be solved manually, but which
describeall natural laws governingthe behaviourof a fluid element.

After their derivation, these equations were “put on a shelf’” by history until the arrival of
computers inthelate1960’s, whentheywere “undusted” andtheir solutionfor some verysimple
problems was first successfully attempted on a computer. Nowadays, when we have very
powerful multi-core computers and even supercomputers available, we can solve full 3D flows
over complexconfigurations, such as cars, aircraft, rockets or even wind farms.

MATHEMATICALCONCEPTSFORDERIVINGTHEGOVERNINGEQUATIONS

Before we show the derivation of the Governing Equations of CFD from first principles, let us
review some of the necessary mathematical concepts.

Mathematicaldescriptionoffluidstateinfluidelement

Consider:
- 3DCartesiancoordinatesystemwithx,y,zcoordinates
- Timedenotedby*t’

- densityvaryingwithspaceandtime,i.e.p(X,y,z,t)
- velocityvaryingwithspaceandtime,i.e.V(X,y,z,t),withcomponents:

V =ui+vj+wk

where u(x,y,z,t)
v(X,y,z,1) 3componentsofvelocity
w(X,y,z,t)



J unitvectorsinx,y,zdirections

a d
Thedifferencebetweenpartial( ) andtotal()derivatives
at dt

0
Therearevarioustypesofderivativesinmathematics,amongthemthelocal ( ;) .andtotal
¢

(‘?derivatives. ForthederivationoftheNavier-Stokesequations,wewillutilizethesewithin
t

thesameequationsandthereforeweneedtounderstandthedifferencebetweenthem.

d
PARTIALDERIVATIVE ( — i,f’_ ,9):
at ox 0y gz

Consideraquantity(orvariable),whichisafunctionofmorethanone parameters,e.g.

p(X!y! Z, t)

Then,thepartialderivativesof pwillbetheindividualderivatives(i.e.rateofchange)of
pwiththeseparameters,i.e.

partial derivative of density along X (;)
partial derivative of density along y (;—ayp)
partial derivative of density along z (a—:)
partialderivativeofdensitywithtimet (;)

d

TOTALDERIVATIVE(___):
dt

Consideragainaquantity(orvariable),whichisafunctionofmorethanoneparameters, e.g.
p(X,y, Z, t)

dp
Then, thetotalderivativeof p willbe( E)anditcanbeobtainedbyapplyingthechain

rulefromdifferentialcalculus,i.e.
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Dividing bydtleads to:
dp _Op Opdx Opdy Op dz

dr ar+ax dt+3ydt Oz dt
andsince

dx/dt = u, dy/dt = v, and dz/dt =
thetotalderivativewillessentiallybecome:

dp Op op op 8p
“a Ox Ty 8y+ oz

dt ot
d D
Notingthatintermsofnotation ()is interchangeablewith (), wecanwritethe
dt Dt

generalformoftotalderivativeas:

SinceinCartesiancoordinatesthevectoroperatorVcanbeexpressedas:

8 L0 0

Hence,thegeneralexpressionforthetotalderivativeis:

D 9

CONSERVATIONOFMASSFORAFLUIDELEMENT

Considerthefollowingfluid element,whichisfixedinspaceandthroughwhichfluidflows:



y* p=p(xyzt)

V=ul+vj+nk
u=u(xnzt)
v=v{x,yzt)
w=wi(xyzr)

: L
SR R
id -7 riad
——dx %
- » 5
k i
Tov+ 200Y) 4y 1 ax da
ayT / [pw+ﬂ‘;zm)dz]dxdy
H \f 7

1 ’ , 4

; 3(pu)
(pu)dydz : [pﬁ"‘%—- dx]dydz
A b

——mm -

I'd » .
I'd
Sk,
(pw ) dxdy (pv)drdz
RecallfromSec.1.4.2.thattheConservationofMass says:
\ massoutflow—massinflow y; = decreaseofmassinCV

netrateofmassinCV

Forthefluidelementabove(whichcanbeassumedtobeaControlVolume—CV),letusfirst work out the
Left HandSide (LHS):

massinflowinxdirection: (Pu) dy dz
o A pu)
massoutflowinxdirection: pu + o dx| dy dz
Ox

netrateofmassinCVinxdirection: lpu+f)gpx“) dx] dy de — (pu) dy dz = 9(50“)
X

dx ¢



A pv d(pv

netrateofmassinCVinydirection: [PV + —E;Jy—) dJ?] dx dz — (pv) dx dz = g;
netrateofmassinCVinzdirection: [pw + 3(;'“’) dz] dx dy — (pw) dx dy = a(g“’) dx

4 z

Therefore,theLHSoftheaboveexpressionwillbethesumofthetermsforthe3directions:

opu) , 8lpv)

Net mass flow = [ + O(pw)

Ox 3y Oz

]dx dy dz

Now,therighthandside(RHS)oftheConservationofMasscanmathematicallyexpressedas:

Timerateofmassdec rease:—Q(p.dx.dy.dt)
at

TheConservationofMasslawcanbeexpressedbyequatingtheLHSandRHSexpressionsas:

d(pu)  0(pv)  O(pw) __Op
[ O + By + 5 dx dy dz = % (dx dy dz)

p la(pu) L 9ev) +5(PW)] -0

ot Ox Oy Oz
Andbyrecognizingthattheterminthebracketisnothingelsethan V - (pV) ,onegets:
Op
—+V-{(pV) =0
5 (pV)

ConservationofMassforastationaryFluidElement

NotethatthisistheConservationof Masslawwrittenforastationaryfluidelementin partial differential
form.




The above expression can be converted to an equivalent form for a moving fluid element (see
Andersonforfulldetails). Thenthecorresponding(andequivalent)formof theabove expression will
be:

Dp
L oV-V =0
DitP

ConservationofMassforamovingFluidElement

CONSERVATIONOFMOMENTUMFORAFLUIDELEMENT

Considerthefollowingfluidelement,whichismovingin space(notethatonlyforcesinthex
directionare shown):

v Velocity
components
y
W u
(v 52 )
T T 3y dy) drdz
h
g
e
p dy dz —]
T, dy dz

RecallfromSec.1.4.3.thattheConservationofMomentumsays:

F=ma=md¥
dt



TheLeftHandSide(LHS)representthesumofforcesactingonthefluid,whichcanbe

decomposedto:
- bodyforces(gravity)
- pressure forces
- surfaceforces
Bodyforces:
- consideragenerictermcalled bodyforceperunitmass: f
- forthecaseofgravity: f=(dm.g/dm)=g
- then,thegenericbodyforceonfluidelement: pf(dxdydz)
+ fluid
i element
dx
Pressureforces:

- considerthexcomponentonly
- pressureforceactsnormaltothefluidelementsurfaces
- netpressureforceinxdirection:

dz

pdydz (pp dp/dxdx)dydz

{P_[p+0—p(£\‘ ﬂ dy d= = —?—pffx dy d=
ox Dx




Surfaceforces:
- consideragainthexcomponentonly
- therearetwotypesofstressactingonthesurfaces:
- normalstress:relatedtothechangeinthevolumeoffluidelement
- shearstress:relatedtothetimerateofchangeoftheshearingdeformation

- Notationofstresses:
Tjkmeansstressinkdirection,appliedtoasurfaceperpendiculartothejaxis

Example: Tyx  shear stress in X direction

Txx normalstressinXdirection

Y A Y A
Ty
7 hd 7 -
/ ’ : TXX
’ ’
7 ; —>
’ /
/ / :
> i - x

- Physicalmeaning:
- Normalstress:relatedtopressureorthogonaltosurface(seeSec. 1.2.4.)
- Shearstress:relatedtofrictionparalleltosurface(seeSec.1.2.4)

Then,forthefluidelementshownearlier,-atthebeginningofthissection,-onecanwritethe sum of
forces acting on the fluid in the X direction as:

- Netforceinx ) 4 o d
direction - [p_ (p—l—a xﬂ v @z

+ |:(’Cxx + (‘i;—;x dx) — rxx] dy dz + [(tyx +?—gyﬂ dy) - ’ny} dx dz

+ l(rzx + Otz dz) — rzx] dx dy
0z

+pfx(dx.dy.dz)




Adding andcancellingtermsleadsto:

F, =

dp

0T OTpx

012,

+

Ox

Ox

dy

0z

dx dy dz + pf, dx dy dz

Recall,thattheConservationofMomentumisessentiallyNewton’s2"law:

dv’
F’=ma™=m __
dt

inwhichwehavejustworkedouttheLHSforthexdirection,i.e.thexcomponentoF(Fx):

du

dt

All weneedtodoistoworkoutthetermsontheRightHandSide(RHS)ofthisexpression,i.e. the mass of
the fluid element (M):

Fx=max=m

m=pdV=p(dxdydz)
AndtheaccelerationintheXdirection(ay)as:
du Du
a =_ =
x dt Dt

CombiningtheaboveresultsleadstotheXcomponentoftheConservationofMomentum:

Du Op Ot Ot  Otn
P o "o T T oy e T
AndwecouldobtainsimilarexpressionsfortheYyandzdirectionstoo:
Dv op Ot o0t ot
p—= —— Xy ¥ + zy + pf;/
Dt dy  Ox dy 0z
Dw Op Oty Ot Oz
- AT A T A Tas + pf




And this is the set of 3 equations originally derived by Navier and

Stokes in1822and 1845, respectively, which wetherefore callthe
Navier-Stokesequations.

Inaddition,thestresstermscanbeexpressedby aformula,whichStokesproposedfirstin 1845:

Ou
Tex = A(V ) V) + 2#5 withStoke’shypothesis:
ov
T = MV V) + 2 A=—3p
N Ou
Toy = Tyx = I P + a_y

Xz — zx_ﬂ az+8x

=t = My T e

BacksubstitutingtheaboveexpressionsintotheNavier-Stokesequationsleadstothefullform of the
Navier-Stokes equations:
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CONSERVATION OFENERGYFORAFLUIDELEMENT

Considerafluidelement,in whichwewill applytheConservation ofEnergyprinciple, i.e.thelstlaw of

Thermodynamics:

Rateofchangeof
energyinsidefluid
element

'

A

Netfluxofheat into Rate of work
element + doneonelement
duetobodyand
l surfaceforces
B + C

Letus expand thesetermsonebyone:



termA:timerateofchangeofenergyinsidefluidelement

energyconsistoftwocomponents:internalenergyandkinetic energy
theyareusuallyexpressedintermsofspecificenergy,i.e.

energy

specificenergy=
mass

internalenergy(E):

o representsenergyduetorandommolecularmotion
o informofspecificinternalenergyitwillbe:

E
e=___

M
kineticenergy (Ex):

o energyduetothemotionoffluid
o informofspecifickineticenergyitwillbe:

E lM &

2 V2

er=k= et

M M 2

totalspecificenergy(perunitmassoffluid):

VZ
er=e+ter=e+ 7
totalenergyforthevolume offluidelement:
V2 V2

Erzermz(e+2)pd'l7_:(e+2)p.dx.dyﬂ'z

timerateofchangeofenergyinsidefluidelementwillbethetotalderivativeofthe above,
ie.

DE

2
=dET=pd(e+dx.dy-dz = termA
Dt dtp( at) ?;d




term b: netrluxorheatintofiuidelement

- again,consistsoftwosources:

o volumetricheating(suchasabsorptionorradiation)

o heattransferacrossthesurfaceduetotemperaturegradients(i.e.thermal
conduction)

- heatfluxduetovolumetric heating

o rateofvolumetricheatadditionperunitmass(forexampleinJ/kg/sunits)
q=20%="2%_
M (M) at

o Volumetricheatingoffluidelement
Q' =q'M=q (p.dx.dy.dz) =termB1
- heatfluxfromthermalconductionacrossfluidelement
o heat flux in x direction, i.e. the heat transferred per unit timevia thermal

conductioninthexdirection,i.e.acrossthe(dy.dz)faceoffluidelement(for
example in J/m?/s_units)

qx =9r= o %
d0x
o heattransferredacrossthe(dy.dz)faceoffluidelementinunittime
q «(dy.dz)

o netfluxofheat fluxinthexdirection(i.e.netheattransferinunittime):

Gx — qx-l-%dx dy dz = —%dxdy dz
Ox 0

X

o totalheattransferinunittimeduetothermalconductionthroughfluidelement (sum
for all 3 directions x, y and z):

Heating of ) . _
dg, O o4,
fluid element by = — ( 8q % + 8q ) dx dy dz
thermal conduction X i z
=termB?2

o FromFourier'slaw,onecanexpresstheheatfluxrateas:

) oT . oT . oT
g.= —k A gy = —k—- g. = k-




o Finallythenetfluxof heatintothefluidelementwillbethesumoftermsB1 and B2:

termB=termBl+termB2=

Oq. g,  Oa,
= {pé]—( Ty qﬂdxdydz

ox Oy 0z

_ a [ oT a (,or
termB= Y — | f—— — k==
[pq o ( 5x> "oy ( By)

i
0z

0z

(ese

term C: rateofworkdoneonamovingfluidelementduetobody andsurfaceforces
y
d
[uT, + (—”a;yiz dyldxdz
h
8
A >
-y,
< 4—— [(uwp (;Z) dx1dyd;
ur, dxdy
;T T lumas W) 4 ) dy dz
0x
— _AL ]
————————— -_—-— c _> X

- rateofwork=timerateofchangeofwork=energyconsumed

a(F.s)
w _ —F%S_py

ot ot ot

- rateofworkdonebythebodyforceFo,

(g.+ 5 dr) e

[, +

Nut,,)

0

ZZ" dz 1 dx dy




Fo=m.T=m.g

wherefisthegenericspecificbodyforce,ginourcase (see Sec.
2.4)

W y=FyW=mgV=(p.dx.dy.dz).g.V=p.f V(dx.dy.dz)
- rateofworkdonebysurfaceforces:

o surfaceforces are

pressure forces : (p . dx. dy)

shearforces: (Tyx .dx.dz)

o therateofworkdonebytheseforces(usingagainF.vforrateofwork):

0
{up — (up—l— (up) dx)] dy dz = —Qg@ dx dy dz
2

Ox

O(uty, O(ut),
[(u’cyx + (;jj )dy) — utyx} dx dz = (giryy) dx dy dz

l:_ a(up) i 8(1,11:_“) + a(uryx) 4 8(urzx)

Ox Ox dy 0z ] dx dy dz

- termCisgoingtobethesumoftheaboveexpressions:

[(0p)  90p)  Op)\ . Oute) _ Oury)
C“K ox oy oz >+ o

ANut,) O(vty) Ovry,)  O(uty) O(Wix)

+3z+8xxy+8yw+azzy+8x

o(wty,)  O(wrz)

o T o

}dxdydz—}—pf-dedydz




Thus,thefinalformofConservationofEnergyequation willbe:

Rateofchangeof Netfluxofheat into Rate of work
energyinsidefluid _ element N doneonelement
element N duetobodyand
surfaceforces
A = B + C
D _+V2 .+ia kaT +_a kaT +_8 kaT
—_— e JEE— — — _ R —_— —_— .
P i 2 PeT 5 Ox dy \ Iy 0z \ 0z
_Owp) () O0wp) | Oute) | Duty) | Dutz) | D0ty) , O(v1y)
Ox dy 0z Ox Oy 0z Ox dy
O(vtsy)  O(wry) I(wry)  Olwry)
T T "oy e TV

CLOSINGEQUATIONS

ConservationofEnergyfor amovingfluidelement

Notethatweendedupwith5equations(1forConservationofMass,3forConservationof Momentum
and 1 for Conservation of Energy), but with 6 unknowns:

p,uv,w,p,e

This means that we need an additional equation to close the system of equations. For most
problems involving gases (and certainlyfor external flows with air), we can assume that the gas
behaves as a perfect gas, end hence the “perfect gas low” (or “state equation”) can be used as

the 6" equationto close the system:

p=pRT

PerfectGasLaw(1%closingequation)

R:universalgasconstant(287.053J/kg/Kforair)
T:temperature(K)



However thisintroducesanadditional, 7"variableintemperature(T),soweneedyetanother closing
equation linkingT and any of the other 6 variables.

Again,forgasesweusuallychoosethecaloricstateequationforthispurpose, whichhasthe form:

e=cvTl

CaloricStateEquation(2closingequation)

Cv:constantvolumespecificheat,i.e.thespecific
heat required to heat up 1 kg fluid by 1 K
degree at a constantvolume (units in J/kg/K)

CLOSINGREMARKS

We have justderived the Governing EquationsofComputational Fluid Dynamics.Theyare a
system of 7 secondorder partial differentialequationswith 7 unknowns.

Inordertosolvethissetofpartialdifferentialequations,asetof

- initialconditions(i.e.thevaluesofp,u,v,w,p,e, Tatthebeginningoftime,t=0)
- boundaryconditions(i.e.thevaluesofp,u,v,w,p,e, Tattheedgesofthe domain)

arerequired.

AlthoughNavier-Stokesequationsare just3 of these 7 equations,inCFDweoften call all7
equationsas the “full Navier-Stokesequations”.

These equations were derived nearly 200 years ago, and they basically set 7 simple rules of
nature, which each fluid element must (and indeed does) follow in a fluid flow,just like the simple
rules we follow with our cars in a heavy traffic (i.e. one can leave the highway only at exits, you
cannot cross through another car, you must go with the speed and direction of the
neighboringcars to avoid collision etc.).

Sincethissetofpartialdifferentialequations(atleastsofar)couldnotbesolvedanalytically,the  arrivalof
thecomputerswas neededtobeabletosolvethem numerically(i.e. not withanalytical mathematics
methods, but with numerical mathematics methods).

The following sections will discuss how to reformulate these Governing Equations so that they
can be solved numerically, as well as how to set up the initial and boundary conditions to obtain
stable solutions.



1.Uniform flow, Sources, Sinks, Doublets

Reading:Anderson3.9 — 3.12

UniformFlow
Definition
Auniformflowconsistsofavelocityfieldwhere V' =u1"+v"isaconstant. In2-D,this

velocityfieldisspecifiedeitherbythefreestreamvelocitycomponentsu..,v.,orbythe
freestreamspeedV.andflowanglea.

u=u.=V.cosa
v=v.=V.sina

Notealsothat V2=u2+v2.Thecorrespondingpotentialandstreamfunctionsare

@(xy)=u.x+v.y=V.(xcosa+ysina)

W(oy)=u.y —v.x=V.(ycosa—xsina)

ZeroDivergence
Auniformflowiseasilyshowntohavezerodivergence
_du- +6vw: 0

v-¥ dx oy

sincebothu.andv.areconstants. Theequivalentstatementisthate(x,y)satisfies
Laplace’sequation.
82(ux+v.y) | 92(ux+vy)
= - — =0
v 2(p 3x2 ay2

Therefore,theuniformflowsatisfiesmass conservation.

ZeroCurl
Auniformflowisalsoeasilyshowntobeirrotational,orto havezerovorticity.

-
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02(U.y —v-x) | 02(uy—vx) _
\% 21/)= ox? ayz =0

SourceandSink
Definition

A2-Dsource ismost clearly specifiedinpolar coordinates.The radial andtangentialvelocity

componentsaredefinedto be

A

Vi s Vo=0
27r

whereAisascalingconstantcalledthesourcestrength. Thevolumeflowrateperunitspan

V “acrossacircleofradiusriscomputedasfollows.
27T A
Ve V-"ndA= VirdO= 2r rdf=A

o
2710 2710

HenceweseethatthesourcestrengthA specifiestherateofvolumeflowissuingoutward

fromthesource.If A isnegative,theflowisinward,andtheflowiscalleda sink.

y y
% « J N
AN v //
.._.._4‘_\L.7 X ,’/
N
4 N "N
¥ ; X\ =
v

Cartesianrepresentation
Thecartesianvelocitycomponentsofthesourceorsinkare

A X

uey)=y
Ay

Y ey

andthecorrespondingpotentialandstreamfunctionsareasfollows.
v
A A
ey)= =—In x>+y>= _nr




V2¢p=0 andV 2p=0, andhencerepresentphysically-possibleincompressible,irrotational flows.

Singularities
Theoriginlocation(0,0)iscalledasingularpointofthesourceflow.As we approachthis
point,themagnitudeof theradialvelocitytendstoinfinityas

1
Ve~

" r

Hencetheflow  atthe  singular  pointisnot  physical,althoughthisdoesnotpreventusfrom
usingthesourcetorepresentactualflows. Wewillsimplyneedtoensurethatthesingular
pointislocatedoutsidetheflowregionof interest.

UniformFlowwithSource

Two or more incompressible, irrotational flows can be combined by superposition, simply by
adding theirvelocity fieldsor their potential or streamfunction fields.Superposition of a
uniformflowinthex-directionanda sourceat theoriginthereforehas

A x
ulxy) =2nx_+y?%
Ay
v(x,y)=2ﬂx£y2
A —z A
or cp(X,y)=2ﬂh+ Xty +Vax=E A — Inr+V.rcosO
or w(x,y)= — arctan(y/x)+V.y=2x ﬁ OV rsing
21T

Thefigureshowsthestreamlinesofthetwobasicflows,andalsothecombinedflow.

The bullet-shaped heavy line on the combined flow corresponds to the dividing
streamline,whichseparatesthefluidcomingfromthefreestreamandthefluidcomingfromthesource.
Ifwereplacethedividingstreamlinebyasolidsemi-infinitebodyofthesameshape,the

flowaboutthisbodywillbethesameastheflowoutsidethedividinastreamlineinthe



We nowsuperimposeauniformflowinthex-direction,withasourcelocatedat(—f/2,0), anda
sinkofequalandoppositestrengthlocatedat (+£/2, 0),plusafreestream.

A
Y= (61—02)+V.rsin@
27

The figure on the right shows the streamlines of the combined flow. The heavy line again
indicates  thedividingstreamline,whichtraces  outaRankineoval .All  thestreamlinesinside
theovaloriginateatthesourceontheleft,andflowintothesinkontheright. Thenet volume outflowfrom
the oval iszero. Again, the dividing streamline could be replaced by a solidovalbody
ofthesameshape. Theflowoutsidetheovalthencorrespondstotheflow aboutthisbody.

Doublet

Considerasource-sinkpairwithstrengths+ A,locatedat(+£/2,0). Nowlettheseparation
distancefapproachzero,whilesimultaneouslyincreasingthesourceandsinkstrengthssuch

thattheproductk={ Aremainsconstant. Theresultingflowisadoubletwithstrengthx.

p=  lim  Kap=—" s
K=c[;)0nst. 271-8 2Jl- r
y y
A A
]
}
N\
el ™ A0
FK AN X - X



KxCcosO

2T r

Thestreamlineshapesofthedoubletareobtainedbysetting

_ K sinf
Y= — ___ =c=constant
2t r
r =dsing
K

where d:_ch

Inpolarcoordinatesthisistheequationforcirclesofdiameterd,centeredonx,y=(0,+d/2).

NonliftingFlowoverCircularCylinder
Flowfielddefinition

Wenowsuperimposeauniformflowwithadoublet.
: (
Ksind K
W= VJ‘SIHQ—ZH B =V.rsinf1— V2
2
or W= Vwrsinel—r2 —

where R2 = x/(27V-)
ThiscorrespondstotheflowaboutacircularcylinderofradiusR.

Theradialandtangentialvelocitiescanbeobtainedby differentiatingthestreamfunction as follows.

g
Vi= i =V.cosf 1— K
rod 2r .
R2
Ve—_aw = sin0l+



Onthesurfaceofthecylinderwherer=R,wehave
Vr=0
Vo=—2V.sinO

Themaximumsurfacespeedof2 V-occursat0==+90".
ThesurfacepressureisthenobtainedusingtheBernoulliequation
1 2 2

p(6)=po— PVt Ve

Substituting V-=0and Va(6),andusingthefreestreamvalueforthetotalpressure,
1

D=p +pV2
o o _2 w
givesthefollowingsurfacepressuredistribution.
1 2 2

p(O)=p-+ EPV* 1—4sind

Thecorrespondingpressurecoefficientisalsoreadilyobtained.

p_(Q);& 2
Cr(0)= : Ve =1-4sin0



FiniteWingTheory

To date we have considered airfoil theory, or said another way, the
theory of infinite wings. Real wings are, of course, finite with a
defined length in the “z-direction.”

BasicWingNomenclature

Wing Span, b — the lengthof the wing in the z-direction
Wing Chord, ¢ — equivalentto the airfoil chord length
WingTip-theendofthewinginthespan-wisedirection
WingRoot-thecenterofthewinginthespan-wisedirection
WingArea,S
L’,.D’,M’—twodimensionallift,dragandmoment

C.,C,,Cy - three dimensional lift drag and moment
coefficients

Streamline over
the top surface

" |

Streamline over the bottom surface

|
|
e

Top view
(planform)

/4
Wing span b



The flow over a finite wing is decidedly three dimensional, with
considerable flow possible in the span-wise direction. This comes
aboutbecauseofthepressuredifferencebetweenthetopand bottom
ofthewing.Asintwo-dimensional fluidmechanics,the flow wants to
move in thedirection of a decreasing pressuregradient, i.e., it will
usually travel from high to low pressure conditions. In effect the flow
spills from the bottom to the top as shown in the figure below.

|
|

Front Low pressure
.,
view (= — 1
High pressure 18

The span-wise rotation manifests itself as a wing tip vortex that
continues downstream.




Interestingly the “sense” (orientation, rotation) of these wing tip
vortices is consistent with taking the two-dimensional airfoil
circulation, imagining that it exists off to infinity in both directions
andbendingitbackatthewing tips. Theideaisalsoconsistent
withKelvin’stheoremregardingthestart-upvortex.Combiningthe  two
ideas one sees that a closed box-like vortex is formed. However,
inmuchofthetheorypresentednextthestart-upvortex is ignored and we
considera horseshoe vortex.

Flow Wing
S AN S —— e
N Boundvortex
¢
u R X S u
Tipvortex Tipvortex
)
v

Start-upvortex

As shown in the figure, thevortices induce flowdownward inside
theboxandupwardoutsidethebox. Thisflowiscalledthe induced velocity
or downwash, w. The strength of these vortices Iis
directlyrelatedtotheamountofliftgeneratedonthewing. Aircraft inflight
spacing is determined in part because of these wingtip vortices. An
example is the Airbus aircraft that crashed at JFK a few days after
9/11. The spacing was too small and the Airbus’s tail was buffeted by
the wake vortices off a JAL 747 that was ahead of it in the flight
path.



AngleofAttack

The idea that vortex motion induces downward flow changes theway
we have to look at angle of attack as compared to the airfoil theory.

Geometricangleofattack, ~theanglebetweentheairfoil
chordlineandthefreestreamvelocityvector.

a — Geometric angle ¢
«; — Induced angle of a
a5 — Effective angle'f g
a; Qep=a—a;
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gy & ,ifveftio,,
a 'Ilg

V. |

X !
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____L‘____'_____;__. _________________________ 4

Inducedangleofattack, “i— theangleformedbetweenthe
localrelativewindandtheundisturbedfreestreamvelocityvector.

tana, = (5.1)

0

Effectiveangleofattack, "e—theangleformedbetweenthe airfoil
chord and the local relative wind.

Ol =0l—C; (5.2)

Itisimportanttonotethatthisalsochangeshowwelookatlift,L,
and drag, D. This is because the actual lift is oriented



perpendiculartothelocalrelativewind(sincethatisthewindthat it sees)
not the freestream velocity direction. Because of that, when
wegoback toour originalliftand drag directions (perpendicular and
parallel to the freestream) we now see a reduction in the lift as
compared to what we expect from the airfoil theory and an actual
dragcalledthe induced drag, eventhough theflow is still inviscid.

WhataDrag

Induced drag, Di—dragdue to liftforce redirectioncausedbythe
inducedflow or downwash.

Skinfrictiondrag,D+dragcausedbyskinfriction.

Pressuredrag,Dpy—dragduetoflowseparation,whichcauses pressure
differencesbetweenfront and backof the wing.

Profile dragcoefficient,Cq—sum oftheskinfriction andpressure
drag.Can befound from airfoil tests.Note the notation.

oD (5.3)
d
0.
Induceddragcoefficient,C -nondimensionalinduceddrag
D;
D.
cC =" (5.4)
Dj qOOS
Totaldragcoefﬁcient,(:D

Co=C+C, (5.5)



General features of
finite-wing aerodynamics:
downwash, effective angle
of attack, and induced drag

Additional tools needed for finite
wing analysis:

1. Curved vortex filament

2. Biot-Savart Law

3. Helmholtz’s vortex theorems

Method of analysis

Prandtl’s classical Modern numerical Lifting Modern vor‘( v
lifting-line theory lifting-line surface lattice numerica
method theory method p

Biot-SavartLaw

During our discussion of panel methods we developed the idea of a
vortexsheet,essentiallyalinealongwhichvorticityoccursthat hasa
rotation senseabout an axisperpendicularto the line.

7 =

% vortexsheet

A similar butdistinctly differentidea is that ofvortex filament, which
iIsagain a line ofvorticity, butthistime with rotation about the line
itself.



Vortexfilament

The Biot-Savart Law defines the velocity induced by an
infinitesimallength,dl, of the vortex filamentas

dvel dixr

47 ‘r3‘ (55)

where

Vortex filament
of strength I'

dl-infinitesimallength along thevortex filamentr—
radiusvectorfromdlto some pointin space,P. dV —
infinitesimalinduced velocity

Notethatthisvelocityisperpendiculartobothdlandr.

If thevortex filamenthas infinitelengththe totalinducedvelocity is
found by integratingover its entirelength

(5.7)

Considerastraightvortexfilamentinthey-directionandapoint, P, in the
x-y plane. Equation (5.7) can be put into geometricfunctions by
consideringthe figure below



(5.8)

whereZistheangleformedbyrandthefilament. Thegeometry gives

h . h h
e 59)
sino tan0 sin%0
whichgives
V=— L sinBdo
4nhj (5.10)

T

wegetl—z+ooifwehave2=00rB.
Thisleadstothesimpleresult



r

V=
orch (5.11)

sameasthetwodimensionaltheory.

Ifwehavea*‘semi-infinite”filamentweget

VZEwSine |:—F - 0Sin0dO
A7 r? 4mh (5.12)
’ 72
r
V=
41th

HelmholtzTheorem

1. Strengthofavortexfilamentremainsthesamealongthefilament.

2. Avortexfilamentcannotendinafluid,i.e.,itmusteither extendto
the boundariesor form a closed path.

AdditionalNomenclature

Geometrictwist—atwistofthewingaboutthespan-wise axis that
results in a change in the geometric angle of attack with span-wise
position.

Washout-geometrictwistsuchthatOu,;, <o,
Washin-geometrictwistsuch thatOt,>0L,,

Aerodynamic twist — a wing with different airfoil sectionsalong
the span, so that the zero liftangle of attack changes withspan-wise
position.



Liftdistribution—thelocalvalueoftheliftforce. Thiscan changewith
span-wiseposition.

Forexample,sincethepressureequalizesatthetipthereis nolift there.

L'=L'(y) = poVool'(¥)

Front view
of wing
]
b b
- 3
—>
Liftperunitspan,L'-akintopressure,i.e.,forceperunit
area.
L'=p.V,I(y) (5.13)
b
| = LL,(y)dy (5.14)
2

Iftheliftchangesalongthespanitimpliesthattherearemultiple (perhapsand
infinite number of) vortex filaments.

o -




Prandtl’sLiftinglLineTheory

Prandtl’s lifting line theory is centered about a fundamental
integro-differentialequation.

C 1 by(Kdr Vdy
a(Yo)= o +0lo(Yo)+ | dy) (5.15)
Ve(y) o AV, by Yoy

which is used to find the circulation distribution about the wing.
Equation (5.15) isuseful if oneknowsthedesiredgeometricangle of
attack, the aerodynamic twist (i.e., "L=0), and the wing planform
(i.e.,localchordlength). Twoapproachesarepresentedtomake use of this
equation. Equation (5.15) is developed from the idea of vortex
filaments.

Prandtl’s lifting line theory stems from the idea of replacing a wing
withaboundvortex.Helmholtztheoremthenrequiresthereto exist
trailing vortices at the wing tips

y
Free-trailing vorte:
ARREUE MR P
e ey \
Replace finite
wing with

bound vortex

rofor
o

Free-trailing vortex

Horseshoe vortex

Finite wing



TheBiot-Savartlawallowsustodeterminethedownwashalong
thewingandresultsin:

wyy— ) (T ) (5.16)

4an/+y 4be2/—y

or
I
wiy)=— __ b (5.17)

(1) 7

Notethatthedownwashisanegativenumberasyouwouldexpect from the
coordinate system.

However, the single vortexfilamentcase isnot sufficientto
describethe physicalconditionson the wing, becauseof

TS

Trailing vortex
ﬁ

"

Trailing vortex




Thetroubleisthatthedownwashatthewingtips isinfiniteinstead
ofzero.Fortunately,thiscanbefixedifoneconsidersa  distribution  of

vortex filaments as shownbelow

It is important to note that the strength of the individual vortex
filaments is equal to the jump in circulation at the point where the
trailing vortex meets the bound vortex. This can be carried to the
logical extreme by considering a continuous sheet of
vortexfilamentsand their associatedcontinuous changein circulation.

In thatcase thedownwash induced atpointyoby thevorticesat point y is
given by

(

dry | Idy
dw(yo)= /6 (5.18)
4 y0




Sothatifoneintegratesfromwingtiptowingtip

fdr, My
?\ )
Ao (VoY)

w(y) =1

(5.19)

Relationshipbetween'distributionanddownwashatyo

UsingEquation(5.1),butrecognizingthatwisanegativenumber

oci(y)gtan_l( —W|(yo)\ |
v V. )

forsmallanglesEq.(5.1b)gives

o/ (1D \
ai(Yo ):—7-5—1 f O dy )|dy
av i (y,-y)

Recallthe twodimensionalliftcoefficientforanairfoil
C|[=a%€eﬁ—a L:0]=21t[ogfr ]—OLL:o

where

X =Oteff(yo)becauseofdownwash

oL _=0, _o(Y,)becauseofaerodynamictwist
but

1
L'="pVx(y)C  =pVI(y)
2 o o 0 | 0 o

0

(5.1b)

(5.20)

(5.21)

(5.22)



then

c =200 (5.23)
V.C(Yo)
CombiningEqs.(S.Zl)&ES.ZB) gives
o = o) +OL
= (5.24)
eff _VE(V)_ L0

wh|ch|sclearlyafunct|0n0fyo

Recallnotes Eq.(5.2)

aeﬁ‘ :a_al (52)
andcombineEq.(5.2)with(5.24)&(5.20)toget
y) 1w | dl}w\ dy
Ot(yo)=n o +0o(Yo)+ (5.15)
V..c(Yo) 4V, / Yoy

FundamentalEquationofPrandtl’sLiftingLine Theory

Oncel"(y,)isknownL,C,, Di,CDfoIIowoiIirectIy.

L' (Yo)=p-V..I'(Yo) (5.13)

bg
L= Jb'!‘!_’(y)dy (5.14)



c - ° oy

e (5.25)
V§ ¥,
by

Di=[L, oudy (5.26)
Yo

C = /fF(y)oc(y)dy
S J (5.27)

=~/

Twoapproachescanbetakenfromthis point

1. Direct-Awingplanformisgivenwitha
distributionofaerodynamictwist,Eq.(5.15)is solved and
lift and drag information extracted.

2. Inverse — A lift distribution is proposed and the
correspondingplanform distribution developed.



InverseApproach—EllipticLift Distribution

Prandtl’s lifting line theory can be used in an inverse approachby
assumingthe form of the lift distribution and using Eq. (5.15) to
determinethewingplanform.Themostfamousexampleofthisis the
elliptic lift distribution whichis found directly from an elliptic
circulation distribution.

I e
ry)=r, /1 |\b_¥ | (5.28)

Pou_ e Ow ]
/T’ \\lbf) ;
Ve N
/ | \ // Y
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/ l dw \/ &5 )
/ ZT( dy -4[ 6 2= \I\: I) dar I,
/ A dx ¥
Vs if ch
°°7 2= - oA
/ < A
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] e L=
| £ .
b I2 =\
2 A=)

where wecanuseL'(Y)=p..V..I"(y)toshow

L'(y)=p.V.I, | /1—| {)ZP‘\ ) (5.29)

dr
RecallthatEq.(5.19)requires SO
dy
dl’_ 4% y (5.30)

d b2 2
y 14y /bz



sothatthedownrwashbbecomes

e

Ty, -4/ (YY)
h2

wecanagaininvokegeometryanduse

b
y= 92039’ dy=—"sin0d62

b
where0:mt—0 asy:— =

2 2
SoEq.(5.31) becomes

W(e):_ro " cos®  dO

J

271th.c0s0, —cosO

(0]

or

W(O)z—Fo T cos6 do

° cosO 0
0 —COS,

whichisastandardintegralform

w(0 ):_DTSinneo withn=1

21th ~Sind

__Fo

w(0) o
2b

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

DownwashisconstantforanEllipticalLiftDistribution



However,this alsoimplies:

O== - o (5.37)
VvV, 2bV,
Induceda.o.a.isconstantforanEllipticalLift Distribution

Intheendwewanttodeterminetheliftanddragcoefficientforthe
ellipticlift distribution andalsothe shapeof this wing.To dothis we go
backto Egs. (5.14) and (5. 29)

bf
= [LO)y= PV, T b & dy

—pV/T%
P _ S sin0do
—=pVI pyr J D in20de
P smd%

?f Jsin? O 0 7{ (5.38)

bﬁ 1 d br
:poovooro |_e i‘:

LZ PV, I, -

~ g 22

249
L=pVI'm

o 04

(5.39)



WecannextusethedefinitionofCLandEq.(5.39)togive

LzlpVZSC :pVan

B (5.40)
2 » =t |
or
0 _2VLSC (5.41)
brt
Thengoingbackto Eqg. (5.37)wefind
FO
o= G (5.42)
2bv, bm
Nomenclature
2
AspectRatio, AR="__ (5.43)
S
Sothat 0w Ct
. — (5.44)
TAR
WecanthengetinduceddragfromEq.(5.27)
2%
Co= VS I!r(y)ai(y)dy (5.27)

/2



0 _b
& 1“0 /2
:V_Si_OIw/ 1 — cos’ GQ— ESJnOdO geometry
alb arbl 1 1 "
=1 ° [sin?0d0——i o4 _g_sin20)|
V..So V.82 4 g
c _Olobm (5.45)
VRN

WhichcanberéwrittenbysubstitutingEqs.(5.41)and(5.44)into (5.45)

C =" 2VSC b =
o L
D.

" mwAR bm VS2

_ i

= 5.46
i 1 AR (5.46)

c ocC?atypicaldrag  result

1
C oc— "use highARwing(longandthin)
P AR

Butwhat’sthegeometry?!!!



Thegeometrycanbefoundbygoingbacktotheliftcoefficient and Egs.
(5.23), (5.21) and (5.2)

C _2I°(y,) (5.23)
V..C(Yo)

C=2n[a , Jrouo (5.21)

aeﬁ:a_ai (52)

Thenusingtheideathat theinduceda.o.a.isconstantandifthere is no
aerodynamictwist we seefrom Egs.(5.21) and(5.2)that

C,=const. (5.47)

EllipticLiftDistribution

CombiningEgs.(5.47)and(5.23)gives
const.=2I (Vo) ¢ (y)=const.T(y) (5.48)
V..c(y.) C

Withtheendresult:
Anellipticliftdistributionisfoundfrom an







ApplicationofPrandtl’sLiftinglLineTheoryforanEllipticWing

The previous section demonstratedthat an elliptic wing planform
developsan elliptic lift distribution but did not answer the question
ofhow one can find the aerodynamicpropertiesofanelliptic wing.
Consideranellipticwing

c(y)=¢, 1/1—| G@; (5.49)

Itis clearfrom Eq.(5.23) thatC,can be written in termsofl” jbut Egs.(5.21)
& (5.2) alsoshow thatC,dependson o;, whichin turn

depends on C, , which then depends on an integrated value of C, .

What’s needed is a way to close the loop. To do this consider again
Egs. (5.23), (5.21) and (5.2)

C:2F0 =27 [(x —0, ]
I V.C eff L=0
2, =2n[o~a-a ]

fromwhichwelJ:seg ﬂ—|
0

+ =27| oo ]
\V/e Vb L=0
_21tVoo’[oc—ocL:O] (5.50)
_ 5



Therefore, giventhe rootchord, span andairfoil shape I',canbe
found. Upon rearrangingEq. (5.41)

c, _bnT’, (5.41h)
2V.S
andfromEq.(5.46)
C, =C-° (5.46)
' mAR

ExampleProblem:Consideranellipticwingwith10mspanand
2.5mrootchord.IfthewingismadeupofNACA64-210wing sections
and is flying50m/s at a geometricangleof attack of 8 degrees,
compute

1. CandC
L

Dj
2 LandD,

3. Theaccelerationofthiswingifithasamassof1Mgat sea
level.

%0(7 ‘ﬂ_—;h? 03

2 P r; 8 7
x/c

NACA64-210
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r:2n(50ms)[§°—(—1.8°): _ m2rad
0 Tz ] 4823
[2.5m " 10m]

AR =b2/3 _(20m)” 4 -63m?=>-09

T 2,
ot o) ag.23mrad) |

c=_=_ (‘) Y

© 2V.S  250m/s19.63m?

C=0.77

(0.77)°
—_ Ci_ _
i “"TAR ~ 1t (5.09)

C =0.037

LiftandDragcalculations
L=pV3SC
2 ™ L

L=(1.225kg /m3)(50m/s)’(19.63m?)(0.77)=23.1kN

D:aQVZSC

i 2 0 Di

Dizl(_1.225kg /m®)(50m$)*(19.63m?)(0.037)=L.1kN
2

Soitcanlift2.38Mg



UNIT-IV

APPLIEDAERODYNAMICS
LIFTAUGMENTATIONMETHODS

Flaps areakindof high-liftdevice usedto reducethe stallingspeed of an aircraft wing at a given
weight. Flaps areusually mounted on the wing trailing edges ofafixed-wing aircraft. Flaps are
used to reduce the take-off distance and the landing distance. Flaps also cause an increasein drag
so they are retracted when not needed.

Extendingthe wing flaps increases the camber orcurvature ofthewing, raisingthe maximum
liftcoefficient or the upper limit to the lift a wing can generate. This allows the aircraft to
generate therequired lift at a lowerspeed,reducingthe stallingspeed oftheaircraft, and
thereforealso the minimum speed at which the aircraft will safely maintain flight. The increase in
camber also increases the wing drag, which can be beneficial during approach andlanding,
because it slows the aircraft. In some aircraft configurations, a useful side effect of flap
deployment is a decrease in aircraft pitch angle, which lowers the nose thereby improving the
pilot's view of the runway over the nose of the aircraft during landing. In other configurations,
however, depending on the type of flap andthelocation of the wing,flapscan causethenose
torise(pitch-up),obscuring the pilot'sviewof the runway.

There are many different designs of flaps, with the specific choice depending on the size, speed
and complexity of the aircraft on which they are to beused,as well as the era in which the aircraft
was designed. Plain flaps, slotted flaps, and Fowler flaps are the most common. Kruegerflaps are
positionedonthe leadingedge ofthe wingsand areused onmany jet airliners.

The Fowler, Fairey-Youngman and Gouge types of flap increase the wing area in addition to
changing the camber. The larger lifting surface reduces wing loading, hence further reducingthe
stallingspeed.

Some flaps are fitted elsewhere. Leading-edge flaps form the wing leading edge and when
deployed they rotate down toincrease the wing camber.The de Havilland DH.88 Comet racer had
flaps running beneath the fuselage and forward of the wing trailing edge. Manyof the
WacoCustom Cabin series biplaneshave the flaps atmid-chordontheundersideof the top wing.

Principlesofoperation

Thegeneralairplane liftequationdemonstratestheserelationships:

1
L :‘g 25Cy
where:
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o ListheamountofLiftproduced,

o pistheairdensity,

« Visthetrueairspeed oftheairplaneortheVelocityoftheairplane,relativetotheair

« Sistheareaofthewing

« Cuistheliftcoefficient,whichisdeterminedbytheshapeof theairfoilusedandthe
angleatwhichthe wingmeets the air (or angleofattack).

Here, it can be seen that increasing the area (S) and lift coefficient (CL) allow a similar
amountofliftto be generatedatalowerairspeed (V).

Extending theflaps alsoincreases the drag coefficient of the aircraft.Therefore,forany
givenweightandairspeed, flapsincreasethedragforce.Flapsincreasethedragcoefficient of an
aircraft due to higher induced drag caused by the distorted spanwise lift distribution on the
wing with flaps extended. Some flaps increase the wing area and, for any given speed, this
also increases the parasiticdrag componentoftotal drag.

Types offlap
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Flaps and high lift devices. Gurney flap exaggerated for clarity. Blown flap skipped as it
ismodifiedfromanyothertype.Palelinesindicatelineofmovement,andgreenindicates flap
settingused during dive.

Plainflap

The rear portion of airfoil rotates downwards on a simple hinge mounted at the front of the
flap increasing the camber of airfoil. This increase in camber ensures lift augmentation
compared to normal airfoil without flap. Owing to the greater efficiency of other flap types,
the plain flap is normallyonly used where simplicityis required.

Splitflap
"Splitflap"redirectshere.Forthedisplaytype,seeSplit-flapdisplay.

Therear portion ofthe lower surface of the airfoil hinges downwards from the leading edge of
the flap, while the upper surface stays immobile. This can cause large changes in longitudinal
trim, pitching the nose either down or up. At full deflection, a split flaps acts
muchlikeaspoiler,addingsignificantlytodragcoefficient.Italsoaddsalittletolift


https://en.wikipedia.org/wiki/Split-flap_display

coefficient. It was invented by Orville Wright and James M. H. Jacobs in 1920, but only
becamecommoninthe1930sandwasthenquicklysuperseded. TheDouglasDC-1 (progenitor to
the DC-3 and C-47) was one of the first of many aircraft types to use split flaps.

Slottedflap

A gap between the flap and the wing forces high pressure air from below thewing over the
flaphelpingtheairflowremainattachedtotheflap,increasingliftcomparedtoasplit flap.
Additionally, lift across the entire chord ofthe primaryairfoil is greatlyincreased as the
velocityofairleavingitstrailingedgeis raised,fromthetypical non-flap 80%offreestream, to that
of the higher-speed, lower-pressure air flowing around the leading edge of the slotted flap.
Any flap that allows air to pass between the wing and the flapis considered a slotted flap. The
slotted flap was a result ofresearchat Handley-Page, a variant ofthe slot that dates from the
1920s, but was not widely used until much later. Some flaps use multiple slots to
furtherboost the effect.

Fowlerflap

A split flap that slides backwards, before hinging downward, thereby increasing first chord,
then camber. The flap may form part of the upper surface of the wing, like a plain flap, or it
may not, like a split flap, but it must slide rearward before lowering. As a defining feature —
distinguishingit from the GougeFlap —it alwaysprovidesaslot effect.InventedbyHarlan
D.Fowlerin1924,andtestedby  FredWeick at NACA in1932.Theywerefirstused on
theMartinl46prototypein1935,andinproductiononthe1937LockheedSuperElectra, and
arestillin widespread use onmodern aircraft,often with multipleslots.

Junkersflap

A slotted plain flap fixed below the trailing edge of the wing, and rotating about its forward
edge. When not in use, it has more drag than other types, but is more effective at creating
additional lift than a plain or split flap, while retaining their mechanical simplicity. Invented
by OttoMaderatJunkersinthelate1920s,theyweremostoftenseenontheJunkers Ju52 and the
Junkers Ju 87 Stuka, though the same basic design can also be found on many modern
ultralights, like the Denney Kitfox.

Gouge flap: A type of split flap that slides backward along curved tracks that force the
trailingedgedownward,increasingchord and camber withoutaffectingtrimorrequiringany
additional mechanisms.[171It was invented by Arthur Gouge for Short Brothers in 1936 and
usedonthe ShortEmpireandSunderlandflyingboats,whichusedtheverythickShorts
A.D.5airfoil.ShortBrothersmayhavebeentheonlycompanytousethistype.

Fairey-Youngmanflap
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Dropsdown(becomingaJunkersFlap)beforeslidingaftandthenrotatingupor down. Fairey was
one of the few exponents of this design, which was used on the FaireyFirefly and Fairey
Barracuda. When in the extended position, it could be angled up (to a negative angle of
incidence) so that the aircraft could be dived vertically without needing
excessivetrimchanges.

Zapflap

Commonly, but incorrectly, called the Zapp flap, it was inventedby Edward F. Zaparka while
he was with Berliner/Joyce and tested on a General Aircraft Corporation Aristocrat in 1932
and on other types periodically thereafter, but it saw little use on production aircraft other
than on the Northrop P-61 Black Widow. The leading edge of the flap is mounted on a track,
while a point at mid chord on the flap is connected via an arm to a pivot justabove the track.
When theflap's leading edgemoves aft along the track, the triangleformed by the track, the
shaft and the surface of the flap (fixed at the pivot) gets narrower and deeper, forcingthe flap
down. [28]

Krueger flap

Ahinged flap whichfoldsout fromunderthe wing's leadingedgewhilenot forminga partof the
leading edge of the wing when retracted. This increases the camber and thickness of the
wing,which inturnincreases lift and drag. This is not thesameasaleadingedgedroopflap, as
that is formed from the entire leading edge. Invented by Werner Kriger in 1943 and
evaluated in Goettingen,Krueger flaps are found onmany modern swept wing airliners.

Gurneyflap

A smallfixed perpendiculartab of between land 2% of thewing chord,mountedon the high
pressure side of the trailing edge of an airfoil. It was named for racing car driver DanGurney
whorediscovereditin 1971,andhas since been used on somehelicopters such as the Sikorsky
S-76B to correct control problems without having to resort to a major redesign. It boosts the
efficiency of even basic theoretical airfoils (made up of a triangle and a circle overlapped) to
the equivalent of a conventional airfoil. The principle was discovered in the
1930s,butwasrarelyusedandwasthenforgotten.LatemarksoftheSupermarineSpitfire  used a
bead on the trailing edge of the elevators, which functioned in a similar manner.

Leadingedgeflap

The entire leading edge of the wing rotates downward, effectively increasingcamber and also
slightly reducing chord. Most commonly found on fighters with very thinwings unsuitedto
other leading edge high liftdevices.

Blownflap

AtypeofBoundaryLayerControlSystem,blownflapspassengine-generatedairorexhaust
overtheflapstoincreaseliftbeyondthatattainablewithmechanicalflaps. Typesincludethe
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original (internally blown flap) which blows compressed air from the engine over the top of
the flap, the externally blown flap, which blows engine exhaust over the upper and lower
surfaces of theflap, and upper surface blowing which blows engine exhaust over the top of
the wing and flap. While testing was done in Britain and Germany before the Second
WorldWar,?4land flight trials started, the first production aircraft with blown flaps wasn't
until the 1957 Lockheed T2V SeaStar. Upper Surface Blowing was used on the Boeing YC-
14 in 1976.

Flapsduringtakeoff

Depending on the aircraft type, flapsmay be partially extended for takeoff. Whenused
duringtakeoff, flapstraderunwaydistanceforclimbrate:usingflaps reducesgroundrollbut also
reduces the climb rate. The amount of flap used on takeoff is specific to each type of
aircraft,and the manufacturer will suggest limits and mayindicatethe reductioninclimb rate to
be expected. The Cessna 172S Pilot Operating Handbook generally recommends 10° of flaps
ontakeoff, especiallywhen the groundis rough orsoft.

Flapsduringlanding

Flaps may be fully extended for landing to give the aircraft a lower stall speed so the
approach to landing can be flown more slowly, which also allows the aircraft to land in a
shorter distance. The higher lift and drag associated with fully extendedflaps allowsa steeper
and slower approach to the landing site, but imposes handling difficulties in aircraft with
verylow wingloading(i.e. havinglittleweightandalarge wingarea). Windsacrossthe line of
flight, known as crosswinds, cause the windward side of the aircraft to generate more lift and
drag, causing the aircraft to roll, yaw and pitch off its intended flight path, and as a result
many light aircraft land with reducedflap settings in crosswinds.Furthermore, once the
aircraft is on the ground, the flaps may decrease the effectiveness of the brakes since the
wingis still generating lift and preventingthe entire weightofthe aircraft from restingon the
tires, thus increasing stopping distance, particularly in wet or icy conditions. Usually, the
pilot willraise the flaps assoon aspossible to prevent this from occurring.[?!

Maneuveringflaps

Some gliders notonlyuse flapswhenlanding,but also inflight tooptimizethecamberofthe wing
for the chosen speed. While thermalling, flaps may be partially extended to reduce the stall
speed so that the glider can be flown more slowly and thereby reduce the rate of sink,
whichlets the glider use the risingairofthe thermalmore efficiently, and to turn in asmaller
circle to make best use of the core of the thermal. At higher speeds a negative flap setting is
used to reduce the nose-down pitching moment. This reduces the balancing load required on
the horizontal stabilizer, which in turn reduces the trim drag associated with keeping the
gliderinlongitudinaltrim Negativeflapmayalsobeusedduringtheinitialstageofan
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aerotowlaunchandattheendofthelandingruninordertomaintainbettercontrolby the ailerons.

Like gliders, some fighters such as the Nakajima Ki-43 also use special flaps to improve
maneuverability during air combat, allowing the fighter to create more lift at a given speed,
allowing for much tighter turns. The flaps used for this must be designed specifically to
handle the greater stresses and most flaps have a maximum speed at which they can be
deployed. Control linemodel aircraft built for precision aerobatics competition usually have
atypeof maneuvering flap systemthat moves them inan opposing direction to the elevators,
toassist in tighteningthe radiusofa maneuver.

Flaptracks

Extending flaps often run on guide tracks. Where these run outside the wing structure they
may be faired in to streamline them and protect them from damage. Some track fairings are
designed to act as anti-shock bodies, which reduce drag caused by local sonic shock waves
where the airflowbecomes transonicat high speeds.

Thrustgates

Thrust gates, or gaps, in the trailing edge flaps may be required to minimize interference
between the engine flow and deployed flaps. In the absence of an inboard aileron, which
provides a gap in many flap installations, a modified flap section may be needed. The thrust
gate on the Boeing 757 was provided by a single-slotted flap in between the inboard and
outboarddouble-slotted flaps. The A320,A330,A340and A380 have no inboardaileron.No
thrust gate is required in the continuous, single-slotted flap. Interference in the go-around
case while the flaps are still fully deployed can cause increased drag which must not
compromisethe climbgradient.

Wingtipdevicesareintendedtoimprovetheefficiencyoffixed-wingaircraftby reducingdrag.™Although
thereareseveral typesofwing tipdeviceswhich functionin different
manners,theirintendedeffectisalwaystoreduceanaircraft'sdragbypartialrecoveryofthetip

vortexenergy.Wingtipdevicescanalsoimproveaircrafthandlingcharacteristicsandenhancesafety for

following aircraft.  Suchdevicesincreasetheeffectiveaspect ratio of awing without greatly
increasingthewingspan.Extendingthespanwouldlowerlift-induceddrag,butwould
increaseparasiticdragandwouldrequireboostingthestrengthandweightofthewing. Atsome
point,thereisnonetbenefitfromfurtherincreasedspan. Theremayalsobeoperational considerationsthat limitthe
allowablewingspan(e.qg., availablewidthat airportgates).

Wingtip devices increasethelift generated at thewingtip (by smoothingtheairflow across theupper wing
near the tip) and reduce thelift-induced drag caused bywingtip vortices, improvinglift-to-
dragratio. Thisincreasesfuelefficiencyinpoweredaircraftandincreasescross-countryspeedingliders,
inbothcases increasingrange.
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Winglet

The term"winglet" was previously used to describe an additional lifting surface on ana ircraft,like a
shortsectionbetweenwheelsonfixedundercarriage. Richardwhitcomb'sresearchinthe1970s
atNASAfirstusedwingletwithitsmodernmeaningreferringtonear-vertical

extensionofthewingtips. Theupwardangle(orcant)ofthewinglet, itsinwardoroutwardangle(ortoe),aswellasits
sizeandshapearecritical for correctperformanceand areuniquein each application. Thewingtip vortex, which
rotatesaround frombelowthewing, strikesthecambered surfaceofthewinglet,
generatingaforcethatanglesinwardandslightlyforward,analogoustoasailboatsailingclosehauled. Thewingletc
onvertssomeoftheotherwise-wastedenergyinthewingtipvortextoan apparent thrust. Thissmall contribution
can be worthwhileover the aircraft'slifetime, provided the benefitoffsets the cost of installingand
maintainingthe winglets.

Anotherpotential benefitofwingletsisthatthey reducetheintensity ofwakevortices. Thosetrail
behindtheplaneandposeahazardtootheraircraft."?Minimumspacingrequirementsbhetween
aircraftoperationsatairportsarelargelydictatedbythesefactors. Aircraftareclassifiedbyweight(e.g."Light,""He
avy,"etc.)becausethevortexstrengthgrowswiththeaircraftliftcoefficient,andthus,theassociatedturbulenceisgr
eatestatlowspeeda ndhighweight,which produceda highangleof attack.

Wingletsand wingtip fencesalsoincreaseefficiencyby reducing vortexinterferencewithlaminar airflow near
the tips of the wing,™@by ' moving' the confluence of low-pressure (over wing) and high- pressure (under
wing) air away from the surface of the wing. Wingtip vortices create turbulence,
originatingattheleadingedgeofthewingtipandpropagatingbackwardsandinboard. T his
turbulence'delaminates'theairflowoverasmalltriangularsectionoftheoutboardwing,which destroysliftin that
area.Thefence/wingletdrivestheareawherethevortexformsupward away from thewingsurface,
sincethecenter of theresultingvortexisnowat the tipofthe winglet.

AircraftsuchastheAirbusA340andtheBoeing747-400usewingletswhileotherdesignssuchas
laterversionsoftheBoeing777andtheBoeing747-8haverakedwingtips. Thefueleconomy improvement from
winglets increases with the mission length."Blended winglets allow a steeper angleof attack
reducingtakeoff distance.

Wingtipfence

Awingtipfencereferstothewingletsincludingsurfacesextendingbothaboveandbelowthe wingtip, as described
in Whitcomb's early research. Both surfaces are shorter than or equivalent to a wingletpossessing similar
aerodynamicbenefits. TheAirbusA310-300 wasthefirst airlinerwith
wingtipfencesin1985. Itwasfollowedbythe A300-600, theA320,
andtheA380.TheA320Enhanced, A320neo, A350andA330nechaveblendedwingletsratherthanwingtipfences
.TheAn-148 uses wingtipfences.
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Cantedwinglets

Boeingannouncedanewversionofthe747inOctober1985,the747-400introducedin1989,with an  extended
range andcapacity, using a combination of winglets andincreased spanto carry the additional
load. Thewingletsincreased the747-400'srangeby 3.5%o0ver the747-300, whichis
otherwiseaerodynamicallyidenticalbuthasnowinglets.WingletsarepreferredforBoeing derivative designs
based on existing platforms, because they allow maximum re-use of existing
components.Newerdesignsarefavoringincreased span,otherwingtipdevicesoracombinationof
both,whenever possible.

Thellyushin 11-96 wasthefirst Russian and modernjet to featurewingletsin 1988.TheBombardierCRJ-
100/200wasthefirstregionalairlinertofeaturewingletsin1992.TheA340/A330followed with canted winglets
in 1993/1994. The Tupolev Tu-204 was the first narrowbody aircraft to feature wingletsin 1994.The
AirbusA220(née CSeries), from2016,has canted winglets.

Blendedwinglets

Ablendedwingletisattachedtothewingwithasmoothcurveinsteadofasharpangleandis
intendedtoreduceinterferencedragatthewing/wingletjunction.Asharpinteriorangleinthis
regioncaninteractwiththeboundarylayerflowcausingadraginducingvortex, negatingsomeof
thebenefitofthewinglet.Seattle-based AviationPartnersdevelopsblendedwingletsasretrofitsfor the
Gulfstreamll,Hawker 800 and the Falcon2000.

On18February2000,blendedwingletswereannouncedasanoptionfortheBoeing737-800;the
firstshipsetwasinstalledon14February2001andenteredrevenueservicewithHapag-
LloydFlugon8May2001."TheAviationPartners/Boeing8ft(2.4m)extensionsdecreasefuelconsumptionby4%

forlong-rangeflightsandincreaserangeby1300r200nmi (2400r370km)for the737-
800orthederivativeBoeingBusinessJetasstandard.™Alsoofferedforthe737Classic,
manyoperatorshaveretrofittedtheirfleetswiththeseforthefuel savings.AviationPartnersBoeing

alsooffersblendedwingletsforthe757and767.1n2006 Airbustestedtwocandidateblended winglets, designed
by Winglet Technology and Airbus for the Airbus A320 family.®In 2009 Airbus
launchedits"Sharklet"blendedwinglet,designedtoenhancethepayload-
rangeofitsA320familyandreducefuelburnbyupto4%overlongersectors. Thiscorrespondstoanannual
CO.reductionof700tonnesperaircraft.®TheA320sfittedwithSharkletsweretobedelivered
from2012.Theyareusedon theA320neo, theA330neoand theA350.They arealsooffered asa retrofitoption.

Rakedwingtip

Rakedwingtips,wherethetiphasagreaterwingsweepthantherestofthewing,arefeaturedon ~ some  Boeing
Commercial Airplanes to improve fuel efficiency, takeoff and climb performance. Like winglets, they
increase the effective wing aspect ratio and diminish wingtip vortices, decreasing lift-
induceddrag. IntestingbyBoeingandNASA, theyreducedragbyasmuchas5.5%,comparedto  3.5%to 4.5%for
conventional  winglets."While anincreasein span wouldbe more effective than a same-
lengthwinglet,itsbendingmomentisgreater. A3ft(91cm)wingletgivestheperformance gainofa 2ft (61cm)span
increasebuthas thebendingforceof alft (30cm)spanincrease.
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The short-range Boeing 787-3 would have had a 170 ft (51.7 m) wingspan to fit in ICAO
AerodromeReference CodeD. Its wingspanwas decreased by usingblendedwingletsinsteadof raked
wingtips.

RakedwingtipsareinstalledontheBoeing767-400ER(firstflightonOctober9, 1999), theBoeing777-
200LR/300ER/Freighter(February24,2003),the737-derivedBoeingP-8Poseidon(25April 2009), the Boeing
787-8/9/10  (December 15, 2009), the Boeing 747-8 Intercontinental and Freighter
(February8,2010)andwillbeontheBoeing777Xplannedfor2019. TheEmbraerE-jetE2wing has a raked
wingtip.

Split-tip
TheMcDonnellDouglasMD-11wasthefirstaircraftwithsplitscimitarwingletsin1990.

The Boeing 737 MAX uses a new type of wingtip device. Resembling a three-way hybrid between a
winglet, wingtip fence, and raked wingtip, Boeing claimsthat thisnewdesign should deliver an
additional1.5%improvementinfueleconomyoverthel0-12%improvementalreadyexpectedfrom the 737
MAX.

Forthe737NextGeneration, AviationPartnersBoeinghasintroducedasimilardesigntothe737
MAXwingtipdeviceknownastheSplitScimitarWinglet,withUnitedAirlinesasthelaunch customer

Aleading-edgeextension(LEX)isasmall extensiontoanaircraftwingsurface,forwardofthe leading edge. The
primary reason for adding an extension is to improve the airflow at highangles
ofattackandlowairspeeds,toimprovehandlinganddelaythestall. Adogtoothcanalsoimprove airflowand reduce
drag at higherspeeds.

Leading—edgeslat

Aleading-edgeslatisanaerodynamicsurfacerunningspanwisejustaheadofthewingleadingedge.
Itcreatesaleadingedgeslotbetweentheslatandwingwhichdirectsairoverthewingsurface, helping to maintain

smooth airflow atlow speeds andhighanglesof attack. Thisdelays thestall,
allowingtheaircrafttoflyatahigherangleofattack.Slatsmaybemadefixed,orretractablein normalflightto
minimizedrag.

Dogtoothextension
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Adogtoothisasmall,sharpzig-zagbreakintheleadingedgeofawing. Itisusuallyusedona
sweptwing,togenerateavortexflowfieldtopreventseparatedflowfromprogressingoutboardat
highangleofattack. Theeffectisthesameasawingfence.ltcanalsobeusedonstraightwingsin a
droopedleadingedge arrangement.

Wherethedogtoothisadded asan afterthought, asforexampleontheHawkerHunterand some
variantsoftheQuestKodiak,thedogtoothiscreatedbyaddinganextensiontotheoutersectionof the leadingedge.

Leading-edge cuff

A leading edge cuff (or wing cuff) is a fixed aerodynamic device employed on fixed-wing aircraft to
introduce a sharp discontinuity in the leading edge of the wing in the same way as a dogtooth. It also
typicallyhas a slightlydroopedleadingedge to improvelow-speedcharacteristics.

Aleading-edgecuffisawingleading-edgemodification,usuallyalightlydrooped outboard leading-
edge extension. In most cases of outboard leading-edge modification, the wing cuff starts about
50-70%half-spanand spans the outer leadingedge ofthe wing.

The main goal is to produce a more gradual and gentler stall onset, without any spin departure
tendency, particularly where the original wing has a sharp/asymmetric stall behaviour with a
passive, non- moving, low-cost device that would have a minimal impact on performance. A
further benefit is to lowering stall speed, with lower approach speeds and shorter landing
distances. Theymay also, dependingoncuff location,improveaileron control atlow speed.

Leading-edgerootextension

A leading-edge root extension (LERX) is a small fillet, typically roughly triangular in shape, running
forward from theleading edgeof thewing root to a point along the fuselage. These are often called simply
leading-edge extensions (LEX), although they are not the only kind. To avoid ambiguity, this articleuses
the term LERX.

OnamodernfighteraircraftLERXesinducecontrolledairflowoverthewingathighanglesofattack, so delaying
the stall and consequentloss oflift.In cruising flight the effect of the LERX is minimal. However at high
angles of attack, as often encountered in a dog fight or during takeoff and
landing,theLER Xgeneratesahigh-speedvortexthatattachestothetopofthewing. Thevortex action maintains a
smooth airflow over the wing surface well past the normal stall point at which the
airflowwouldotherwisebreak up, thussustainingliftat very highangles.
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LERX werefirstused on theNorthrop F-5"Freedom fighter" which flewin1959, and havesince become
commonplace on many combat aircraft. TheF/A-18 Hornethas especially large examples, as
doestheSukhoiSu-27andtheCAC/PACJF-17Thunder. TheSu-27LERXhelpmakesome advanced
maneuverspossible,such as thePugachev'sCobra,the CobraTurnand theKulbit.

Along,narrowsidewaysextensiontothefuselage,attachedinthisposition,isanexampleofachine.

Leading-edgevortexcontroller

Leading-edge vortex controller (LEVCON) systems are a continuation of leading-edge root extension
(LERX) technology, but with actuation that allows the leading edge vortices to be modified without
adjustingtheaircraft'sattitude™. OtherwisetheyoperateonthesameprinciplesastheLERXsystem  to  create
liftaugmentingleadingedge vorticesduringhighangleof attack flight.

ThissystemhasbeenincorporatedintheRussianSukhoiSu-57andindianHALLCA Navy.

The LEVCONS actuation ability also improves its performance over the LERX system in other areas.
Whencombinedwiththethrustvectoringcontroller(TVC),theaircraftcontrollabilityat
extremeanglesofattackisfurtherincreased, whichassistsinstuntswhich requiresupermaneuverabilitysuch
asPugachev'sCobra.Additionally, on theSukhoi Su-57 the LEVCONSsystemisusedforincreaseddeparture-
resistanceintheeventofthrustvectoringcontroller (TVC) failure at apost-stall attitude. It can also beused for
trimming the aircraft, and optimizingthe liftto drag ratio duringcruise.

The idea of Large Eddy BreakUp (LEBU) devices as a method to reduce skin friction in turbulent
boundary layers and ultimately drag on bodies moving through fluids can be traced back to this time. It
was believed that the near wall region where the turbulence production has it maximum isinfluenced by
the large scales (of the order of the boundary layer thickness) and that the interaction between the outer
and inner regions was important for turbulence production and hence skinfriction. By interfering withthe
largescales it was suggested that theinteraction could bedisrupted (orat least limited)and would result in a
lower turbulence production. The devices themselves would have some inherent penalty drag, butwith a
smart design it was believed that the integrated reduction of skin friction could be larger than the penalty
drag.

TheNACAairfoil series

The early NACA airfoil series, the 4-digit, 5-digit, and modified 4-/5-digit, were generated
using analytical equations that describe the camber (curvature) of the mean-line (geometric
centerline) of the airfoil section as well as the section's thickness distribution along thelength
oftheairfoil. Later families, includingthe6-Series,are morecomplicated shapesderived using
theoretical rather than geometrical methods. Before the National Advisory Committee fo r
Aeronautics (NACA) developed these series, airfoildesign wasrather arbitrarywithnothingto
guide the designer except past experience with known shapes and experimentation with
modificationsto those shapes.
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This methodology began to change in the early 1930s with the publishing of a NACA report
entitled The Characteristics of 78 Related Airfoil Sections from Tests in the Variable Density
Wind Tunnel. In this landmark report, the authors noted that there were many similarities
between the airfoils that were most successful, and the two primary variables that affect those
shapes are the slope of the airfoil mean camber line and the thickness distribution above and
below this line. They then presented a series of equations incorporating these two variables
that could be used to generate an entire family of related airfoil shapes. As airfoil design
became more sophisticated, this basic approach was modified to include additional variables,
but these two basic geometrical values remained at the heart of all NACA airfoil series, as
illustratedbelow.
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NACAairfoilgeometricalconstruction

NACAFour-Digit Series:

The first family of airfoils designed using this approach became known as the NACA Four-
Digit Series. The first digit specifies the maximum camber (m) in percentage of the chord
(airfoil length), the second indicates the position of the maximum camber (p) in tenths of
chord, and the last twonumbersprovidethe maximumthickness(t)ofthe airfoil inpercentage of
chord. For example, theNACA 2415 airfoil has a maximum thickness of 15% with a camber of
2% located 40% back from the airfoil leading edge (or 0.4c). Utilizing these m, p, and t values,
we can compute the coordinates for an entire airfoil using the following relationships:

1. PickvaluesofxfromOtothemaximumchordc.
2. Compute the mean camber linecoordinatesbypluggingthe valuesofmand p
intothefollowingequationsfor each ofthe x coordinates.



Y. = 2[2p)(—)(2) fromx=0tox=p

[(1—2p)+2px—x2] from x=p to x=¢

where

x= coordinates along the lengthofthe airfoil, from 0 to c¢ (whichstands for chord, or
length) y = coordinates above and below the line extending along the length of the
airfoil,these are eitheryiforthicknesscoordinatesorycfor camber coordinates

t = maximum airfoil thickness in tenths of chord (i.e. a 15% thick airfoil would

be 0.15) m= maximumcamber in tenthsof the chord
p=positionofthemaximumcamberalongthechordintenthsofchord

3. Calculatethethicknessdistributionabove(+)andbelow(-)themeanlineby plugging the
valueoftintothe followingequationforeachofthe xcoordinates.

£y, = 0_t2(0.2969«z'>? ~0.1260x— 0.3516< + 0.2843 - 0.1015¢* |

4. Determinethefinalcoordinates fortheairfoil uppersurface(xu,yu)andlowersurface (XL,
yL) usingthe followingrelationships.

Xy =X-Y; sind
Yu =Y +Y cosb
X =X+Y¥; sind

YL =Y.~ Y cosb

where 0 = arctan[dycj
dx

NACAFive-DigitSeries:

The NACA Five-Digit Series uses the same thickness forms as the Four-Digit Series but the
meancamber line is defined differently and the naming convention is a bit more complex.
Thefirstdigit, whenmultipliedby3/2, vyieldsthedesignliftcoefficient(ci) intenths. Thenext two
digits, when divided by 2,give the position of the maximum camber (p)in tenths of chord. The
final two digits again indicate the maximum thickness (t) in percentage of chord. For
example, the NACA 23012 has a maximum thickness of 12%, a design lift coefficient of 0.3,
andamaximumcamberlocated15% back fromtheleadingedge. Thesteps neededto
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1. PickvaluesofxfromOtothemaximumchordc.
2. Compute the mean camber line coordinates for each x location using the following
equations,and sinceweknowp,determinethe valuesofmandkiusingthetableshown below.

Y. =%[x3—3mx2+m2[3—m] x] fromx=0tox=p
k, m?
Ye = —5 1-x) fromx=pto x=c¢

Mean-line |Position of max
designation| camber (p) m k1
210 0.05 0.0580| 361.400
220 0.10 0.1260| 51.640
230 0.15 0.2025]| 15957
240 0.20 0.2900| 6643
250 0.25 0.3910] 3230

3. CalculatethethicknessdistributionusingthesameequationastheFour-DigitSeries.
4. DeterminethefinalcoordinatesusingthesameequationsastheFour-DigitSeries.

ModifiedNACAFour-andFive-DigitSeries:

The airfoil sectionsyou mention for the B-58 bomber aremembers of the Four-Digit Series, but
the names are slightly different as these shapes have been modified.Let us consider the root
section, the NACA 0003.46-64.069, as an example. The basic shape is the 0003, a 3% thick
airfoil with 0% camber. This shape is a symmetrical airfoil that is identical above and below
the mean camber line. The first modification we will consider is the 0003-64. The first digit
following the dash refers to the roundedness of the nose. A value of 6 indicates that the nose
radius is the same as the original airfoil while a value of 0 indicates a sharp leadingedge.
Increasingthis value specifiesanincreasinglymorerounded nose.Theseconddigitdetermines the
location of maximum thickness in tenths of chord. The default location for all four- and five-
digitairfoilsis30%backfromtheleadingedge. Inthisexample,thelocationofmaximum thicknesshas
been movedback to 40% chord.
Finally,noticethatthe0003.46-64.069featurestwosetsofdigitspreceededbydecimals. These merely
indicate slight adjustments to the maximum thickness and location thereof. Instead of being
3% thick, this airfoil is 3.46% thick. Instead of the maximum thickness being located at 40%
chord,the positionon thisairfoilisat 40.69% chord. To computethe coordinatesfora



modifiedairfoilshape:

1. PickvaluesofxfromOtothemaximumchordc.

2. Compute the mean camber line coordinates using the same equations provided for the
Four-or Five-DigitSeries as appropriate.

3. Calculate the thickness distribution above (+) and below (-) the mean line using
these equations. The values of the ax and dx coefficients are determined from the
followingtable(these arederivedfor a20%thickairfoil).

+y, =8 + a0+ a’ +ape ahead of t,,

ty, =dg +h(1-x)+ dal-x + g (1-xF  aft oft,.,

Airfoil dp = day as dy dy d, ds

0020-62| 0.2965900] 0.213337|-2.931954| 5.229170] 0.002000| 0.200000|-0.040625| -0.070312
0020-63 | 0.296900| -0.096082|-0.543310] 0.559395| 0.002000| 0.234000|-0.068571]-0.093878
0020-64| 0.296900] -0.246867| 0.175384|-0.266917] 0.002000| 0.315000]-0.233333| -0.032407
0020-65| 0.296900] -0.310275| 0.341700(-0.321820| 0.002000| 0.465000|-0.684000] 0.292000
0020-66| 0.296900]-0.271180| 0.140200(-0.082137] 0.002000| 0.700000(-1.662500] 1.312500
0020-03| 0.000000| 0.920286]-2.801900| 2.817990| 0.002000| 0.234000|-0.068571]-0.093878
0020-33| 0.148450| 0412103]-1.672610] 1.688690| 0.002000| 0.234000|-0.068571]-0.093878
0020-93| 0.514246] -0.840115] 1.110100(-1.094010] 0.002000| 0.234000|-0.068571|-0.093878
0020-05| 0.000000] 0477000|-0.708000| 0.308000] 0.002000| 0.465000(-0.684000] 0.292000
D020-35| 0.148450| 0.083362|-0.183150(-0.006910] 0.002000| 0.465000(-0.684000] 0.292000
0020-34| 0.148450| 0.193233]-0.558166] 0.283208] 0.002000| 0.315000]-0.233333] -0.032407

4. Determinethe"final"coordinatesusingthesameequationsastheFour-DigitSeries.

5. As noted above, this procedure yields a 20% thick airfoil. To obtain the desired
thickness, simply scale the airfoil by multiplying the "final" y coordinates by [t /
0.2].

NACAL1-Series orl6-Series:

Unlike those airfoil families discussed so far, the 1-Series was developed based on airfoil
theoryratherthanongeometrical relationships. Bythe timetheseairfoils weredesignedduring the
late 1930s, many advances had been made in inverse airfoil design methods. The basic concept
behind this design approach is to specify the desired pressure distribution over the airfoil (this
distribution dictates the lift characteristics of the shape) and then derive the geometrical shape
that produces this pressure distribution. As a result, these airfoils were not generatedusingsome
setofanalyticalexpressionslikethe Four-orFive-DigitSeries. The 1-



Seriesairfoils areidentifiedbyfivedigits,as exemplified bytheNACA16-212.Thefirstdigit, 1,
indicates the series (this series was designed for airfoils with regions of barely supersonic
flow). The6specifies the locationofminimumpressure in tenths ofchord, i.e. 60%back from the
leading edge in this case. Following a dash, the first digit indicates the design lift coefficient in
tenths (0.2) and the final two digits specify the maximum thickness in tenths of chord (12%).
Since the 16-XXX airfoils are the only ones that have ever seen much use, this familyis often
referred toas the 16-Series rather thanasasubset ofthe 1-Series.

NACAG-Series:

Although NACA experimented with approximate theoretical methods that produced the 2-
Series through the 5-Series, none of these approaches was found to accurately produce the
desired airfoil behavior. The 6-Series was derived using an improved theoretical method that,
like the 1-Series, relied on specifying the desired pressure distribution and employed
advanced mathematics to derive the required geometrical shape. The goal of this approach
wastodesignairfoilsthat maximizedtheregionoverwhichtheairflowremainslaminar.lnso doing,
the drag over a small range of lift coefficients can be substantially reduced.The naming
convention of the 6-Series is by far the most confusing of any of thefamilies discussed thus
far, especially since many different variations exist. One of the more common examplesisthe
NACA 64:-212, a=0.6.

In this example, 6 denotes the series and indicates that this family is designed for greater
laminar flow than the Four- or Five-Digit Series. The second digit, 4, is the location of the
minimum pressure in tenths of chord (0.4c). The subscript 1 indicates that low drag is
maintained at lift coefficients 0.1 above and below the design lift coefficient (0.2) specified by
the firstdigitafter the dash in tenths.

Thefinaltwodigitsspecifythethickness inpercentageofchord,12%.Thefraction specified by
a=indicates thepercentage oftheairfoil chordoverwhich thepressure distribution onthe airfoilis
uniform,60%chordin thiscase. Ifnot specified,the quantityis assumedtobel,or thedistributionis
constant over the entire airfoil.

NACAT7-Series:

The 7-Series was a further attempt to maximize the regions of laminar flow over an airfoil
differentiating the locations of the minimum pressure on the upper and lower surfaces. An
example is the NACA 747A315. The 7 denotes the series, the 4 provides the location of the
minimum pressure on the upper surface in tenths of chord (40%), and the 7 provides the
location of the minimum pressure on the lower surface in tenths of chord (70%). The fourth
character, a letter, indicates the thickness distribution and mean line forms used. A series of
standaradizedformsderivedfromearlierfamilies aredesignatedbydifferent letters.Again, the



fifth digit incidates the design lift coefficient in tenths (0.3) and the final two integers are the

airfoilthicknessin perecentageof chord (15%).

NACAS8-Series:

A final variation on the 6- and 7-Series methodology was the NACA 8-Series designed for
flight at supercritical speeds. Like the earlier airfoils, the goal was to maximize the extent of
laminar flow on the upper and lower surfaces independently. The naming convention is very
similar tothe 7-Series, an example being the NACA 835A216. The 8 designates the series, 3
is the location of minimum pressure on the upper surface in tenths of chord (0.3c), 5 is the
location of minimum pressure on the lower surface in tenths of chord (50%), the letter A
distinguishes airfoils having different camber or thickness forms, 2 denotes the design lift
coefficientintenths (0.2),and16provides theairfoilthicknessinpercentage ofchord (16%).

Summary:

Though we have introduced the primary airfoil families developed in the United States
before the advent of supersonic flight, we haven't said anything about their uses. So let's
briefly explore the advantages,disadvantages,andapplicationsofeachofthese families.

Family
4-Digit

5-Digit

16-Series

6-Series

Advantages

1. Goodstall characteristics

2. Smallcenterofpressuremovement

across large speed range

3. Roughnesshaslittleeffect

1. Highermaximumliftcoefficient

2. Lowpitchingmoment

3. Roughnesshaslittleeffect
1. Avoidslowpressurepeaks

2. Lowdragathighspeed

1. Highmaximumlift coefficient

2. Verylowdragoverasmallrangeofope

ratingconditions

3. Optimizedforhighspeed

2.

1.

Disadvantages

. Lowmaximumliftcoefficient

Relativelyhighdrag

. High pitchingmoment

. Poorstallbehavior

. Relativelyhighdrag

. Relativelylowlift

High drag outside of the

optimum range of operating
conditions

2.

3.

High pitchingmoment

Poorstallbehavior

Applications

1. Generalaviation
2. Horizontaltails

Symmetrical:

3. Supersonicjets

4. Helicopterblades

5. Shrouds

1. Generalaviation

2. Piston-poweredbombers,
transports

3. Commuters

4. Business jets

1. Aircraftpropellers
2. Shippropellers

. Piston-poweredfighters
. Business jets

. Jettrainers

. Supersonicjets

B w N



7-Series 1.Verylowdragoverasmallrangeof 1.Reducedmaximumliftcoefficient Seldomused
operatingconditions

2.Lowpitchingmoment 2.High drag outside of the
optimum range of operating
conditions

3.Poorstallbehavior

8-Series Unknown Unknown Veryseldomused

Today, airfoil design has in many ways returned to an earlier time before the NACA fa milies
were created. The computational resources available now allow the designer to quickly design
and optimize an airfoil specifically tailored to a particular application rather than making a
selectionfroman existingfamily.

Acirculationcontrolwing(CCW)isaformofhigh-liftdeviceforuseonthemainwingofan aircraft to increase
the maximum lift coefficient. CCW technology has been in the research and developmentphasefor
oversixtyyears. Blownflapswere an early exampleof CCW.

The CCW works by increasing the velocity of the airflow over the leading edge and trailing edge of a
speciallydesignedaircraftwingusingaseriesofblowingslotsthatejectjetsofhigh-pressureair.
ThewinghasaroundedtrailingedgetotangentiallyejecttheairthroughtheCoandieffectthus causing lift.The
increase in velocity of the airflow over the wing also adds to the lift force through
conventionalairfoilliftproduction.

TARGENTIAL BLOWING OVER
%ﬁ . ROUNDED COANDA SURFACE

PRESSURE-CEMTRIFLIGA]L
FORCE BALANCE

" | JET SHEET

ThetrailingedgeofaCCWshowingtheblowingslotandtangentialcoandaairflow.

Purpose

Themain purpose ofthe circulation control wing is to increase thelifting force of anaircraft attimes
whenlargeliftingforcesatlowspeedsarerequired,suchastakeoffandlanding.

Wingflapsandslatsarecurrentlyusedduringlandingonalmostall aircraftandontakeoffbylarger
jets.Whileflapsand  slatsareeffectiveinincreasinglift,theydo  so  atahigh ~ costofdrag. Thebenefit
ofthecirculationcontrol wingisthatnoextradragiscreatedandtheliftcoefficientisgreatly

increased.Itisbeingclaimedthatsuchasystemcouldincreasethelandingcoefficientofliftof
aBoeing737by150%t0250%,thusreducingapproachspeedsby35%to45%andlanding  distancesby  55%to
75%andthatsuchadvancesinwingdesigncouldallowfordramaticwingsize
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Otheruses

Increasedmaneuverability

Atlowspeeds,anaircrafthasreducedairflowoverthewingandverticalstabilizer. Thiscauses
thecontrolsurfaces(ailerons,elevatorsandrudder)tobelesseffective. TheCCWsystemincreases
theairflowoverthesesurfacesandconsequentlycanallowmuchhighermaneuverabilityatlow
speeds.However,ifoneoftheCCWsystemsshouldfailatlowspeed,theaffectedwingislikely to stall which could
resultin aninescapablespin.Finally, theCCW system couldbeusedon multi-
engineaircraftintheresultofanenginefailuretocanceltheasymmetricforcesfromthelossof power on one wing.

Noisereduction

TheuseofaCCWsystemeliminatestheneedforlargecomplexcomponentsinthefreestreamsuch
asflapsandslats,greatlyreducingthenoisepollutionofmodernaircraft. Additionally,amuch
shortergroundrollcoupledwithsteeperclimboutsandapproachesreducesthegroundnoise

footprint. Theblowingslotsthemselveswill ~ contributeverylittletothenoiseoftheaircraftaseach slotis justa
fractionof an inch wide.

Poweringthewing

Themainproblemwiththecirculationcontrolwingistheneedforhighenergyairtobeblownover
thewing'ssurface.Such airisoftenbledfromtheengine;however, thisdrastically reducesengine power
production and consequently counteracts the purpose of the wing. Other options are taking the exhaust
gases (which must first be cooled) or using multiple, lightweight gas generators, which are separate from
the mainaircraft engines.

In the CFJ airfoil concept, an injection slot near leading edge and a suction slot near trailing
edgeontheairfoilsuctionsurfacearecreatedassketchedinFig.Asmallamountof
massflowiswithdrawnintotheairfoilnearthetrailingedge(TE),pressurizedand
energizedbyapumpingsysteminsidetheairfoil,andtheninjectedneartheleading
edge(LE)inthedirectiontangenttothemainflow. Thewholeprocessdoesnotaddany
massflowtothesystemandhenceisaZeronetmassflow(ZNMF)flowcontrol.

TheCFJairfoilflowprocessprovidesauniquelowenergyexpenditureZNMFflow
control,whichhastheinjectionnearthesuctionpeakoftheairfoilwherethelowest

mainflowpressureislocated,andjetsuctionattheneartrailingedgewherethehighest mainflow
pressureislocated.In otherwords,therequiredpumpingwork of CFJ airfoil
wouldbelowerthanthoseoftheflowcontrolmethodsinjectingneartrailingedgesuch

asaCCairfoil. Furthermore,aflowcontrolmethodusinginjectiononlywillhavetodo moreworkto

overcometheramandcapturedareadrag,whichdonotexistforCFJairfoil
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they both enhanceboundary layer momentum andairfoil circulation.Most of otherflow
controlmethodswillsuffergreater penalties atsuctionprocesseitherduetoramdrag,
capturedareadragorlargerflowductingloss.

bageline airfoil
Y
[d pump
co flow jet airfoil

ThefundamentalmechanismofCFJairfoilisthattheturbulentmixingbetweenthejet

andmainflowmakesalateraltransportofenergybetweenthejet,boundarylayer,and main
flowtoenergizethewall boundary layer. Thelargevortex structures and adverse pressuregradient
areall beneficial toenhancemixing. Themixingallowstheflowto

overcomealargeadversepressuregradientandremainattachedataveryhighangleof attack. Hence,
the stall margin is significantly increased. At the same time, the energized
boundarylayerdrasticallyincreasesthecirculation,augmentslift,andreducesthetotal
dragorgeneratesthrust(netnegativedrag). TheportionofCFJenergyusedtoovercome the increased
local drag due to higher jet speed is small since the mixing occurs immediatelywhenthejet
penetrates intotheboundarylayerunder an adverse pressure
gradient.Unlikeajetincrossflow(JICF)whichenhancesmixingbetweenthejetand main flow but
retards themain fl w due to the cross fl w blockage created by the jet, theco-
flowjetmixingonlyenhancesthestream- wiseflwmomentumsincethejetistangential
tothemainflow. ThemomentumretardationduetoJICFwillresultinasignificant
entropyanddragincrease.

aspoiler(sometimescalled aliftspoilerorliftdumper)isadeviceintended tointentionallyreduce
theliftcomponentofanairfoilinacontrolledway.Mostoften,spoilersareplatesonthetopsurface of a wing that
can be extended upward into the airflow to spoil it. By so doing, the spoiler creates a controlled stall over
the portion of the wing behind it, greatly reducing thelift of that wing section.
Spoilersdifferfromairbrakesinthatairbrakesaredesignedtoincreasedragwithoutaffectinglift,
whilespoilersreduce liftas wellas increasingdrag.

Spoilers fall into two categories: those that are deployed at controlled angles during flight to increase
descentrateorcontrolroll,andthosethatarefullydeployedimmediatelyonlandingtogreatly reduce lift ("lift
dumpers™) and increase drag. In modern fly-by-wire aircraft, the same set of control surfaces serve both
functions.


https://en.wikipedia.org/wiki/Lift_(force)
https://en.wikipedia.org/wiki/Airfoil
https://en.wikipedia.org/wiki/Stall_(flight)
https://en.wikipedia.org/wiki/Air_brake_(aircraft)

Spoilers are used by nearly every glider (sailplane) to control their rate of descent and thus achieve a
controlledlanding.Anincreased rateofdescentcan alsobeachieved bylowering thenoseofan
aircraft,butthiswouldresultinincreased  speed.Spoilersenabletheapproach tobemadeatasafe speed for
landing.

Spoilercontrols

Spoilercontrolscanbeusedforrollcontrol(outboardormid-spanspoilers)ordescentcontrol (inboardspoilers).

Someaircraftusespoilersincombinationwithorinlieuofaileronsforrolicontrol,primarilyto
reduceadverseyawwhenrudderinputislimitedbyhigherspeeds.Forsuchspoilersthe
termspoileronhasbeencoined.Inthecaseofaspoileron,inorderforittobeusedasacontrol surface, it is raised on
one wing only, thus decreasing lift and increas ing drag, causing roll and yaw. Spoileronsalsoavoidthe
problemof controlreversal that affects ailerons.

Almost all modernjet airlinersarefitted withinboardlift spoilerswhich areused togetherduring descent to
increase the rate of descent and control speed. Some aircraft use lift spoilers on landing approach to
controldescent withoutchangingthe aircraft's attitude.

OnejetairlinernotfittedwithliftspoilerswastheDouglasDC-8whichusedreversethrustinflight
onthetwoinboardenginestocontroldescentspeed(howevertheaircraftwasfittedwithlift
dumpers).TheLockheedTristarwasfittedwithasystemcalledDirectLiftControlusingthe spoilerson
landingapproach to controldescent.

Airbusaircraftwithfly-by-wirecontrolutilisewide-spanspoilersfordescentcontrol,spoilerons,
gustalleviation,andliftdumpers.Especiallyonlandingapproach,theful lwidthofspoilerscanbe seen
controllingthe aircraft's descent rate and bank.

Liftdumpers

Liftdumpers are aspecial typeof spoiler extending along much of the wing'slength and designed to
dumpasmuchliftaspossibleonlanding.Liftdumpershaveonlytwopositions,deployedand retracted.
Liftdumpershavethreemain functions: puttingmostof theweightof theaircrafton the
wheelsformaximumbrakingeffect,increasingformdrag,andpreventingaircraft'bounce'on landing.

Liftdumpersarealmostalwaysdeployed automaticallyon touch down.Theflightdeck control has three
positions: off, automatic (‘armed'), and manual (rarely used). On landing approach 'automatic' is selected
and, at themoment of touchdown,lift dumpersaredeployedin afractionof asecond, with
flightcontrolspoilersalso beingraised automaticallyas additionalliftdumpers.

Virtually all modern jet aircraft are fitted with lift dumpers. The British Aerospace 146 is fitted with
particularlywidespan spoilersto generateadditionaldrag and makereverse thrustunnecessary.


https://en.wikipedia.org/wiki/Glider_(sailplane)
https://en.wikipedia.org/wiki/Aileron
https://en.wikipedia.org/wiki/Spoileron
https://en.wikipedia.org/wiki/Control_reversal
https://en.wikipedia.org/wiki/Ailerons
https://en.wikipedia.org/wiki/Douglas_DC-8
https://en.wikipedia.org/wiki/Lockheed_Tristar
https://en.wikipedia.org/wiki/Airbus
https://en.wikipedia.org/wiki/Fly-by-wire
https://en.wikipedia.org/wiki/Spoilerons
https://en.wikipedia.org/wiki/Form_drag
https://en.wikipedia.org/wiki/British_Aerospace_146
https://en.wikipedia.org/wiki/Reverse_thrust

Anairbrakeisapanelconformingtheshapeofanaircraftthatcanbeopenedwithhydraulicpressureinordertocreate
drag, similartospoilerswhichareontheedgesoftheaircraftwingsand
openinanupwardpositionforcingtheplanetowardstheground.®Airbrakesareusedwhenthe aircraft needs to
reduce its airspeed, while spoilers are only able to be opened when the airplane is
approachingtherunwayandabouttotouchdown. Liftdumpers,atypeofairbrake,aremountedon thetop of
afuselage.When thepanel is opened, it acts as asmall spoiler, gently pushing theaircraft down. Flaps also

increase drag and decrease airspeed, but are primarily for reducing the stall speed, allowingthe aircraft to
land at a slowerspeed.


https://en.wikipedia.org/wiki/Hydraulics
https://en.wikipedia.org/wiki/Hydraulics
https://en.wikipedia.org/wiki/Spoiler_(aeronautics)
https://en.wikipedia.org/wiki/Air_brake_(aeronautics)#cite_note-3
https://en.wikipedia.org/wiki/Fuselage
https://en.wikipedia.org/wiki/Flap_(aeronautics)
https://en.wikipedia.org/wiki/Stall_speed

UNIT-V
Experimental Aerodynamics

Windtunnel is a large tube with airmoving inside which is used to copythe actions of an object in flight. In
wind tunnel air moves around an object, so the object seems like really flying. Although the form of a
wind tunnel can vary, all wind tunnels have a high pressure system, heater, settling chamber and a test
section. Air is compressed and stored in the high pressure system. It is released through a pressure
regulating valveto createthe desired pressurein the settling chamber. In high speed wind tunnels, heater is
used to heat the air while passing through the heater bed to avoid liquefaction when it is expanded through
thenozzleto get high Mach numbers.Scaled models of aircraft or spacecraft are placed in the test section
for testing as shown in Figure 1.1. Some wind tunnels are big enough to hold full- scale versions of
vehicles.



Air is blown or sucked through a duct equipped with a viewing port and instrumentation where models or
geometricalshapes are mounted for study. The movement of air throughthe tunnel is done by usinga series of
fans, which are usually powered by stationary turbo rather than electric motors. Vertical and horizontal air
vanes makethe turbulent air flow smooth, before reaching the test section. The cross section of the tunnel is
circular to provide a smoother air flow. The smooth inner surface reduces the surface drag. The circular walls
of thetunnelare usuallyembeddedwithlight,whichshinesthroughthe windows.Pressuretapsare includedin the
model for measuring pressure. Lift, drag, yaw, roll, lateral forces and pitching moments over a range of angle
of attack can be measured by a force balance mounted on the model. The movement of air around the model is
difficult to observe directly, since air is transparent. Different flow visualization methods have been developed
for testingin awind tunnel. Tuftsattached to the model during testing can beused to gauge air flow.Another
methodisby using evaporating suspensions, wherethe liquid evaporatesleaving behind the clay in the pattern
characteristicof the air flow. Applying oil to the surface of the model can show the transition from laminar to
turbulent flow as well as flow separation. Smoke or bubbles of liquid can be introduced into the
airflowupstream of the test model, so that their path around the model can be photographed.

1 TYPES OF WIND TUNNELWiInd tunnels can be classified based on air flow speed in test section and
based on shape. Flow speed in wind tunnel isgenerally referred in termsof Mach number. Mach number is
a dimensionless quantity representing the ratio of speed of an object moving through a mediumand the
local speed of sound. Based on flow speed, wind tunnels areclassified as Subsonic,Transonic,
Supersonicand Hypersonic.

In Subsonic or low speed wind tunnels flow speed in terms of Mach number comes out to be around 0.4.

These types of wind tunnels are most cost effective due to the simplicity of the design and low wind
speed. Generally low speed wind tunnels are used in schools and universities because of low budget.
Maximum velocity in test section of transonic wind tunnels can reach up to speed of sound i.e. 340m/s or
Machnumber of 1. Theyare verycommoninaircraft industryas most aircrafts operate aroundthis speed.
Velocity of air in test section of Supersonic wind tunnels wind tunnels can be up to Mach 5. This is
accomplished using convergent or divergent nozzles andthe power requirements for such wind tunnels are
very high.

Hypersonic windtunnels canhave windvelocityin test section between Mach 5and Mach 15. Thisis also
achieved using convergent - divergent nozzles. They are used to test ultra fast air craft and space vehicles.
The technological problems in designing and constructing a hyper-velocity wind tunnel are supply of high
temperatures and pressures for times long enough to performa measurement, reproduction of equilibrium
conditions, structural damage produced by overheating, fast instrumentation and power requirements to
run the tunnel.

Based on shape, wind tunnels are classified as Open circuit wind tunnel and Closed circuit wind tunnel.
Open circuit windtunnel is open at bothends. The chances of dirt particles enteringwith air are more and so
more honeycombs (mesh to clean incoming air) are required for cleaning the air. Open type wind tunnels
can further be divided into two categories: Suckdown tunnel and Blower tunnel. In Suckdown
tunnel,theinletopen to atmosphere and theaxialfanorcentrifugalblowerisconnectedafter the test4



section. These types of wind tunnels are not preferred because incoming air enters with significant swirl.
In blower tunnel a blower is installedat theinletof wind tunnel whichthrows theair intowind tunnel.

For supersonic and hypersonic type wind tunnel, the desired speed cannot be attained with the help of a
blower. Hence a tank with high air pressure is maintained and the flowis obtained by releasing the air from
this high pressure system. Outlet of closed circuit wind tunnel is connected to inlet and so the same air
circulates in the system in a regulated way. The chances of dirt entering the system are very low. Closed
wind tunnelshavemoreuniform flowcompared to open type.Closed tunnel isusually achoice for large wind
tunnelsas these are more costly than open type wind tunnels.

PartsofWindTunnel

(a) Thetestsection,whichmaybeclosed,open,partiallyopenorconvertible.
Thetest-section-length-to-hydraulic-diameterragtiomaytypicallybechosentobe?2
ormore,incontrasttotheshortertest sectionsofearlier eratunnels.

(b) Adifiserofatleastthreeorfourtest-sectionlengths. Thetypicalequivalent cone
angleis in the rangeof 2-33" withthesmaller anglesbeingmore desirable. Thearea
ratio is typically 2-3, again withthe smaller valuesbeing more desirable.

(c) "Firstcomer"inco?poratingfumingvanes.

(d) Secondlegthatmaycontinuethediffuserormaybeconstantarea.

(e) Safety screen toprevent parts of failed modelsor other unintended flying
objectsfromreachingthefan. Thisscreenisusuallyjustaheadofthesecondcomer turning
vanes.

() "Secondcomer"incorporatingtumingvanesthatmaybeessentiallycopies



ofthefirstcomervanessolelytogainasmallengineeringandconstruction cost
reduction.

(g) Transitionhmrectangulartocircularcmsssectiontotakeflowintothefan.

(h) Fanandstraightenersection.Otherdrivedevicessuchasejectorshavealso been
used.

(i) Returnorseconddiffuse]: Thiswillcommonlyincorporateatransitionback to
rectangularfrom thecircular cross section atthefan.Thetransition will likely
havebegunin thestraightenersection. Thesecond diffusershould follow
similardesign guidesasthe first diffuser.

()" Thirdcorner"incorporatingtumingvanes.
(k)Thirdlegthatmaybeconstantarea.

(1)Heatexhangel:

(m) "Fourthcomer"incorporatingturningvanesthatmaybecopiesofthe third-
corner vanes.

(n) Wide-anglediffuserwithseparationcontrolscreens. Typicalpropertiesare
anglesofabout45''andarearatiosof24.

(0)Settlingarea.

(p) Flowconditionerstypicallyincludingjlowstraightenersandturbulence
control screens.

() Contractionornode.Typicalarearatinsareintherangeof7-12,although lower
and highervaluesare not uncommon.
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Windtunnel Balances

Aerodynamicists use wind tunnels to test models of proposed aircraft and engine components.
During a test, the model is placed in the test sectionofthe tunnel and air is made to flowpast the
model. Various types of tests can be run in a wind tunnel. Some tests are performed to directly
measure the aerodynamic forces and moments on the model. The most basic type of instrument
used in this type of testing is the force balance. We must measure six components, three forces
(lift, drag, and side) and three moments (pitch, roll, and yaw), to completely describe the
conditions on the model. For some tests, only three components (lift, drag, and pitch) are
measured.

In some wind tunnels, the measuring devices are located external to the model and the test
section. In other tunnels, the measuring devices are placedinside the model. The location of the
device affects the choice of mounting system for the model and the data reduction necessary to
determinethe aerodynamicforces. Onthis webpage wewillexaminethe external balance.


https://www.grc.nasa.gov/WWW/k-12/airplane/tunnel1.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tunmodel.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tunpart.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tuntest.html
https://www.grc.nasa.gov/WWW/k-12/airplane/forces.html
https://www.grc.nasa.gov/WWW/k-12/airplane/ac.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tunbal.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tunbalint.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tunbalint.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tunbalmnt.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tunbalaxes.html

Asshowninthe figure, an idealized fighterplane modelisattached to aplatform located beneath the
test section by a two strut mount. There are six strain gages, labeled A through F, that are
connected to the platform.Each gagemeasures aforce by the stretching of an electrical element in
the gage. The stretching changes the resistance of the e lement which changes the measured
currentthroughtheelementaccordingtoOhm'slaw. Themodelcanberotated in pitch and roll by its
connections to the struts, and rotated in yaw by the circular section in the floorof thetest section.

A test is conducted in the following manner. With the tunnel turned off and no air passing
through the test section, the weight (W) of the model and mounting system is determined as the
sum of the forces from gages A, B, and C. The tunnel is then turned on and air flows over the
model. The model generates aerodynamic forces and moments that changes the readings on the
strain gages.

Thelift(L)isgivenby:

L=A+B+C-W
Thedrag(Dr)isgivenby:
Dr=E+D
ThesideforceYis:
Y=F

Ifthereis no rolling moment,thevaluesofAand Bare equal. Ifthereisarolling moment (RM), the
valueis equal to:

RM=(A -B)*a/ 2
Similarly,theyawingmoment,(YM)isequalto
YM=(D -E)*c/ 2
andthepitchingmoment,(PM)isequalto
PM=C* b
Notice that the gages are aligned with or perpendicular to the walls of the wind tunnel. The

reduction of the data from the gages gives forces and moments that are aligned with the wind
tunnel walls. An assumption ismade that the flowin the tunnel is perfectly aligned with the walls.


https://www.grc.nasa.gov/WWW/k-12/airplane/tunstraingage.html
https://www.grc.nasa.gov/WWW/k-12/airplane/ohms.html
https://www.grc.nasa.gov/WWW/k-12/airplane/pitch.html
https://www.grc.nasa.gov/WWW/k-12/airplane/roll.html
https://www.grc.nasa.gov/WWW/k-12/airplane/yaw.html
https://www.grc.nasa.gov/WWW/k-12/airplane/weight1.html
https://www.grc.nasa.gov/WWW/k-12/airplane/lift1.html
https://www.grc.nasa.gov/WWW/k-12/airplane/drag1.html
https://www.grc.nasa.gov/WWW/k-12/airplane/roll.html
https://www.grc.nasa.gov/WWW/k-12/airplane/yaw.html
https://www.grc.nasa.gov/WWW/k-12/airplane/pitch.html
https://www.grc.nasa.gov/WWW/k-12/airplane/tunbalaxes.html

Flow visualization

Because air is transparent it is difficult to directly observe the air movement itself. Instead,
multiple methods of both quantitative and qualitative flow visualization methods have been
developed for testingin a windtunnel.

Qualitativemethods

Smoke

CarbonDioxide Injection

Tufts,mini-tufts,or flowconescanbeappliedto amodelandremainattachedduringtesting. Tufts
can be used to gauge air flow patterns and flow separation. Tufts are sometimes made
offluorescentmaterialand areilluminatedunder black lighttoaid in visualization.

Evaporating suspensions are simply a mixture of some sort or fine powder, talc, or clay
mixed into a liquid with a low latent heat of evaporation. When the wind is turned on the
liquidquickly evaporates, leavingbehindtheclay inapattern characteristicofthe air flow.

Oil: When oil is appliedto the modelsurface it can clearlyshow the transition from laminar to
turbulentflowaswellasflow separation.

Tempera Paint: Similar to oil, tempera paint can be applied to the surface of the model by
initially applying the paint in spaced out dots. After running the wind tunnel, the flow
directionand separation can beidentified. An additional strategyin theuse of tempera paint is
touse blacklightstocreate aluminousflow pattern with the temperapaint.

Fog (usually from water particles) is created with an ultrasonicpiezoelectricnebulizer. The
fog is transported inside the wind tunnel (preferably of the closed circuit and closed test
section type). Anelectricallyheated grid is inserted before the test section, which evaporates
the water particles at its vicinity, thus forming fog sheets. The fog sheets function as
streamlinesover the test model when illuminatedbyalightsheet.

Sublimation: If the air movement in the tunnel is sufficiently non-turbulent, a particle stream
released into theairflow will notbreak upas theair movesalong,but staytogetherasa sharp thin
line. Multiple particle streams released from a grid of many nozzles can provide a dynamic
three-dimensional shape of the airflow around a body. As with the force balance, these
injection pipes and nozzles need to be shaped in a manner that minimizes the introduction
ofturbulentairflowinto the airstream.

Sublimation (alternate definition): A flow visualization technique is to coat the model in a
sublimatable material where once the wind is turned on in regions where the airflow is
laminar, the material will remain attached to the model, while conversely in turbulent areas
the material will evaporate off of the model. This technique is primarily employed to verify
that trip dots placed at the leading edge in order to force a transition are successfully
achievingthe intendedgoal.

High-speed turbulence and vortices can be difficult to see directly, but strobe lights and film
cameras orhigh-speeddigitalcameras canhelptocaptureeventsthat areablur tothenakedeye.


https://en.wikipedia.org/wiki/Ultrasonics
https://en.wikipedia.org/wiki/Ultrasonics
https://en.wikipedia.org/wiki/Nebulizer
https://en.wikipedia.org/wiki/Strobe_lights

High-speed cameras are also required when the subject of the test is itself moving at high speed,
suchasanairplane propeller. The camera can capture stop-motion images of how the blade cuts
through the particulate streams and how vortices are generated along the trailing edges of the
movingblade.

Quantitativemethods

Pressure Sensitive Paint (PSP): PSP is a technique whereby a model is spray coated with a
paint that reacts to variations in pressure by changing color. In conjunction with this
technique, cameras are usually positioned at strategic viewing angles through the walls,
ceiling, and floor of the wind tunnel to photograph the model while the wind is on. The
photographic results can be digitized to create a full distr ibution of the external pressures
acting on the model, and subsequently mapped onto a computational geometric mesh for
direct comparison with CFD results. PSPmeasurements can be effective atcapturing pressure
variations acrossthe model howeveroftenrequire supplemental pressure tapson the surface of
the model to verify the absolute magnitude of the pressure coefficients. An important
property of well behaved PSP paints is they also should be insensitive to temperature effects
since the temperatureinsidethe wind tunnel couldvary considerably after continuously
running. Common difficulties encountered when using PSP include the inability to accurately
measure the leading and trailing edge effects in areas where there is high curvature due to
limitations in the cameras ability to gain an advantageous viewing angle. Additionally
application of PSP on the leading edge is sometimes avoided because it introduces a finite
thickness that could cause early flow separation thus corrupting results. Since the pressure
variations at the leading edge is typically of primary interest, the lack of accurate results in
that region is very problematic. Once a model is painted with pressure sensitive paint, certain
paintshave been known to adhere and continue to performfor a matter of months after
initially applied. Finally PSP paints have been known to have certain frequency
characteristics where some require a few moments to stabilize before achieving accurate
results whileothersconvergerapidly. Inthe latter instancepaints that have abilityto reflect rapid
changes in pressure can be used for Dynamic PSP applications where the intent is to measure
unsteady flow characteristics.

Particle Image Velocimetry (PIV): PIV is a technique in which a laser sheet is emitted
through a slit in the wall of the tunnel where an imaging device is able to track the local
velocity direction of particles in the plane of the laser sheet. Sometimes this technique
involves seeding the airflow with observable material. This technique allows for the
quantitativemeasurement of the velocity and direction of theflow across the areas captured in
the plane of the laser.

Model Deformation Measurement (MDM): MDM works by placing markers at known
geometric locations on the wind tunnel model and tak ing photographs of the change in the
marker's location as the wind in the tunnel is applied. By analyzing the change in marker
positions from different camera viewing angles, the translational change in location of the
marker can be calculated. By collecting results from a few markers, the degree to which the
model is flexiblyyieldingdue tothe air load can be calculated.

SchlierenTechnique


https://en.wikipedia.org/wiki/Strobe_lights

The Schlieren method is one more technique prevalently used for visualizing the compressible
flow due to presence of large density gradients. Schematic diagram of a typical Schlieren
arrangementused for supersonicflowvisualizationis shownin Fig.2.

Test Section

.Glass Wall
Fig. Schematic Schlieren arrangement

This techniques also uses a light source and lens where Light emitted from the source is
collimated by the lens before passing through the test section. These light beams are then passed
through onemorelens beforegetting on the screen. A knife edgeis placed at thefocal point of the
second lens where the image of the source is formed. Kinfe edge can be any opaque object which
can be placed at the same location. This object or knife objectis obstructing the light beam. If the
beams of light escape the knife edge the screen gets uniformly illumination. This situation is seen
for no flow case through the test section since both the beams pass through the medium of same
density.However during theflow taking placein the test section with test model mounted in it,
both the light beams encounter different densities thereforemake different deflections one ofthe
beams pass through uniform or freestream densityregion while other beam passes through the
portion of shock placed ahead the test model. in this way one beam passes through a region of
uniform density while other passes through differential density regions orsees the density
gradient. It is similar to the light beam passing through a prism when that rayof light bends. This
is the reason for orientation of the knife edge for the known density gradient since the ray of
lightwhich encounters the density gradient creates differential illumination on the screen
presence of knife edge. In this way Schlieren technique makes it possible to visualize density
gradient by differential illuminations on the screen. A photographic plate or cameras are generally

used for viewing instead of screen.

The major requirement for the Schlieren imaging is to have high optical quality lenses and with
large diameter and long focal length. The need for large diameter is necessitate that the coverage
ofentire flow field. The demand for larger focal length is to acquireproper images onthe screen.
The quality of the lenses should also be higher in order to avoid chromatic and spherical
aberrationsand lessen the astigmatism.

It has been observed that is difficult to visualize images using this technique for very large cross
sectionwindtunnelsduetounavailabilityofhighopticalqualityanddiameteroflenses. Thecost of such
lenses is the major concern is such cases. Use of concave mirro rs is the immediate
remedyonsuch situations. Thisis due tothe fact that these lensesareeasyto fabricateand also



tocorrect duringtheexperimentalsetting. Theminimumopticalqualityisimplicitinthese lenses.The
Schlierenarrangementwithsuch low cost lenses is asshown in Fig .
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Fig..SchematicoftwinSchlierenarrangement

The shadowgraph arrangement depends on the change in the light intensity arising
from beam displacement from its original path. When passing through the test field under
investigation, the individual light rays are refracted and bent out of their original path. The rays
traversingtheregionthat has no gradientare notdeflected, whereasthe rays traversingtheregion that
has non zero gradients are bent up. Figure illustrates the shadowgraph effect using simple
geometric ray tracing. Here a plane wave traverses a medium that has a nonuniform index of
refraction distribution and is allowed to illuminate a screen. The resulting image on the screen
consists of regions where the rays converege and diverge; these appear as light and dark regions
respectively. It is this effect that gives the technique its name because gradients leave a shadow,
or dark region, on the viewing screen. A particular deflected light ray that arrives at a point
differentfromthe original point of the recording plane should be traced. It leads to a distribution
oflightintensity in that plane altered with respect tothe undistributedcase.

Whensubjectedtolinearapproximationsthatincludesmalldisplacementofthelightray,
asecond orderpartial differentialequation can bederived forthe refractiveindex fieldwith
respecttointensitycontrast intheshadowgraphimage.LetDbethedistance ofthescreenfrom the
optical windowonthe beaker. The governingequationfor ashadowgraphprocess canbe
expressedas (22)
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Figure 5.7: lllustration of the shadowgraph arrangement

Here is the change in illumination on the screen due to the beam displacement from its
original path andis the original intensity distribution.Equation 22implies that the shadowgraph is
sensitive to changes in the second derivative of the refractiveindex along theline of sight of the
lightbeamin thefluid medium. Integrationof the Poisson equation(22)canbeperformed by a
numerical technique, say the method of finite differences. From Equation 22itis evident that
theshadowgraphis not a suitable method forquantitative measurementof the fluid density, since
such an evaluation requires oneto perform a doubleintegration of the data.However, owing to
itssimplicitythe shadowgraph is a convenient method forobtaining a quick surveyof flow fields
with varying fluid density. When the approximations involved in Equation 22 do not apply,
shadowgraphcan be used for flow visualizationalone.
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