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IntroductionIntroductionIntroductionIntroduction

Objects are completely surrounded by the fluidObjects are completely surrounded by the fluid and the and the 
flows are termed flows are termed external flowsexternal flows..

Examples include Examples include the flow of air around airplane, the flow of air around airplane, 
automobiles, and falling snowflakes, or the flow of water automobiles, and falling snowflakes, or the flow of water gg
around submarines and fish.around submarines and fish.

External flows involving airExternal flows involving air are often termedare often termedExternal flows involving airExternal flows involving air are often termed are often termed 
aerodynamicsaerodynamics in response to the important external flows in response to the important external flows 
produced when an object such as an airplane flies throughproduced when an object such as an airplane flies throughproduced when an object such as an airplane flies through produced when an object such as an airplane flies through 
the atmosphere.the atmosphere.
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ApplicationApplicationApplicationApplication

Design of cars and trucksDesign of cars and trucks –– to decrease the fuel to decrease the fuel 
consumption and improve the handling characteristics.consumption and improve the handling characteristics.

Improve shipsImprove ships, whether they are surface vessels , whether they are surface vessels 
(surrounded by air and water) or submersible vessels.(surrounded by air and water) or submersible vessels.( y )( y )

Design of buildingDesign of building –– consider the various wind effectsconsider the various wind effects
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Approaches to External FlowsApproaches to External Flows 1/21/2Approaches to External Flows Approaches to External Flows 1/21/2

 Two approaches are used to obtain information of external flows:Two approaches are used to obtain information of external flows:
Theoretical (analytical and numerical) approachesTheoretical (analytical and numerical) approaches: Because of : Because of 

th l iti f th i ti d th l itith l iti f th i ti d th l itithe complexities of the governing equations and the complexities the complexities of the governing equations and the complexities 
of the geometry of the objects involved, the amount of of the geometry of the objects involved, the amount of 
information obtained from purely theoretical methods is limitedinformation obtained from purely theoretical methods is limitedinformation obtained from purely theoretical methods is limited. information obtained from purely theoretical methods is limited. 
With current and anticipated advancements in the area of With current and anticipated advancements in the area of 
computational fluid mechanics, computer predication of forces computational fluid mechanics, computer predication of forces 
and complicated flow patterns will become more readily and complicated flow patterns will become more readily 
available.available.

Experimental approachesExperimental approaches: Much information is obtained: Much information is obtained..
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Approaches to External FlowsApproaches to External Flows 2/22/2Approaches to External Flows Approaches to External Flows 2/22/2

Fl i li tiFl i li ti

((aa)) Flow past a fullFlow past a full--sized streamlinedsized streamlined

Flow visualizationFlow visualization

((aa)) Flow past a fullFlow past a full sized streamlined sized streamlined 
vehicle in the GM aerodynamics vehicle in the GM aerodynamics 
laboratory wind tunnel, and 18laboratory wind tunnel, and 18--ft ft 
by 34by 34--ft test section facility driven ft test section facility driven 
by a 4000by a 4000--hp, 43hp, 43--ftft--diameter fan. diameter fan. 

((bb) Surface flow on a model vehicle as ) Surface flow on a model vehicle as 
indicated by tufts attached to the indicated by tufts attached to the 
surfacesurfacesurface. surface. 

6



General CharacteristicsGeneral CharacteristicsGeneral CharacteristicsGeneral Characteristics

 A body immersed in a moving fluid experiences a resultant force A body immersed in a moving fluid experiences a resultant force 
due to the interacting between the body and the fluid surrounding:due to the interacting between the body and the fluid surrounding:
Th b d i t ti d th fl id fl t th b d ithTh b d i t ti d th fl id fl t th b d ithThe body is stationary and the fluid flows past the body with The body is stationary and the fluid flows past the body with 

velocity U. velocity U. 
The fluid far from the body is stationary and the body movesThe fluid far from the body is stationary and the body movesThe fluid far from the body is stationary and the body moves The fluid far from the body is stationary and the body moves 

through the fluid with velocity U.through the fluid with velocity U.
 For a givenFor a given--shaped object the characteristics of the flow dependshaped object the characteristics of the flow depend For a givenFor a given--shaped object, the characteristics of the flow depend shaped object, the characteristics of the flow depend 

very strongly on various parameters such as very strongly on various parameters such as size, orientation, speed, size, orientation, speed, 
and fluid properties.and fluid properties.p pp p
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Categories of BodiesCategories of BodiesCategories of BodiesCategories of Bodies

 Th f l fl d h i h hi h h flTh f l fl d h i h hi h h fl The structure of an external flow and the ease with which the flow The structure of an external flow and the ease with which the flow 
can be described and analyzed often depend on can be described and analyzed often depend on the nature of the the nature of the 
body in the flow.body in the flow.yy

 Three general categoriesThree general categories of bodies include (a) of bodies include (a) twotwo--dimensionaldimensional
objects, (b) objects, (b) axisymmetric bodiesaxisymmetric bodies, and (c) , and (c) threethree--dimensionaldimensional bodies.bodies.

 A th l ifi ti f b d h b d d diA th l ifi ti f b d h b d d di Another classification of body shape can be made depending on Another classification of body shape can be made depending on 
whether the body is whether the body is streamlined or bluntstreamlined or blunt..
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Lift and Drag ConceptsLift and Drag Concepts 1/31/3Lift and Drag Concepts Lift and Drag Concepts 1/31/3

 The interaction between the body and the The interaction between the body and the 
fluid:fluid:
SS llll hh ddStressesStresses--wall wall shear stressesshear stresses,,ww ,due to ,due to 

viscous effects.viscous effects.
N l t d t thN l t d t thNormal stresses, due to the Normal stresses, due to the pressurepressure p.p.

 Both Both ww and p vary in magnitude and and p vary in magnitude and 
direction along the surfacedirection along the surfacedirection along the surface.direction along the surface.

 The detailed distribution of The detailed distribution of ww and p is and p is 
difficultdifficult to obtainto obtaindifficultdifficult to obtain.to obtain.

 However, only the integrated or resultant However, only the integrated or resultant 
effects of these distributions are needed.effects of these distributions are needed.
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Forces Acting on ElementForces Acting on Element 1/21/2Forces Acting on Element Forces Acting on Element 1/21/2

 The forces acting on a fluid element may be classified as body 
forces and surface forces; surface forces include normal forces and normal forces and 
tangentialtangential (shear) forcesforcestangentialtangential (shear) forcesforces.

FFF BS




Surface forces acting on a fluid Surface forces acting on a fluid 
element can be described in terms element can be described in terms 
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Forces Acting on ElementForces Acting on Element 2/22/2Forces Acting on Element Forces Acting on Element 2/22/2
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Lift and Drag ConceptsLift and Drag Concepts 2/32/3Lift and Drag ConceptsLift and Drag Concepts
 The resultant force The resultant force on the objecton the object in the downstream direction (in the downstream direction (by the fluidby the fluid) is ) is 

termed thetermed the DRAGDRAG, and the resultant force normal to the upstream velocity is , and the resultant force normal to the upstream velocity is 
termed the termed the LIFTLIFT, both of which are , both of which are surface forcessurface forces..
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Lift and Drag ConceptsLift and Drag Concepts 3/33/3Lift and Drag Concepts Lift and Drag Concepts 3/33/3

Without detailed information concerning the Without detailed information concerning the 
shear stress and pressure distributions on a shear stress and pressure distributions on a 
bodybody the drag and the lift are difficult tothe drag and the lift are difficult tobodybody, , the drag and the lift are difficult to the drag and the lift are difficult to 
obtain by integrationobtain by integration..

 A widely used alternative is to defineA widely used alternative is to define A widely used alternative is to define A widely used alternative is to define 
dimensionless lift and drag coefficients and dimensionless lift and drag coefficients and 
determine their approximate values by means determine their approximate values by means 
of either a of either a simplified analysis, some simplified analysis, some 
numerical technique, or an appropriate numerical technique, or an appropriate 

i ti texperimentexperiment..

1
LC

2
L 

1
DC

2
D Lift coefficientLift coefficient Drag coefficientDrag coefficient
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Characteristics of Flow Past an ObjectCharacteristics of Flow Past an Object 1/21/2Characteristics of Flow Past an Object Characteristics of Flow Past an Object 1/21/2

 For a givenFor a given--shaped object, the characteristics of the flow depend shaped object, the characteristics of the flow depend 
very strongly on various parameters such as size, orientation, speed, very strongly on various parameters such as size, orientation, speed, 
and fluid propertiesand fluid propertiesand fluid properties.and fluid properties.

 According to dimensional analysis arguments,  the character of flow According to dimensional analysis arguments,  the character of flow 
should depend on the various dimensionless parameters For typicalshould depend on the various dimensionless parameters For typicalshould depend on the various dimensionless parameters. For typical should depend on the various dimensionless parameters. For typical 
external flows the most important of these parameters are the external flows the most important of these parameters are the 
Reynolds number,  the Mach number, and for the flow with a free Reynolds number,  the Mach number, and for the flow with a free 
surface, the Froude number.surface, the Froude number.
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Characteristics of Flow Past an ObjectCharacteristics of Flow Past an Object 2/22/2Characteristics of Flow Past an Object Characteristics of Flow Past an Object 2/22/2

 For the present, we consider how the external flow and its For the present, we consider how the external flow and its 
associated associated lift and drag vary as a function of Reynolds number.lift and drag vary as a function of Reynolds number.

 F t t l fl th h t i ti l th f bj tF t t l fl th h t i ti l th f bj t For most external flows, the characteristic length of objects are on For most external flows, the characteristic length of objects are on 
the order of 0.10m~10m. Typical upstream velocities are on the the order of 0.10m~10m. Typical upstream velocities are on the 
order of 0 01m/s~100m/s The resulting Reynolds number range isorder of 0 01m/s~100m/s The resulting Reynolds number range isorder of 0.01m/s 100m/s. The resulting Reynolds number range is order of 0.01m/s 100m/s. The resulting Reynolds number range is 
approximately 10~10approximately 10~1099..
Re>100. The flows are dominated by inertial effects.Re>100. The flows are dominated by inertial effects.yy
Re<1. The flows are dominated by viscous effects.Re<1. The flows are dominated by viscous effects.
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Flow Past an Flat PlateFlow Past an Flat Plate 1/41/4Flow Past an Flat Plate Flow Past an Flat Plate 1/41/4

With Re With Re ≒≒ 0.1, the viscous effects are relatively strong and the 0.1, the viscous effects are relatively strong and the 
plate affects the uniform upstream flow far ahead, above, below, and plate affects the uniform upstream flow far ahead, above, below, and 
behind the plate Inbehind the plate In low Reynolds number flowslow Reynolds number flows thethe viscous effectsviscous effectsbehind the plate. In behind the plate. In low Reynolds number flowslow Reynolds number flows, the , the viscous effects viscous effects 
are felt far from the object in all directionsare felt far from the object in all directions..

Within the boundary layer, the viscous Within the boundary layer, the viscous 
force is comparable to the inertial force is comparable to the inertial 
forces.forces.
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Flow Past an Flat PlateFlow Past an Flat Plate 2/42/4Flow Past an Flat Plate Flow Past an Flat Plate 2/42/4

With Re = 10, With Re = 10, the region in which the region in which 
viscous effects are important become viscous effects are important become 

llll i ll di ti ti ll di ti tsmallersmaller in all directions except in all directions except 
downstream. One does not need to downstream. One does not need to 
travel very far ahead above or belowtravel very far ahead above or belowtravel very far ahead, above, or below travel very far ahead, above, or below 
the plate to reach areas in which the the plate to reach areas in which the 
viscous effects of the plate are not feltviscous effects of the plate are not feltviscous effects of the plate are not felt. viscous effects of the plate are not felt. 
The streamlines are displaced from The streamlines are displaced from 
their original uniform upstreamtheir original uniform upstreamtheir original uniform upstream their original uniform upstream 
conditions, but the displacement is not conditions, but the displacement is not 
as great as for the Re=0.1 situation.as great as for the Re=0.1 situation.
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Flow Past an Flat PlateFlow Past an Flat Plate 3/43/4Flow Past an Flat Plate Flow Past an Flat Plate 3/43/4

 77 With Re = 10With Re = 1077 , the flow is dominated by , the flow is dominated by inertial effectsinertial effects and the and the viscous viscous 
effects are negligible everywhere “except in a region very close to the effects are negligible everywhere “except in a region very close to the 
plate and in the relatively thin plate and in the relatively thin wake regionwake region behind the platebehind the plate.”.”

 Since the Since the fluid must stick to the solid surfacefluid must stick to the solid surface, there is a , there is a thin boundary layer thin boundary layer 
region of thickness region of thickness << <<  next to the platenext to the plate in which the in which the fluid velocity changes fluid velocity changes 
f U h lf U h lfrom U to zero on the platefrom U to zero on the plate..

 The The thickness of boundary layer increases in the direction of flow, starting thickness of boundary layer increases in the direction of flow, starting 
from zero at the forward or leading edge of the platefrom zero at the forward or leading edge of the plate..
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Flow Past anFlow Past an Flat PlateFlat Plate 4/44/4Flow Past an Flow Past an Flat PlateFlat Plate 4/44/4

 The The flow within the boundary layerflow within the boundary layer may be may be laminar or turbulentlaminar or turbulent
depending on various parameters involved.depending on various parameters involved.

 Th t li f thTh t li f th fl t id f th b d lfl t id f th b d l ii ll The streamline of the The streamline of the flow outside of the boundary layerflow outside of the boundary layer is is nearly nearly 
parallel to the plateparallel to the plate. . --> > no viscous effectsno viscous effects..

 The existence of the plate has very little effect on the streamlineThe existence of the plate has very little effect on the streamline The existence of the plate has very little effect on the streamline The existence of the plate has very little effect on the streamline 
outside of the boundary layer outside of the boundary layer –– either ahead, above, and below the either ahead, above, and below the 
plate. plate. pp
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Flow Past anFlow Past an Circular CylinderCircular Cylinder 1/41/4Flow Past an Flow Past an Circular CylinderCircular Cylinder 1/41/4

When When ReRe≒≒ 0.10.1, the , the viscous effects are importantviscous effects are important several diameters in several diameters in 
any direction from the cylinder. A somewhat surprising characteristic any direction from the cylinder. A somewhat surprising characteristic 
of this flow is that the streamlines areof this flow is that the streamlines are essentially symmetricessentially symmetric about theabout theof this flow is that the streamlines are of this flow is that the streamlines are essentially symmetricessentially symmetric about the about the 
center of the cylindercenter of the cylinder--the streamline pattern is the same in front of the the streamline pattern is the same in front of the 
cylinder as it is behind the cylinder.cylinder as it is behind the cylinder.y yy y

Stokes’ flow
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Flow Past an Circular CylinderFlow Past an Circular Cylinder 2/42/4Flow Past an Circular Cylinder Flow Past an Circular Cylinder 2/42/4

 As As Reynolds number is increasedReynolds number is increased (Re =50), the region ahead of the cylinder in (Re =50), the region ahead of the cylinder in yy ( ), g y( ), g y
which viscous effect are important becomes smaller, with the viscous region which viscous effect are important becomes smaller, with the viscous region 
extending only a short distance ahead of the cylinder.extending only a short distance ahead of the cylinder.

 The flow separates from the body at the separation pointThe flow separates from the body at the separation point The flow separates from the body at the separation pointThe flow separates from the body at the separation point..
 With the increase in Reynolds numberWith the increase in Reynolds number, the fluid inertia becomes more important , the fluid inertia becomes more important 

and at the some on the body, denoted the separation location, and at the some on the body, denoted the separation location, the fluid’s inertia is the fluid’s inertia is 
such that it cannot follow the curved path around to the rear of the bodysuch that it cannot follow the curved path around to the rear of the body..

Some of the fluid is actually flowing upstream, Some of the fluid is actually flowing upstream, 
against the direction of the upstream flowagainst the direction of the upstream flowagainst the direction of the upstream flow.against the direction of the upstream flow.
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Flow Past an Circular CylinderFlow Past an Circular Cylinder 4/44/4Flow Past an Circular Cylinder Flow Past an Circular Cylinder 4/44/4

 With l R ld b (R 10With l R ld b (R 1055) th ff t d b th) th ff t d b th i fi f With larger Reynolds numbers (Re=10With larger Reynolds numbers (Re=1055), the area affected by the ), the area affected by the viscous forcesviscous forces
is forced farther downstream until it involve only a boundary layer (is forced farther downstream until it involve only a boundary layer (δδ<<D<<D) on the ) on the 
front portion of the cylinder and an front portion of the cylinder and an irregular, unsteady wake regionirregular, unsteady wake region that extends that extends 
far downstream of the cylinderfar downstream of the cylinderfar downstream of the cylinder.far downstream of the cylinder.

 The The velocity gradientsvelocity gradients within the boundary layer and wake regionswithin the boundary layer and wake regions are much are much 
larger than those in the remainder of the flow field. larger than those in the remainder of the flow field. --> Shear stress is a product of > Shear stress is a product of 
fl id i it d th l it di tfl id i it d th l it di t i it ff t fi d t thi it ff t fi d t thfluid viscosity and the velocity gradient, so fluid viscosity and the velocity gradient, so viscosity effects are confined to the viscosity effects are confined to the 
boundary layer and wake regionsboundary layer and wake regions..
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Prior to PrandtlPrior to PrandtlPrior to PrandtlPrior to Prandtl

 Theoretical hydrodynamics evolved from Theoretical hydrodynamics evolved from Euler’s equationEuler’s equation of of 
motion for a motion for a inviscidinviscid ((nonviscousnonviscous) fluid. (published by Leonhard ) fluid. (published by Leonhard 
Euler in 1755)Euler in 1755)Euler in 1755)Euler in 1755)
Contradicted many experimental observations.Contradicted many experimental observations. (NO DRAG in (NO DRAG in 

the equation)the equation) Practicing engineers developed their own empiricalPracticing engineers developed their own empiricalthe equation) the equation) Practicing engineers developed their own empirical Practicing engineers developed their own empirical 
art of hydraulics.art of hydraulics.
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Mathematical description of a viscous fluid by Mathematical description of a viscous fluid by NavierNavier Stokes Stokes 
equations, developed by Navier,1827, and equations, developed by Navier,1827, and independently (extended) independently (extended) 
by Stokes, 1845.by Stokes, 1845.
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Boundary Layer ConceptsBoundary Layer ConceptsBoundary Layer ConceptsBoundary Layer Concepts

 Introduced by Ludwig Introduced by Ludwig PrandtlPrandtl, a German aerodynamicist, in 1904., a German aerodynamicist, in 1904.
Many viscous flows can be analyzed by Many viscous flows can be analyzed by dividing the flow into dividing the flow into 

t i l t lid b d i th th i tht i l t lid b d i th th i thtwo regions, one close to solid boundaries, the other covering the two regions, one close to solid boundaries, the other covering the 
rest of flowrest of flow..

Only in the thin region adjacent to a solid boundary (theOnly in the thin region adjacent to a solid boundary (theOnly in the thin region adjacent to a solid boundary (the Only in the thin region adjacent to a solid boundary (the 
boundary layerboundary layer) is the effect of viscosity important. ) is the effect of viscosity important. 

In the region outside of the boundary layer the effect of viscosityIn the region outside of the boundary layer the effect of viscosityIn the region outside of the boundary layer, the effect of viscosity In the region outside of the boundary layer, the effect of viscosity 
is negligible and the fluid may be treated as inviscid.is negligible and the fluid may be treated as inviscid.

 The boundary layer concept permitted the solution of viscous flowThe boundary layer concept permitted the solution of viscous flow The boundary layer concept permitted the solution of viscous flow The boundary layer concept permitted the solution of viscous flow 
problems that would have been impossible through application of problems that would have been impossible through application of 
the Navierthe Navier--Stokes to the complete flow field.Stokes to the complete flow field.
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Boundary Layer CharacteristicsBoundary Layer CharacteristicsBoundary Layer CharacteristicsBoundary Layer Characteristics

 The flow past an object can be treated as a combination of viscous The flow past an object can be treated as a combination of viscous 
flow in the boundary layer and inviscid flow elsewhere.flow in the boundary layer and inviscid flow elsewhere.

 I id th b d lI id th b d l thth f i ti i i ifi tf i ti i i ifi t d thd th Inside the boundary layerInside the boundary layer the the friction is significantfriction is significant and across the and across the 
width of which the velocity increases rapidly from zero (at the width of which the velocity increases rapidly from zero (at the 
surface) to the value inviscid flow theory predictssurface) to the value inviscid flow theory predictssurface) to the value inviscid flow theory predicts.surface) to the value inviscid flow theory predicts.

 Outside the boundary layerOutside the boundary layer the velocity gradients normal to the flow the velocity gradients normal to the flow 
are relatively small, and the fluids acts as if it were are relatively small, and the fluids acts as if it were inviscidinviscid, even , even y ,y , ,,
though the viscosity is not zero.though the viscosity is not zero.
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Boundary Layer on Solid SurfaceBoundary Layer on Solid SurfaceBoundary Layer on Solid SurfaceBoundary Layer on Solid Surface

 Inviscid flow Inviscid flow (1(1stst order eq.) order eq.) --> No drag > No drag --> Unrealistic> Unrealistic
 By Pradtl in 1904: By Pradtl in 1904: 
The noThe no--slip condition requires that the velocity everywhere on slip condition requires that the velocity everywhere on 

the surface of the object be zero. the surface of the object be zero. 
Th illTh ill ll bb hi b d l i hi h f i i ihi b d l i hi h f i i iThere will There will alwaysalways be a be a thin boundary layer, in which friction is thin boundary layer, in which friction is 

significant and across the width of significant and across the width of the layerthe layer the velocity the velocity 
increases rapidly from zero (at the surface) to the value inviscidincreases rapidly from zero (at the surface) to the value inviscidincreases rapidly from zero (at the surface) to the value inviscid increases rapidly from zero (at the surface) to the value inviscid 
flow theory predictsflow theory predicts. . 

Outside of the boundary layerOutside of the boundary layer,, the velocity gradients normal tothe velocity gradients normal toOutside of the boundary layerOutside of the boundary layer,, the velocity gradients normal to the velocity gradients normal to 
the flow are relative small, and the fluid acts as if it were inviscid, the flow are relative small, and the fluid acts as if it were inviscid, 
even though the viscosity is not zero.even though the viscosity is not zero.
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Boundary Layer on Solid SurfaceBoundary Layer on Solid SurfaceBoundary Layer on Solid SurfaceBoundary Layer on Solid Surface

 Consider the flow over a flat plate as shown, the boundary layer is Consider the flow over a flat plate as shown, the boundary layer is 
laminar for a short distance downstream from the leading edge; laminar for a short distance downstream from the leading edge; 
transition occurstransition occurs over a regionover a region of the plate rather than at a single lineof the plate rather than at a single linetransition occurs transition occurs over a regionover a region of the plate rather than at a single line of the plate rather than at a single line 
across the plate.across the plate.
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Boundary Layer on Solid SurfaceBoundary Layer on Solid SurfaceBoundary Layer on Solid SurfaceBoundary Layer on Solid Surface

 Th i i i d d h l i h hTh i i i d d h l i h h The transition region extends downstream to the location where the The transition region extends downstream to the location where the 
boundary layer flow becomes completely turbulent.boundary layer flow becomes completely turbulent.

 ForFor a finite length platea finite length plate it is clear that the plate lengthit is clear that the plate length  can becan be For For a finite length platea finite length plate, it is clear that the plate length, , it is clear that the plate length, ,, can be can be 
used as the characteristic length, with the Reynolds number as  used as the characteristic length, with the Reynolds number as  
Re=U Re=U  //ν.ν.

 For the infinitely long flat plate we use x, the coordinate distance For the infinitely long flat plate we use x, the coordinate distance 
along the plate from the leading edge, as the characteristic length along the plate from the leading edge, as the characteristic length 
and define the Reynolds number asand define the Reynolds number as ReRe =Ux/=Ux/ννand define the Reynolds number as and define the Reynolds number as ReRexx Ux/Ux/ν.ν.

 For any fluid or upstream velocity the Reynolds number will be For any fluid or upstream velocity the Reynolds number will be 
sufficiently large for boundary layer type flow if the plate is long sufficiently large for boundary layer type flow if the plate is long y g y y yp p gy g y y yp p g
enough.enough.
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Boundary Layer ThicknessBoundary Layer ThicknessBoundary Layer ThicknessBoundary Layer Thickness

Standard Boundary layer thicknessStandard Boundary layer thickness
Boundary layer displacement thicknessBoundary layer displacement thicknessy y py y p
Boundary layer momentum thickness Boundary layer momentum thickness 

29



Standard Boundary Layer ThicknessStandard Boundary Layer ThicknessStandard Boundary Layer ThicknessStandard Boundary Layer Thickness

 The standard boundary layer thickness is the distance from the plate The standard boundary layer thickness is the distance from the plate 
at which the fluid velocity is within some arbitrary value of the at which the fluid velocity is within some arbitrary value of the 
upstream velocityupstream velocityupstream velocity.upstream velocity.

y =y = δδ where u=0 99 Uwhere u=0 99 Uy   y   δδ where u 0.99 Uwhere u 0.99 U

b d l thi kb d l thi kboundary layer thicknessboundary layer thickness
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Boundary Layer Displacement Boundary Layer Displacement 
ThicknessThickness
 The boundary layer retards the fluid, so that the The boundary layer retards the fluid, so that the mass fluxmass flux and and 

momentum fluxmomentum flux are both less than they would be in the absence of are both less than they would be in the absence of 
the boundary layerthe boundary layerthe boundary layerthe boundary layer..

 The displacement distance is the distance the plate would be moved The displacement distance is the distance the plate would be moved 
so that the loss of mass flux (due to reduction in uniform flow area)so that the loss of mass flux (due to reduction in uniform flow area)so that the loss of mass flux (due to reduction in uniform flow area) so that the loss of mass flux (due to reduction in uniform flow area) 
is equivalent to the loss the boundary layer causes.is equivalent to the loss the boundary layer causes.

 wdyuUUw* 
 

The The loss of mass flow rateloss of mass flow rate due to the due to the 
boundary layerboundary layer

 
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U
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0
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Boundary Layer Momentum Boundary Layer Momentum 
ThicknessThickness
The momentum thickness is the distance the plate would The momentum thickness is the distance the plate would 

be moved so that the loss of momentum flux is equivalent be moved so that the loss of momentum flux is equivalent 
to the loss the boundary layer actually causes.to the loss the boundary layer actually causes.

The loss of momentum due to the boundary layerThe loss of momentum due to the boundary layerThe loss of momentum due to the boundary layerThe loss of momentum due to the boundary layer
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How to Solve Boundary LayerHow to Solve Boundary LayerHow to Solve Boundary LayerHow to Solve Boundary Layer

How To Solve Boundary LayerHow To Solve Boundary Layer
By Blasius (calledBy Blasius (called Blasius solutionBlasius solution))By Blasius (called By Blasius (called Blasius solutionBlasius solution))

Limited to Limited to laminarlaminar boundary layer onlyboundary layer only, and for a , and for a flat flat 
plate onlyplate only ((without a pressure gradientwithout a pressure gradient))plate onlyplate only ((without a pressure gradientwithout a pressure gradient).).

Momentum integral equationMomentum integral equation
Used to obtain Used to obtain approximate information on boundary approximate information on boundary 
layer growth for the general caselayer growth for the general case ( ( laminar or turbulent laminar or turbulent 
boundary layers, with or without a pressure gradientboundary layers, with or without a pressure gradient).).
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P d l/Bl i S l iP d l/Bl i S l iPrandtl/Blasius SolutionPrandtl/Blasius Solution
Prandtle used boundary layer concept and imposed Prandtle used boundary layer concept and imposed 
approximation (valid for large Reynolds number flows) approximation (valid for large Reynolds number flows) 
to simplify the governing Navierto simplify the governing Navier--Stokes equations.  H. Stokes equations.  H. 
Blasius (1883Blasius (1883--1970), one of Prandtl’s students, solved 1970), one of Prandtl’s students, solved 
th i lifi d tith i lifi d tithese simplified equations.these simplified equations.
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 1/101/10Prandtl/Blasius Solution Prandtl/Blasius Solution 1/101/10

 Th d il f i i ibl fl bj bTh d il f i i ibl fl bj b The details of viscous incompressible flow past any object can be The details of viscous incompressible flow past any object can be 
obtained by solving the governing Navierobtained by solving the governing Navier--Stokes equation.Stokes equation.

 ForFor steady two dimensional laminar flow with negligiblesteady two dimensional laminar flow with negligible For For steady, two dimensional laminar flow with negligible steady, two dimensional laminar flow with negligible 
gravitationalgravitational effects, these equations reduce to the followingeffects, these equations reduce to the following
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 In addition, the conservation of massIn addition, the conservation of mass No analytical solution
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 2/102/10Prandtl/Blasius Solution Prandtl/Blasius Solution 2/102/10

 Assumptions for simplificationAssumptions for simplification
1. Since the boundary layer is thin, it is expected that the component of velocity (v) 1. Since the boundary layer is thin, it is expected that the component of velocity (v) 

normal to the plate is much smaller than streamnormal to the plate is much smaller than stream--wise velocity component and that the wise velocity component and that the 
rate of change of any parameter across the boundary layer should be much greater than rate of change of any parameter across the boundary layer should be much greater than 
th t l th fl di tith t l th fl di ti that along the flow direction. that along the flow direction. 

2. Zero pressure gradient. (Note potential flow and constant velocity)2. Zero pressure gradient. (Note potential flow and constant velocity)
33. . Within the boundary layer, the viscous force is comparable to the inertial forces.Within the boundary layer, the viscous force is comparable to the inertial forces.
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 3/103/10Prandtl/Blasius Solution Prandtl/Blasius Solution 3/103/10

G i iG i i
Second order partial Second order partial 
diff ti l tidiff ti l tiGoverning equationsGoverning equations

vuuuu 2 

differential equationsdifferential equations
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Solution ?     Solution ?     …… …… are extremely difficult to obtain.are extremely difficult to obtain.
y
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 4/104/10Prandtl/Blasius Solution Prandtl/Blasius Solution 4/104/10

 Blasius reduced the partial differential equations to an 
ordinary differential equation…

The velocity profile u/U should be similar for all values of x Thus theThe velocity profile, u/U, should be similar for all values of x. Thus the 
velocity profile is of the dimensionless form

u
Is an unknown function to be determined.Is an unknown function to be determined.

Th b d l hi k h f d i l
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The boundary layer thickness grows as the square root of x and inversely 
proportional to the square root of U. That is
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 5/105/10Prandtl/Blasius Solution Prandtl/Blasius Solution 5/105/10

S t di i l i il it i blS t di i l i il it i blSet a dimensionless similarity variableSet a dimensionless similarity variable
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 6/106/10Prandtl/Blasius Solution Prandtl/Blasius Solution 6/106/10
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 7/107/10Prandtl/Blasius Solution Prandtl/Blasius Solution 7/107/10

fdfd 23 Nonlinear thirdNonlinear third orderorder
0''ff'''f2

d
fdf

d
fd2

2

2

3

3




Nonlinear, thirdNonlinear, third--order order 
ordinary differential equationordinary differential equation

With boundary conditionsWith boundary conditions

f f’ 0 t 0 uf = f’ = 0    at    η = 0 
f’ →1        at    η →∞
Solution ? No analytical solution !Solution ? No analytical solution !

 
U
uf  

Solution ?  No analytical solution !Solution ?  No analytical solution !
Easy to integrate to obtain Easy to integrate to obtain numerical solutionnumerical solution

Blasius solved it using a power series expansion aboutBlasius solved it using a power series expansion about
ηη = 0 …Blasius solution= 0 …Blasius solution
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 8/108/10Prandtl/Blasius Solution Prandtl/Blasius Solution 8/108/10

fdfd 23

Numerical solution of Numerical solution of 
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Prandtl/Blasius SolutionPrandtl/Blasius Solution 9/109/10Prandtl/Blasius Solution Prandtl/Blasius Solution 9/109/10

Numerical solution of Numerical solution of 

0''ff'''f2
d

fdf
d

fd2
2

2

3

3


 

Blasius boundary layer profile: (Blasius boundary layer profile: (aa) boundary layer profile in dimensionless ) boundary layer profile in dimensionless 
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form using the similarity variable form using the similarity variable ηη. (. (bb) similar boundary layer profiles at ) similar boundary layer profiles at 
different locations along the flat plate.different locations along the flat plate.



Prandtl/Blasius SolutionPrandtl/Blasius Solution 10/1010/10Prandtl/Blasius Solution Prandtl/Blasius Solution 10/1010/10

 From Table 9.1. We see that at From Table 9.1. We see that at ηη = 5.0 , u/U=0.992, = 5.0 , u/U=0.992, ff=3.283=3.283..
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44HW: derive momentum thickness and shear stress formulas.HW: derive momentum thickness and shear stress formulas.



HW SolutionHW Solution 

 Revised Revised Table 9.1. Table 9.1. 
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M I l E iM I l E iMomentum Integral EquationMomentum Integral Equation
Used to obtain approximate Used to obtain approximate 

information on boundary layer growthinformation on boundary layer growthinformation on boundary layer growthinformation on boundary layer growth
How To Solve Boundary LayerHow To Solve Boundary Layer
1. 1. By Blasius (called Blasius solution)By Blasius (called Blasius solution)

Limited to Limited to laminarlaminar boundary layer onlyboundary layer only, and for a , and for a flat plate onlyflat plate only ((without a pressure gradientwithout a pressure gradient).).
2. 2. Momentum integral equationMomentum integral equation

Used to obtainUsed to obtain approximate information on boundary layer growth for the general caseapproximate information on boundary layer growth for the general case (( laminar orlaminar or
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Used to obtain Used to obtain approximate information on boundary layer growth for the general caseapproximate information on boundary layer growth for the general case ( ( laminar or laminar or 
turbulent boundary layers, with or without a pressure gradientturbulent boundary layers, with or without a pressure gradient).).



Momentum Integral EquationMomentum Integral Equation 1/121/12Momentum Integral Equation Momentum Integral Equation 1/121/12

Consider incompressible, steady, twoConsider incompressible, steady, two--dimensional flow dimensional flow 
over a solid surface.over a solid surface.

?)( ?)x(
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Momentum Integral EquationMomentum Integral Equation 2/122/12Momentum Integral Equation Momentum Integral Equation 2/122/12

 Assume that the pressure is constant throughout the flow field.Assume that the pressure is constant throughout the flow field.
 XX--component of the momentum equation to the steady flow of fluid component of the momentum equation to the steady flow of fluid 

ithi thi t l lithi thi t l lwithin this control volumewithin this control volume
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For a plate of width bFor a plate of width b
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wwhere here DD is the drag that the is the drag that the fluidfluid exerts on the exerts on the objectobject..



Momentum Integral EquationMomentum Integral Equation 3/123/12Momentum Integral Equation Momentum Integral Equation 3/123/12

 Si h l i lid d h f f h l lSi h l i lid d h f f h l l Since the plate is solid and the upper surface of the control volume Since the plate is solid and the upper surface of the control volume 
is a streamline, there is no flow through these area. Thusis a streamline, there is no flow through these area. Thus
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 The conservation of massThe conservation of mass
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Drag on a flat plate is related toDrag on a flat plate is related to





0

udyUh

Drag on a flat plate is related to Drag on a flat plate is related to 
momentum deficitmomentum deficit within the within the 
boundary layerboundary layer0




 UudybUbUh
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Momentum Integral EquationMomentum Integral Equation 4/124/12Momentum Integral Equation Momentum Integral Equation 4/124/12

dy)uU(ubD
0


 A balance between shear drag and a 
decrease in the momentum of the fluid

 As x increases, As x increases,  increases and the drag increases and the drag 
increases.increases.increases.increases.

 The thickening of the boundary layer is The thickening of the boundary layer is 
necessary to overcome the drag of the viscous necessary to overcome the drag of the viscous 
shear stress on the plateshear stress on the plate. . (This is contrary to (This is contrary to 
horizontal fully developed horizontal fully developed pipe flowpipe flow in which in which 
thethe momentum of the fluid remains constantmomentum of the fluid remains constantthe the momentum of the fluid remains constantmomentum of the fluid remains constant
and and the shear force is overcome by the the shear force is overcome by the 
pressure gradient along the pipepressure gradient along the pipe.).)
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Momentum Integral EquationMomentum Integral Equation 5/125/12Momentum Integral Equation Momentum Integral Equation 5/125/12

 By T. von Karman (1881By T. von Karman (1881--1963) 1963) 

dy)uU(ubD 
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 dy)uU(ubD
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 2bUD
dyu1u
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Valid for laminar or turbulent flowsValid for laminar or turbulent flowsdy
U
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U0


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 ww b
dx
dDbdxdD 

d
dU2

w


 Momentum integral equation for the Momentum integral equation for the 
boundary layer flow on a flat plateboundary layer flow on a flat plate
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dxw boundary layer flow on a flat plateboundary layer flow on a flat plate



Momentum Integral EquationMomentum Integral Equation 6/126/12Momentum Integral Equation Momentum Integral Equation 6/126/12

If we knew the detailed velocity profile in the boundary layer (i.e., If we knew the detailed velocity profile in the boundary layer (i.e., y p y y ( ,y p y y ( ,
the Blasius solution), we could evaluate either the drag force or the the Blasius solution), we could evaluate either the drag force or the 
shear stress.shear stress.
What if we don’t know What if we don’t know u=u(x)???  With an assumed velocity u=u(x)???  With an assumed velocity 
profile profile in the boundary layerin the boundary layer to obtain to obtain reasonable, approximate reasonable, approximate 
boundary layer resultboundary layer result TheThe accuracy of the result depends onaccuracy of the result depends onboundary layer resultboundary layer result. . The The accuracy of the result depends on accuracy of the result depends on 
how closely the shape of the assumed velocity profile how closely the shape of the assumed velocity profile 
approximates the actual profileapproximates the actual profile..pp ppp p
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Momentum Integral EquationMomentum Integral Equation 7/127/12Momentum Integral Equation Momentum Integral Equation 7/127/12

g(Y) ? g(Y)=Y (Example 9.4)g(Y) ? g(Y)=Y (Example 9.4)
For a given g(Y), the drag can be determined For a given g(Y), the drag can be determined 
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Momentum Integral EquationMomentum Integral Equation 8/128/12Momentum Integral Equation Momentum Integral Equation 8/128/12
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Momentum Integral EquationMomentum Integral Equation 9/129/12Momentum Integral Equation Momentum Integral Equation 9/129/12

Several assumed velocity profiles and the resulting value Several assumed velocity profiles and the resulting value 
of of 

Typical approximate boundary layer profilesTypical approximate boundary layer profiles
used in the momentum integral equation.used in the momentum integral equation.
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Momentum Integral EquationMomentum Integral Equation 10/1210/12Momentum Integral Equation Momentum Integral Equation 10/1210/12

 The more closely the assumed shape approximates the actual (i.e., The more closely the assumed shape approximates the actual (i.e., 
Blasius) profile, the more accurate the final resultsBlasius) profile, the more accurate the final results..

 F d fil h th f ti l d d fF d fil h th f ti l d d f  dd For any assumed profile shape, the functional dependence of For any assumed profile shape, the functional dependence of  and and 
ww on the physical parameters on the physical parameters ,,, U, and x is the same. Only the , U, and x is the same. Only the 
constants are differentconstants are different That isThat isconstants are differentconstants are different. That is,. That is,
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Momentum Integral EquationMomentum Integral Equation 11/1211/12Momentum Integral Equation Momentum Integral Equation 11/1211/12

 Defining dimensionless local friction coefficientDefining dimensionless local friction coefficient
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Momentum Integral EquationMomentum Integral Equation 12/1212/12Momentum Integral Equation Momentum Integral Equation 12/1212/12

 For a flat plate of length For a flat plate of length  and width b, the net friction drag  Dand width b, the net friction drag  Dff and and 
frictional drag coefficient Cfrictional drag coefficient CDfDf are defined asare defined as
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Transition from Laminar to TurbulentTransition from Laminar to Turbulent 1/51/5Transition from Laminar to Turbulent Transition from Laminar to Turbulent 1/51/5

 Above analytical results agree quite well with experimental results Above analytical results agree quite well with experimental results 
up to a point where the boundary layer flow becomes turbulent, up to a point where the boundary layer flow becomes turbulent, 
which will occur for any free stream velocity and any fluidwhich will occur for any free stream velocity and any fluid providedprovidedwhich will occur for any free stream velocity and any fluid which will occur for any free stream velocity and any fluid provided provided 
the plate is long enoughthe plate is long enough..

 The parameter that governs the transition to turbulent flow is theThe parameter that governs the transition to turbulent flow is the The parameter that governs the transition to turbulent flow is the The parameter that governs the transition to turbulent flow is the 
Reynolds numbers Reynolds numbers –– in this case, the in this case, the Reynolds number based on the Reynolds number based on the 
distance from the leading edge of the platedistance from the leading edge of the plate, Re, Rexx=Ux/=Ux/..

 The value of the Reynolds number at the transition location is a The value of the Reynolds number at the transition location is a 
rather rather complex function of various parameters involved, including complex function of various parameters involved, including 
the roughness of the surface, the curvature of the surface, and some the roughness of the surface, the curvature of the surface, and some 
measure of the disturbances in the flow outside the boundary layermeasure of the disturbances in the flow outside the boundary layer..
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Transition from Laminar to TurbulentTransition from Laminar to Turbulent 2/52/5Transition from Laminar to Turbulent Transition from Laminar to Turbulent 2/52/5

 On a On a flat plateflat plate with a with a sharp leading edgesharp leading edge in a typical airin a typical air--stream, the stream, the 
transition takes placetransition takes place at a distance xat a distance x from the leading edge given by from the leading edge given by 
ReRe =2=2××101055 to 3to 3××101066 ReRe =5=5××101055 is usedis usedReRexcrxcr=2=2××101055 to 3to 3××101066. . ReRexcrxcr=5=5××101055 is used.is used.

 The actual transition from laminar to turbulent boundary layer flow The actual transition from laminar to turbulent boundary layer flow 
may occur over a region of the plate not a specific single locationmay occur over a region of the plate not a specific single locationmay occur over a region of the plate, not a specific single location.may occur over a region of the plate, not a specific single location.

 Typical, the transition begins at random location on the plate in the Typical, the transition begins at random location on the plate in the 
vicinity of  Revicinity of  Rexx= = ReRexcrxcryy xx xcrxcr

 The complex process of transition from laminar to turbulent flow The complex process of transition from laminar to turbulent flow 
involves the instability of the flow filed.involves the instability of the flow filed.yy
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Transition from Laminar to TurbulentTransition from Laminar to Turbulent 3/53/5Transition from Laminar to Turbulent Transition from Laminar to Turbulent 3/53/5

 Small disturbances imposed on the boundary layer will either grow Small disturbances imposed on the boundary layer will either grow 
or decay, depending on where the disturbance is introduced into the or decay, depending on where the disturbance is introduced into the 
flowflowflowflow..

 If the disturbances occur at a location with ReIf the disturbances occur at a location with Rexx<Re<Rexcr xcr , they will , they will die die 
outout and the boundary layer will return to laminar flow at thatand the boundary layer will return to laminar flow at thatoutout, and the boundary layer will return to laminar flow at that , and the boundary layer will return to laminar flow at that 
location.location.

 If the disturbances occur at a location with ReIf the disturbances occur at a location with Rexx>Re>Rexcrxcr , they will , they will xx xcr xcr , y, y
growgrow and transform the boundary layer flow downstream of this and transform the boundary layer flow downstream of this 
location into turbulence.location into turbulence.

The boundary layer on a flat plate will become turbulent The boundary layer on a flat plate will become turbulent 
if the plate is long enoughif the plate is long enough > large Reynolds number> large Reynolds number

61

if  the plate is long enough if  the plate is long enough --> large Reynolds number .> large Reynolds number .



Transition from Laminar to TurbulentTransition from Laminar to Turbulent 4/54/5Transition from Laminar to Turbulent Transition from Laminar to Turbulent 4/54/5

Transition process

Turbulent spots and the transition from laminar 
to turbulent boundary layer flow on a flat plate
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to turbulent boundary layer flow on a flat plate. 
Flow from left to right



Transition from Laminar to TurbulentTransition from Laminar to Turbulent 5/55/5Transition from Laminar to Turbulent Transition from Laminar to Turbulent 5/55/5

 Transition from laminar to turbulent Transition from laminar to turbulent 
flow involves a noticeable change flow involves a noticeable change 
in the shape of the boundary layerin the shape of the boundary layer

FlatterFlatter
in the shape of the boundary layer in the shape of the boundary layer 
velocity profiles.velocity profiles.

 TheThe turbulent profiles are flatterturbulent profiles are flatter The The turbulent profiles are flatterturbulent profiles are flatter, , 
have a large velocity gradient at the have a large velocity gradient at the 
wall, and produce a larger boundary wall, and produce a larger boundary 
layer thickness than do the laminar layer thickness than do the laminar 
profiles.profiles.

boundary layer velocity profiles boundary layer velocity profiles 
on a flat plate for laminar, on a flat plate for laminar, 
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transitional, and turbulent flow.transitional, and turbulent flow.



Laminar and TurbulentLaminar and TurbulentLaminar and TurbulentLaminar and Turbulent

485 For laminar flowFor laminar flow
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 For turbulent flowFor turbulent flow 5/1
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The turbulent boundary layer develops more rapidlyThe turbulent boundary layer develops more rapidly than the than the 
laminar boundary layer.laminar boundary layer.

Wall shear stress is much higher in the turbulent boundary layerWall shear stress is much higher in the turbulent boundary layer
than in the laminar layer.than in the laminar layer.
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Effects of Pressure GradientEffects of Pressure Gradient
FFFoxFox
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Effect of Pressure GradientsEffect of Pressure Gradients 1/41/4Effect of Pressure Gradients Effect of Pressure Gradients 1/41/4

 Use the boundary conditions Use the boundary conditions at the wall u=v=0 at y=0at the wall u=v=0 at y=0
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which (momentum equation) relates which (momentum equation) relates the curvature of the velocity the curvature of the velocity 
profile at the surface to the pressure gradientprofile at the surface to the pressure gradient..
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Effect of Pressure GradientsEffect of Pressure Gradients 1/41/4Effect of Pressure Gradients Effect of Pressure Gradients 1/41/4

 Favorable pressure gradientFavorable pressure gradient: the pressure decreases in the flow : the pressure decreases in the flow 
direction direction 
T t t th l i th fl id ti l i th b d lT t t th l i th fl id ti l i th b d lTo counteract the slowing the fluid particles in the boundary layer.To counteract the slowing the fluid particles in the boundary layer.

0x/p 

 Adverse pressure gradientAdverse pressure gradient: the pressure increases in the flow : the pressure increases in the flow 
di tidi tidirectiondirection
To contribute to the slowing of the fluid particles.To contribute to the slowing of the fluid particles.

0x/p 
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0x/p  0x/p 
pu

2

2 
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


 The The velocity profile is velocity profile is linearlinear near the wallnear the wall. . 
 In the boundary layer, the velocity gradient becomes smaller and In the boundary layer, the velocity gradient becomes smaller and 

d ll h Th d i th l it di td ll h Th d i th l it di t

xy 0y
2 




gradually approaches zero. The decrease in the velocity gradient gradually approaches zero. The decrease in the velocity gradient 
means that the second derivative of the velocity must be negative. means that the second derivative of the velocity must be negative. 

 The second derivative is shown as being zero at the wall negativeThe second derivative is shown as being zero at the wall negative The second derivative  is shown as being zero at the wall, negative The second derivative  is shown as being zero at the wall, negative 
within the boundary layer, and approaching zero at the outer edge of within the boundary layer, and approaching zero at the outer edge of 
the boundary layer. the boundary layer. y yy y

the second derivative  
approach zero from the 
negative sidenegative side. 
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0x/p  0x/p 

 A negative pressure gradient is seen to A negative pressure gradient is seen to produce a velocity variationproduce a velocity variation
somewhat similar to that of the zero pressure gradient case. somewhat similar to that of the zero pressure gradient case. 

Source: Fox et al.Source: Fox et al.
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0x/p  0x/p 

 A A positive pressure gradientpositive pressure gradient requires a positive derivative value of requires a positive derivative value of 
the second derivative of the velocity at the wall. the second derivative of the velocity at the wall. 

 Si thi d i ti t h f th ti id tSi thi d i ti t h f th ti id t Since this derivative must approach zero from the negative side, at Since this derivative must approach zero from the negative side, at 
some point within the boundary layer the second derivative must some point within the boundary layer the second derivative must 
equal to zero A zero second derivative it will be recalled isequal to zero A zero second derivative it will be recalled isequal to zero. A zero second derivative, it will be recalled, is equal to zero. A zero second derivative, it will be recalled, is 
associated with an inflection point.  associated with an inflection point.  

PI=point of inflectionPI=point of inflection
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0x/p 

 If hIf h d di i hd di i h h fl id i lh fl id i l

0x/p 

 If the If the adverse pressure gradient is severe enoughadverse pressure gradient is severe enough, the fluid particle , the fluid particle 
in the boundary layer will actually be brought to restin the boundary layer will actually be brought to rest ((the velocity in the velocity in 
the layer of fluid adjacent to the wall must be zero or negativethe layer of fluid adjacent to the wall must be zero or negative ).).y j gy j g ))

 If the adverse pressure gradient is severe enough, If the adverse pressure gradient is severe enough, the particle will be the particle will be 
forced away from the body surfaceforced away from the body surface (called (called flow separationflow separation)) as they as they 

k f f ll i i lk f f ll i i l l i l l dil i l l di kk iimake room for following particles, make room for following particles, ultimately leading to aultimately leading to a wakewake in in 
which flow is turbulent.which flow is turbulent.

High pressureHigh pressureLow pressureLow pressure
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Effect of Pressure GradientsEffect of Pressure Gradients 2/42/4Effect of Pressure Gradients Effect of Pressure Gradients 2/42/4

 For For uniform flow over a flat plateuniform flow over a flat plate the flow the flow never separatesnever separates, and , and 
we we never develop a wakenever develop a wake region, whether the boundary layer is region, whether the boundary layer is 
laminar or turbulent regardless of plate lengthlaminar or turbulent regardless of plate lengthlaminar or turbulent, regardless of plate length.laminar or turbulent, regardless of plate length.
p/p/x=0x=0 : no flow separation.: no flow separation.
p/p/x<0x<0 : no flow separation: no flow separationp/p/x<0x<0 : no flow separation.: no flow separation.
p/p/x>0x>0 : could have flow separation, not always leads to flow : could have flow separation, not always leads to flow 

separation and a wakeseparation and a wake p/p/x>0x>0 is a “necessary condition” foris a “necessary condition” forseparation and a wake. separation and a wake. p/p/x>0x>0 is a necessary condition  for is a necessary condition  for 
flow separation to occurflow separation to occur..
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Effect of Pressure GradientsEffect of Pressure Gradients 3/43/4Effect of Pressure Gradients Effect of Pressure Gradients 3/43/4

Separation occurs.
The flow deceleratesOutside the boundary layer. 

The flow accelerates. Constant velocity

The flow decelerates.

? How small the adverse 
pressure gradient needs topressure gradient needs to 
eliminate flow separation?

Source: Fox et alSource: Fox et al
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Effect of Pressure GradientsEffect of Pressure Gradients 4/44/4Effect of Pressure Gradients Effect of Pressure Gradients 4/44/4

PI=point of inflectionPI=point of inflection

Source: Fox et alSource: Fox et al
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Effects of Pressure GradientEffects of Pressure Gradient
MMMunsonMunson

75



Flows Past Circular CylinderFlows Past Circular Cylinderyy
Inviscid Flow Inviscid Flow 1/21/2

 For “For “inviscidinviscid” flow past a circular ” flow past a circular 
cylindercylinder, the fluid velocity along the , the fluid velocity along the 
surface would vary from Usurface would vary from U =0 at the=0 at thesurface would vary from Usurface would vary from Ufsfs=0 at the =0 at the 
very front and rear of the cylinder to a very front and rear of the cylinder to a 
maximum of Umaximum of Ufsfs=2U at the top and =2U at the top and fsfs pp
bottom of the cylinder.bottom of the cylinder.

 The pressure on the surface of the The pressure on the surface of the 
cylinder would be symmetrical about cylinder would be symmetrical about 
the vertical midthe vertical mid--plane of the cylinder.plane of the cylinder.

Favorable pressure Favorable pressure 
gradientgradient

Adverse pressure gradientAdverse pressure gradient
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Flows Past Circular CylinderFlows Past Circular Cylinderyy
Inviscid FlowInviscid Flow 2/22/2

 The The drag on the cylinder is zerodrag on the cylinder is zero..

No matter how small the viscosity, there will be No matter how small the viscosity, there will be a boundary layer a boundary layer 
that separates from the surface, giving a drag that is independent of that separates from the surface, giving a drag that is independent of 
the value of the value of μμ..

This leads to what has been termed This leads to what has been termed 
d’Alembert’s paradoxd’Alembert’s paradox, , the drag on an the drag on an 
object in an inviscid fluid is zeroobject in an inviscid fluid is zero, but , but 
the drag on an object in a fluid with the drag on an object in a fluid with 

i hi l ll (b t )i hi l ll (b t )vanishingly small (but nonzero) vanishingly small (but nonzero) 
viscosity is not zeroviscosity is not zero..
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Flows Past Circular Flows Past Circular CylinderCylinderyy
Viscous FlowViscous Flow 1/51/5

 C id fl id i l i hiC id fl id i l i hi Consider a fluid particle within Consider a fluid particle within 
the boundary layer. In its attempt the boundary layer. In its attempt 
to flow from A to F.to flow from A to F.

 Because of the viscous effects Because of the viscous effects 
involved, the particle in the involved, the particle in the 
b d l i lb d l i lboundary layer experiences a loss boundary layer experiences a loss 
of energy as it flow alongof energy as it flow along..

 This loss means thatThis loss means that the particlethe particle This loss means that This loss means that the particle the particle 
does not have enough energydoes not have enough energy to to 
coast all of the way coast all of the way upup the the 

hill ( f C F) dhill ( f C F) dpressure hill ( from C to F) and to pressure hill ( from C to F) and to 
reach point F at the rear of the reach point F at the rear of the 
cylinder.cylinder.
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Flows Past Circular CylinderFlows Past Circular Cylinderyy
Viscous Flow Viscous Flow 2/52/5

 The kinetic energy deficit is seen in the velocity profile detail at The kinetic energy deficit is seen in the velocity profile detail at 
Point C.Point C.
Th it ti i i il t bi li t ti d hill dTh it ti i i il t bi li t ti d hill dThe situation is similar to a bicyclist coasting down a hill and up The situation is similar to a bicyclist coasting down a hill and up 

the other side of the valley. If there were no frictionthe other side of the valley. If there were no friction,, the rider the rider 
starting with zero speed could reach the same height from whichstarting with zero speed could reach the same height from whichstarting with zero speed could reach the same height from which starting with zero speed could reach the same height from which 
he started. Clearly friction, making it impossible for a rider to he started. Clearly friction, making it impossible for a rider to 
reach the height from which he started without supplying reach the height from which he started without supplying 
additional energy.additional energy.

 The fluid within the boundary layer does not have such an energy The fluid within the boundary layer does not have such an energy 
supplysupply. Thus, the fluid flows against the increasing pressure as far as . Thus, the fluid flows against the increasing pressure as far as 
it can, at which point the boundary layer separates from (lifts off) it can, at which point the boundary layer separates from (lifts off) 
the surfacethe surface
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Flows Past Circular CylinderFlows Past Circular Cylinderyy
Viscous Flow Viscous Flow 3/53/5

 At the separation location D, the velocity gradient at the wall and At the separation location D, the velocity gradient at the wall and 
the wall shear stress are zero.the wall shear stress are zero.

 B d th t ti l ti (f D t E) th iB d th t ti l ti (f D t E) th i flfl Beyond that separation location (from D to E) there is Beyond that separation location (from D to E) there is reverse flowreverse flow
in the boundary layer.in the boundary layer.

 Because of the boundary layer separation the average pressure onBecause of the boundary layer separation the average pressure on Because of the boundary layer separation, the average pressure on Because of the boundary layer separation, the average pressure on 
the rear half of the cylinder is considerably less than on the front the rear half of the cylinder is considerably less than on the front 
half.half.

 Thus, a Thus, a large pressure drag is developedlarge pressure drag is developed, , even though the viscous even though the viscous 
shear drag may be quite smallshear drag may be quite small..g y qg y q

Drag= friction drag + pressure drag
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Flows Past Circular CylinderFlows Past Circular Cylinder
Viscous Flow Viscous Flow 4/54/5

 The location of separation, the width of the wake region behind the The location of separation, the width of the wake region behind the 
object, and the pressure distribution on the surface depend on the object, and the pressure distribution on the surface depend on the 
nature of the boundary layer flownature of the boundary layer flownature of the boundary layer flow.nature of the boundary layer flow.

 Compared with a laminar boundary layer, Compared with a laminar boundary layer, the turbulent layer flow the turbulent layer flow 
has more kinetic energy and momentum Thus thehas more kinetic energy and momentum Thus the turbulentturbulenthas more kinetic energy and momentum. Thus, the has more kinetic energy and momentum. Thus, the turbulentturbulent
boundary layer can boundary layer can flow fartherflow farther around the cylinder before it around the cylinder before it 
separates than can the laminar boundary layer.separates than can the laminar boundary layer.
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Flows Past Circular CylinderFlows Past Circular Cylinder
Viscous Flow Viscous Flow 5/55/5

The momentum flux within The momentum flux within 
the turbulent boundary layer is the turbulent boundary layer is 

Separation occurs Separation occurs 
when the momentum when the momentum 

greater than within the laminar greater than within the laminar 
layer.layer.
The turbulent layer is better The turbulent layer is better 

of fluid layers near of fluid layers near 
the surface is reduced the surface is reduced 
to zero by the to zero by the e u bu e aye s be ee u bu e aye s be e

able to resist separation in an able to resist separation in an 
adverse pressure gradient.adverse pressure gradient.

yy
combined action of combined action of 
pressure and viscous pressure and viscous 
forcesforcesforces.forces.

Drag= friction drag + pressure drag
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Flow Past an airfoilFlow Past an airfoilFlow Past an airfoilFlow Past an airfoil

Flow visualization Flow visualization 
photographs of flow photographs of flow p g pp g p
past an airfoil: (past an airfoil: (aa) ) 
zero angle of attack, zero angle of attack, gg
no separation, (no separation, (bb) 5) 5
angle of attack, flow angle of attack, flow gg
separation.separation.
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NEXTNEXTNEXT…NEXT…

DRAGDRAG
Friction DragFriction Draggg
Pressure DragPressure Drag
Drag Coefficient Data and ExamplesDrag Coefficient Data and ExamplesDrag Coefficient Data and ExamplesDrag Coefficient Data and Examples

LIFTLIFT
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Lift and Drag ConceptsLift and Drag Concepts 2/32/3Lift and Drag ConceptsLift and Drag Concepts
 The resultant force in the downstream direction (The resultant force in the downstream direction (by the fluidby the fluid) is termed the) is termed the DRAGDRAG, , 

and the resultant force normal to the upstream velocity is termed the and the resultant force normal to the upstream velocity is termed the LIFTLIFT, both , both 
of which are of which are surface forcessurface forces..

     dAeepedAeDDrag rrrrxnx  
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




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DRAGDRAGDRAGDRAG

 DD FF i hi h i f f f d bi f f f d b Drag Drag FFDD is the is the stream wise component of surface force exerted by a stream wise component of surface force exerted by a 
fluid on a bodyfluid on a body..

   dAidAdFDD

 The drag coefficientThe drag coefficient CCDD

   dAsindAcospdFDDrag wx
   

      
  dAeepedAteDDrag rrrrxnx  

 The drag coefficient The drag coefficient CCDD

AU1
DC

2
D 

      








dAdAp

dApdAp

r

rrrr









sincos

sincossincos

 The The drag coefficientdrag coefficient is a function of object shape, Reynolds is a function of object shape, Reynolds 

where  A is the where  A is the cross sectional areacross sectional area..AU
2

2

number,Re, Mach number, Ma, Froude number, Fr, and relative number,Re, Mach number, Ma, Froude number, Fr, and relative 
roughness of the surface,roughness of the surface,

 /MFRhfC
/
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Friction DragFriction DragFriction DragFriction Drag

 Friction drag is due to the Friction drag is due to the shear stressshear stress on the objecton the object

2 CbU1D  Df
2

f CbU
2
1D 

CDf=f (shear stress, orientation of the surface on which it acts)

i h f i i d ffi ii h f i i d ffi i
DC f is the friction drag coefficient.is the friction drag coefficient.

AU
2
1C

2
Df




 


/,RefC Df 








URe
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Pressure Drag (Form Drag)Pressure Drag (Form Drag)Pressure Drag (Form Drag)Pressure Drag (Form Drag)

 Pressure drag is due to the Pressure drag is due to the pressure differencepressure difference on the object.on the object.

  dAcospDp

The pressure drag coefficient The pressure drag coefficient CCDpDp

 pp

A

dAcosC

AU1

dAcosp

AU1
D

C
p

22

p
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 



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AAU
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22 

)2/U/()pp(C 2
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Dynamic pressureDynamic pressure
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)/(RefCD  
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Drag Coefficient Data and Drag Coefficient Data and 
E lE lExampleExample
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CCDD Shape DependenceShape DependenceCCDD –– Shape DependenceShape Dependence

 The The drag coefficientdrag coefficient for an for an 
object depends on the object depends on the shapeshape
of the object with shapesof the object with shapesof the object, with shapes of the object, with shapes 
ranging from those that are ranging from those that are 
streamlinedstreamlined to those that are to those that are 
bluntblunt..

 Drag coefficient for an Drag coefficient for an 
ellipse with the ellipse with the characteristic characteristic 
areaarea either the frontal area, either the frontal area, 
A bD th l fA bD th l fA=bD, or the planform area, A=bD, or the planform area, 
A=bA=b..
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CCDD Shape DependenceShape DependenceCCDD –– Shape DependenceShape Dependence

 Two objects of considerably different size that have the same drag Two objects of considerably different size that have the same drag 
force: (a) circular cylinder Cforce: (a) circular cylinder CDD=1.2, (b) streamlined strut C=1.2, (b) streamlined strut CDD=0.12=0.12
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CCDD Shape DependenceShape Dependence FoxFoxCCDD –– Shape Dependence Shape Dependence FoxFox

 Drag coefficient for Drag coefficient for 
flow past a variety of flow past a variety of 
objectsobjectsobjects.objects.

 Re>1000Re>1000
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CCDD Shape DependenceShape Dependence FoxFoxCCDD –– Shape Dependence Shape Dependence FoxFox

NACA National Ad isor Committee for Aerona tics For conventional section For conventional section 
NACA0015, the pressure NACA0015, the pressure 
gradient becomes adverse atgradient becomes adverse at

NACA: National Advisory Committee for Aeronautics 

gradient becomes adverse at gradient becomes adverse at 
x/c=0.13, near the point of x/c=0.13, near the point of 
maximum thickness. The drag maximum thickness. The drag gg
coefficient Ccoefficient CDD=0.0061.=0.0061.

 For laminarFor laminar--flow section flow section 
NACA 66NACA 6622--015, the pressure 015, the pressure 
gradient becomes adverse at gradient becomes adverse at 

/ 0 63 Th th b lk f th/ 0 63 Th th b lk f thx/c=0.63. Thus the bulk of the x/c=0.63. Thus the bulk of the 
flow is laminar;  Cflow is laminar;  CDD=0.0035.=0.0035.

93Source: Fox et al.Source: Fox et al.



CCDD Shape DependenceShape Dependence FoxFoxCCDD –– Shape Dependence Shape Dependence FoxFox

 Th i i f dTh i i f d The variation of drag The variation of drag 
coefficient as a coefficient as a function of function of 
angle of attackangle of attack for an airfoil.for an airfoil.gg

 The angle of attack is small, the The angle of attack is small, the 
boundary layer remain attached boundary layer remain attached 

h i f ilh i f il d h d id h d ito the airfoilto the airfoil, and the drag is , and the drag is 
relatively small.relatively small.

 For angles larger than criticalFor angles larger than critical For angles larger than critical For angles larger than critical 
angle the body appears to the angle the body appears to the 
flow as if it were a blunt bodyflow as if it were a blunt body, , 

d h d i ld h d i l
Critical angle of attackCritical angle of attack

and the drag increases greatly.and the drag increases greatly.

94



CCDD Shape DependenceShape Dependence FoxFoxCCDD –– Shape Dependence Shape Dependence FoxFox

 The variation of drag coefficient as a function of aspect ratio for a The variation of drag coefficient as a function of aspect ratio for a 
flat plate normal to the upstream flow and a circular cylinder.flat plate normal to the upstream flow and a circular cylinder.
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CCDD Reynolds Number DependenceReynolds Number DependenceCCDD –– Reynolds Number DependenceReynolds Number Dependence

 The main categories of Reynolds number dependence are (1) very The main categories of Reynolds number dependence are (1) very 
low Reynolds number flow, (2) Moderate Reynolds number flow, low Reynolds number flow, (2) Moderate Reynolds number flow, 
and (3) very large Reynolds number flowand (3) very large Reynolds number flowand (3) very large Reynolds number flow.and (3) very large Reynolds number flow.

 For For Low Reynolds number flowsLow Reynolds number flows (Re<1)(Re<1) ),,U(fD  

UCD Dimensional analysis

C2UC2DC  6-or6sphereaFor uaDUaD  

 F d t R ld bF d t R ld b

Re
C2

U
UC2

U
DC 2222

2
1D 














 velocity,stream free a is 

sphere, a of velocity a is  where
 6or 6sphereaFor 

U
u

uaDUaD 

 For moderate Reynolds numberFor moderate Reynolds number

2/1
D Re~C

radius.aisand a
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CCDD Reynolds Number DependenceReynolds Number DependenceCCDD –– Reynolds Number DependenceReynolds Number Dependence

 Drag coefficient Drag coefficient for low Reynolds numberfor low Reynolds number flow past a variety of flow past a variety of 
objects.objects.

Re
243

2
4
12

2
12

4
12

2
1


DU

DU
DU

DCD 



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CCDD Reynolds Number DependenceReynolds Number DependenceCCDD –– Reynolds Number DependenceReynolds Number Dependence

 Character of the drag coefficient as a function of Reynolds number for a smooth Character of the drag coefficient as a function of Reynolds number for a smooth 
circular cylinder and a smooth sphere.circular cylinder and a smooth sphere.

The The turbulent boundary layer travels turbulent boundary layer travels 
furtherfurther along the surface into thealong the surface into thefurtherfurther along the surface into the along the surface into the 
adverse pressure gradient  on the rear adverse pressure gradient  on the rear 
portion of the cylinder before portion of the cylinder before 
separation occurs This results aseparation occurs This results aseparation occurs. This results a separation occurs. This results a 
thinner wake ,thinner wake ,small pressure dragsmall pressure drag ,and ,and 
sudden decrease in Csudden decrease in CDD..

TheThe drag coefficient decreases when thedrag coefficient decreases when the
98

The The drag coefficient decreases when the drag coefficient decreases when the 
boundary layer becomes turbulentboundary layer becomes turbulent..



Flow Patterns for Various Reynolds Flow Patterns for Various Reynolds 
NumbersNumbers
The structure of the flow field The structure of the flow field 

at selected Reynolds number.at selected Reynolds number.

A B C D E
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CCDD Reynolds Number DependenceReynolds Number DependenceCCDD –– Reynolds Number DependenceReynolds Number Dependence

 Character of the drag Character of the drag 
coefficient as a function of coefficient as a function of 
Reynolds number for objectsReynolds number for objectsReynolds number for objects Reynolds number for objects 
with various degrees of with various degrees of 
streamlining, from a flat plate streamlining, from a flat plate g, pg, p
normal to the upstream flow to normal to the upstream flow to 
a flat plate parallel to the flow.a flat plate parallel to the flow.

On a On a flat plateflat plate with a with a sharp leading edgesharp leading edge
in a typical airin a typical air--stream, stream, ReRexcrxcr=5=5××101055

..

For For blunt bodiesblunt bodies,, tthe he drag coefficient decreases when the boundary layer becomes drag coefficient decreases when the boundary layer becomes 
turbulentturbulent.. (pressure drag decreases but friction drag increases (pressure drag decreases but friction drag increases --> total drag decreases)> total drag decreases)
For For streamlined bodiesstreamlined bodies, the , the drag drag coefficient coefficient increasesincreases when the boundary layer when the boundary layer 
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,, gg y yy y
becomes turbulentbecomes turbulent. (friction drag increases). (friction drag increases)
Drag: 1. friction drag 2. pressure drag



CCDD Surface RoughnessSurface Roughness 1/31/3CCDD –– Surface RoughnessSurface Roughness 1/31/3

 Surface roughness protrudes through the laminar subSurface roughness protrudes through the laminar sub--layers adjacent layers adjacent 
to the surface and alters the wall shear stressto the surface and alters the wall shear stress..

 I dditi t thI dditi t th i d t b l t h ti d t b l t h t f hf h In addition to the In addition to the increased turbulent shear stressincreased turbulent shear stress, , surface roughness surface roughness 
can alter the Reynolds number at which the boundary layer can alter the Reynolds number at which the boundary layer 
becomes turbulentbecomes turbulentbecomes turbulentbecomes turbulent..

 A rough flat plate may have a larger portion of its length covered by a A rough flat plate may have a larger portion of its length covered by a 
turbulent boundary layer than the corresponding smooth plate.turbulent boundary layer than the corresponding smooth plate.y y p g py y p g p

 For For streamlinedstreamlined bodies, the bodies, the drag increases with increasing surface drag increases with increasing surface 
roughnessroughness because turbulent shear stress is much greater than because turbulent shear stress is much greater than gg gg
laminar shear stress.laminar shear stress.
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CCDD Surface RoughnessSurface Roughness 2/32/3CCDD –– Surface RoughnessSurface Roughness 2/32/3

 F l bl b d h fl l l h fl hF l bl b d h fl l l h fl h For extremely blunt body, such as a flat plate normal to the flow, the For extremely blunt body, such as a flat plate normal to the flow, the 
drag is independent of the surface roughness.drag is independent of the surface roughness.

 ForFor bluntblunt bodiesbodies like a circular cylinder or spherelike a circular cylinder or sphere an increase inan increase in For For bluntblunt bodiesbodies like a circular cylinder or sphere, like a circular cylinder or sphere, an increase in an increase in 
surface roughness can actually cause a decrease in the dragsurface roughness can actually cause a decrease in the drag -- a a 
considerable drop in pressure dragconsiderable drop in pressure drag with a slight increase in with a slight increase in 
f i i d bi i i ll ll df i i d bi i i ll ll dfriction drag, combining to give a smaller overall drag.friction drag, combining to give a smaller overall drag.

 The boundary layer can be tripped into turbulence at a smaller The boundary layer can be tripped into turbulence at a smaller 
Reynolds number by using a roughReynolds number by using a rough--surfaced spheresurfaced sphere For exampleFor exampleReynolds number by using a roughReynolds number by using a rough--surfaced spheresurfaced sphere. For example, . For example, 
the critical Reynolds number for a golf bass is approximately the critical Reynolds number for a golf bass is approximately 
Re=4Re=4××101044. In the range of . In the range of 44××10104 4 <Re<4<Re<4××10105 5 , the drag on the , the drag on the 

d d h (i di l d) lf b ll i id bl l h fd d h (i di l d) lf b ll i id bl l h fstandard rough  (i.e., dimpled) golf ball is considerably less than for standard rough  (i.e., dimpled) golf ball is considerably less than for 
the smooth ball.the smooth ball.
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CCDD Surface RoughnessSurface Roughness 3/33/3CCDD –– Surface RoughnessSurface Roughness 3/33/3

Critical Reynolds number

The reason for dimples The reason for dimples 

Critical Reynolds number

on golf ballson golf balls

103
The boundary layer can be tripped into turbulence at a smaller 
Reynolds number by using a rough-surfaced sphere.



LIFTLIFT 1/31/3LIFT LIFT 1/31/3

 Lift is defined as the component of surface force exerted by a fluid Lift is defined as the component of surface force exerted by a fluid 
on a body perpendicular to the fluid motion.on a body perpendicular to the fluid motion.

 Th lif ffi i CTh lif ffi i C i d fi di d fi d

   dAcosdAsinpdFLLift wy

 The lift coefficient, CThe lift coefficient, CLL, is defined as, is defined as

LC 
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LIFTLIFT 2/32/3LIFT LIFT 2/32/3

Most common liftMost common lift--generating devices (i.e., airfoils, fans, spoiler on generating devices (i.e., airfoils, fans, spoiler on 
cars, etc.) operate in the large Reynolds number in which the flow cars, etc.) operate in the large Reynolds number in which the flow 
has a boundary layer character with viscous effects confined to thehas a boundary layer character with viscous effects confined to thehas a boundary layer character, with viscous effects confined to the has a boundary layer character, with viscous effects confined to the 
boundary layers and wake regions.boundary layers and wake regions.

Most of theMost of the lift comes fromlift comes from the surfacethe surface pressurepressure distributiondistribution TheTheMost of the Most of the lift comes fromlift comes from the surface the surface pressurepressure distributiondistribution. . The The 
wall shear stress contributes littlewall shear stress contributes little to the lift.to the lift.

 The relative importance of shear stress and pressure effects depends The relative importance of shear stress and pressure effects depends p p pp p p
strongly on the Reynolds number. strongly on the Reynolds number. For very low Reynolds number For very low Reynolds number 
regimes, viscous effects are important, and the contribution of the regimes, viscous effects are important, and the contribution of the 
shear stress to the lift may be as important as that of the pressureshear stress to the lift may be as important as that of the pressure..
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LIFTLIFT 3/33/3LIFT LIFT 3/33/3

 F hF h h di ib i h f fh di ib i h f f For the most part, For the most part, the pressure distribution on the surface of an the pressure distribution on the surface of an 
automobile is consistent with simple Bernoulli equation analysisautomobile is consistent with simple Bernoulli equation analysis..

 Locations withLocations with highhigh--speed flowspeed flow (i e over the roof and hood) have(i e over the roof and hood) have Locations with Locations with highhigh--speed flowspeed flow (i.e., over the roof and hood) have (i.e., over the roof and hood) have 
low pressurelow pressure, while locations with , while locations with lowlow--speed flowspeed flow (i.e., on the (i.e., on the 
grill and windshield) have grill and windshield) have high pressurehigh pressure..

 It is easy to believe that It is easy to believe that the integrated effect of this pressure the integrated effect of this pressure 
distribution would provide a net upward forcedistribution would provide a net upward force..

Pressure distribution on thePressure distribution on thePressure distribution on the Pressure distribution on the 
surface of an automobile.surface of an automobile.
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AirfoilAirfoil 1/61/6Airfoil Airfoil 1/61/6

 Airfoil is a typical device designed to produce liftAirfoil is a typical device designed to produce lift..
 Lift is generated by a pressure distribution that is different on the top Lift is generated by a pressure distribution that is different on the top 

d b tt fd b tt fand bottom surfaceand bottom surface..
 For large Reynolds number flows, these pressure distribution are For large Reynolds number flows, these pressure distribution are 

usually directly proportional to the dynamic pressureusually directly proportional to the dynamic pressure UU22/2/2 withwithusually directly proportional to the dynamic pressure, usually directly proportional to the dynamic pressure, UU22/2/2, with , with 
viscous effects being of secondary importance.viscous effects being of secondary importance.
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AirfoilAirfoil 2/62/6Airfoil Airfoil 2/62/6

 Symmetrical airfoil cannot produce liftSymmetrical airfoil cannot produce lift if if the angle of attackthe angle of attack, , αα , is , is 
zero.zero.

 A t f th t i l i f il ld d liftA t f th t i l i f il ld d lift Asymmetry of the nonsymmetrical airfoil could produce lift even Asymmetry of the nonsymmetrical airfoil could produce lift even 
with with αα =0=0..

 For certain value ofFor certain value of αα thethe For certain value of For certain value of αα, the , the 
pressure distributions on the pressure distributions on the 
upper and lower surfaces are upper and lower surfaces are 
different, but their resultant different, but their resultant 
pressure forces will be equal pressure forces will be equal 

d itd itand opposite.and opposite.
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DefinitionDefinition Angle of AttackAngle of AttackDefinition Definition –– Angle of Attack…Angle of Attack…

 The The angle of attackangle of attack (()) is the is the angle angle 
between the airfoil chord and the between the airfoil chord and the 
free stream velocity vectorfree stream velocity vectorfree stream velocity vectorfree stream velocity vector..

 The The chord length (c)chord length (c) of an airfoil is of an airfoil is 
the straight line joining the leadingthe straight line joining the leadingthe straight line joining the leading the straight line joining the leading 
edge and the trailing edge.edge and the trailing edge.

 The aspect ration (The aspect ration (AA) is defined as ) is defined as p (p ( ))
the ratio of the square of the ratio of the square of the length the length 
of the airfoil (bof the airfoil (b = = ll)) to the plato the plannform form 

22area (Aarea (App=bc). =bc). AA =b=b22/A/App=b/c.=b/c.
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AirfoilAirfoil 3/63/6Airfoil Airfoil 3/63/6

 Th lif d d ffi i i f i fTh lif d d ffi i i f i f The lift and drag coefficient is a function of The lift and drag coefficient is a function of 
angle of attackangle of attack,, , , and aspect ratioand aspect ratio, , AA. The . The 
aspect ratio is defined as the  ratio of the square aspect ratio is defined as the  ratio of the square p qp q
of the wing lengthof the wing length (b)(b) to the planform areato the planform area
(A(App=bc) , =bc) , AA== bb22/A/App..

 ThTh lif ffi i i d h dlif ffi i i d h d The The lift coefficient increases and the drag lift coefficient increases and the drag 
coefficient decreases with an increase in coefficient decreases with an increase in 
aspect ratioaspect ratio ((--> longer wings)> longer wings)..pp (( g g )g g )

 Long wings are more efficientLong wings are more efficient because their because their 
wing tip losses are relatively minor than for wing tip losses are relatively minor than for 
h ih ishort wings.short wings.
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AirfoilAirfoil 4/64/6Airfoil Airfoil 4/64/6

 Th i i d d t th fi it l th (Th i i d d t th fi it l th (AA The increase in drag due to the finite length (The increase in drag due to the finite length (AA
<<∞∞)) of the wing is often termed of the wing is often termed induced draginduced drag. It . It 
is due to the is due to the interaction of the complex swirling interaction of the complex swirling p gp g
flow structure near the wing tips and the free flow structure near the wing tips and the free 
streamstream..

 Hi h f i i l d hi hlHi h f i i l d hi hl High performance soaring airplanes and highly High performance soaring airplanes and highly 
efficient soaring birds (i.e., the albatross and sea efficient soaring birds (i.e., the albatross and sea 
gull) have long, narrow wingsgull) have long, narrow wings ((--> > large aspect large aspect g ) g, gg ) g, g (( g pg p
ratio wingsratio wings)). Such wings, however, have . Such wings, however, have 
considerable inertia that inhibits rapid considerable inertia that inhibits rapid 
maneuvers Thus highly maneuverable fightermaneuvers Thus highly maneuverable fightermaneuvers. Thus, highly maneuverable fighter maneuvers. Thus, highly maneuverable fighter 
or acrobatic airplanes and birds (i.e., the falcon) or acrobatic airplanes and birds (i.e., the falcon) 
have have smallsmall--aspectaspect--ratio wingsratio wings..
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AirfoilAirfoil 5/65/6Airfoil Airfoil 5/65/6

 Al h h i ff d h ll h ib li lAl h h i ff d h ll h ib li l Although viscous effects and the wall shear stress contribute little to Although viscous effects and the wall shear stress contribute little to 
the direct generation of lift, they play an important role in the design the direct generation of lift, they play an important role in the design 
and use of lifting devices.and use of lifting devices.gg

 The viscosityThe viscosity--induced boundary layer separation can occur on noninduced boundary layer separation can occur on non--
streamlined bodies such as airfoils that have too large and angle of streamlined bodies such as airfoils that have too large and angle of 

kkattack.attack.
 As the angle of attack is increased, the boundary layer on the upper As the angle of attack is increased, the boundary layer on the upper 

surface separates the flow over the wing develops a wide turbulentsurface separates the flow over the wing develops a wide turbulentsurface separates, the flow over the wing develops a wide, turbulent surface separates, the flow over the wing develops a wide, turbulent 
wake region, the lift decreases, and the drag increaseswake region, the lift decreases, and the drag increases..
Airfoil stallAirfoil stall results.results.o so s esu s.esu s.

112



AirfoilAirfoil 6/66/6Airfoil Airfoil 6/66/6

 Such conditions are extremely dangerous if Such conditions are extremely dangerous if 
they occur while the airplane is flying at a they occur while the airplane is flying at a 
low altitude where there is not sufficientlow altitude where there is not sufficientlow altitude where there is not sufficient low altitude where there is not sufficient 
time and altitude to recover from the stall.time and altitude to recover from the stall.

 As the angle of attack is increase theAs the angle of attack is increase the △△ pp
stallstall

 As the angle of attack is increase, the As the angle of attack is increase, the △△ p p 
between the upper and lower surfaces between the upper and lower surfaces 
increase, causing the lift coefficient to increase, causing the lift coefficient to 
increase smoothly until a maximum is increase smoothly until a maximum is 
reached.reached. Further increases in angle of attack Further increases in angle of attack 

d dd d i Cd dd d i C /C/Cproduce a sudden decrease in Cproduce a sudden decrease in CLL/C/CDD..

Onset of boundary Onset of boundary 
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the upper surfacethe upper surface



CC /C/C vsvs αα CC vs Cvs CCCLL/C/CDD vs. vs. αα, C, CLL vs. Cvs. CDD

Most efficient angle of attackMost efficient angle of attack
(i.e., largest C(i.e., largest CLL/C/CDD) ) 

O t f b dO t f b dOnset of boundary Onset of boundary 
layer separation on layer separation on 
the upper surfacethe upper surface

114



Lift Control DevicesLift Control Devices 1/21/2Lift Control DevicesLift Control Devices 1/21/2

 T lifT lif To generate necessary lift To generate necessary lift 
during the relatively lowduring the relatively low--speed speed 
landing and takeoff procedures, landing and takeoff procedures, g p ,g p ,
the airfoil shape is altered by the airfoil shape is altered by 
extending special flaps on the extending special flaps on the 
front and/or rear portion of thefront and/or rear portion of thefront and/or rear portion of the front and/or rear portion of the 
wing.wing.

 Use of the flaps considerably Use of the flaps considerably p yp y
enhances the lift, although it is enhances the lift, although it is 
at the expense of an increase in at the expense of an increase in 
the dragthe dragthe dragthe drag

115



Lift Control DevicesLift Control Devices 2/22/2Lift Control Devices Lift Control Devices 2/22/2

 Application of highApplication of high--lift boundary lift boundary 
layer control devices to reduce layer control devices to reduce 
takeoff speed of a jet transport takeoff speed of a jet transport 
aircraft.aircraft.

 In the In the landinglanding configuration, large configuration, large 
slotted trailingslotted trailing--edge flaps roll outedge flaps roll out

FlapsFlaps

slotted trailingslotted trailing edge flaps roll out edge flaps roll out 
from under the wing and deflect from under the wing and deflect 
downward to increase the lift downward to increase the lift 
coefficientcoefficient After touchdownAfter touchdown spoilerspoiler

spoilerspoiler

coefficient. coefficient. After touchdownAfter touchdown, spoiler , spoiler 
are raised in front of each flap to are raised in front of each flap to 
decrease lift and ensure that the plane decrease lift and ensure that the plane 

i h di h dremains on the ground.remains on the ground.
 In the In the takeoff takeoff configuration, large configuration, large 

slotted trailingslotted trailing--edge flaps deflect to edge flaps deflect to 
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increase the lift coefficient.increase the lift coefficient.


