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External Flow

ABodies and vehicles in motion, or
with flow over them, experience
fluid-dynamic forces and moments.

AExamples include: aircraft,
automobiles, buildings, ships,
submarines, turbomachines.

AThese problems are often classified
asExternal Flows.

AFuel economy, speed, acceleration,
maneuverability, stability, and
control are directly related to the
aerodynamic/hydrodynamic forces
and moments.
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Drag and Lift Concepts

p<O0
U A /n
q
TS -
Pressure
distribution p>0
(a)
T, Shear stress
— — — _ ~ distribution
U —>
N—— — — — — =
(b)
&£
U gﬁl




Outeg normal
PdA n

Drag and Lift

AFluid dynamic forces are
due to pressure (normal)
and viscous (shear)
forces acting on the body
surface.

ADrag Force component
parallel to flow direction.

ALift: Force component
normal to flow direction.



pdA

Drag Forces | E/

—
ADrag forces can be found by /

Integrating pressure and wall
shear stresses. 0

dF, = (p dA) cos 6 + (7,,dA) sin 6

dF, = —(pdA)sin 8 + (7, dA) cos 6 —

T,, Sin 6 dA

= J dF, = lpcasﬂdﬂ +

¥ = l dF, = — l psin@dA + | 7, cosfdA

g Is the angle between the normal vector and the direction of motion



Drag Forces

Special Cases

High pressure

Low pressure

v Boundary layer
S\ = = - QY)S
- u > —_— X - 0 }
n ‘ TW X TW Tw i* : J
q = 90 q = O Wall shear

Drag due to friction only Drag due to pressure only



Lift Coefficient(C.

Aln addition to geometnyi.ift force F is a function af & 5
densityr and velocityU. c Yo

Adrag coefficientG:

AAreaAis a reference areacan be frontal area (the a
projected on a plane normal to the direction of flow |
(drag applications), plaform area (wing U S
aerodynamics), or wettegurface area (ship
hydrodynamics).




Drag Coefficient,£C

Aln addition to geometry, drag fordg, is a function of density and
velocityV.

Adrag coefficient, G Cp = 'p

| TpV2A

AAreaAis a reference areacan be frontal area (the area projected on
a plane normal to the direction of flow) (drag applications), gtam

area (wing aerodynamics), or wettedirface area (ship
hydrodynamics).

AFor applications such as tapered wingGsmay be a function of span
location. For these applications, a lo€gl s introduced and the
total drag is determined by integration over the spgan

1 L
Cp=— Cp.d
D L/O D.,x G




Pressue Coeﬁicient,Cp.

=
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AWnherer density,f"] reference pressure and velocity.



Reynolds and Mach Numbers.

"W 08 QIAAWO w o

YO 50l & ea B O

AWherer density,’ viscosity and/ velocity.

AAreal isthe characteristic length
for a flat plate: Plate Length
For a circle or a sphere is Diameter

) -
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WhereO =speed of sound and velocity.



Flow Regimes
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Flow Regimes
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Character of the steady, viscous flow past a flat plate

parallel to the u

Viscous effects
important
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Viscnu's forces }
important throughout
Re=Uliv=0.1

(a)
Viscous
Viscosity not effects
important important

—

Separation
U | location
” + Separation bubbl i
Re < 50 U eparation bubble

)]
"I’IISCUS'I_’;F "t“t Boundary layer separation
importan — — Viscous effects
/ important

- Wake
region

N Separated region

X
3]
I
[
[
n
¥

(cl

B Figure 9.6 Character of the steady, viscous flow past a circular cylinder:
(a) low Reynolds number flow, (b) moderate Revnolds number flow,
(¢) large Reynolds number flow.



Karman Vortex Wake




Karman Vortex Wake




Karman Vortex Wake




Pressure Drag on a Flat Plate



drag-plate.mpeg

Friction Drag and Pressure Drag

AFluid dynamic forces are comprised of
pressure (form) and friction effects.

AOften useful to decompose,

A I:D = |:D,friction_i_ I:D,pressure
A QD = qf),friction+ CI;),pressure
AThis forms the basis of model testing.
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GIVEN Air at standard conditions flows past a flat plate as  the surface are as indicated (obtained either by experiment or
is indicated in Fig. E9.1. In case (a) the plate is parallel to the theory).

upstream flow, and in case (b) it is perpendicular to the up-
stream flow. The pressure and shear stress distributions on FIND Determine the lift and drag on the plate.

'\._I
v p=-0.893 Ib/ft?
p=0.744[l—'—4-]lbfft2 .
) < 0 b=width=10# where v is in feet ’ .
> ) Ty =
——— | |f- ’ )
U=2oits }| —""l"j*—l- —I-Jr U=25fils 1": it - W=
| ff \ I I: 1 N X
e e e N ==
[ 4 ft | :
T,=T,(x) = (1.24 x 103)/% Ib/t? >

where x is in feet >

(a) (b)



SoLuTION

For either orientation of the plate, the lift and drag are obtained
from Eqgs. 9.1 and 9.2. With the plate parallel to the upstream flow
we have 6 = 90° on the top surface and € = 270° on the bottom
surface so that the lift and drag are given by

_E{”.:—J pdA+J pdA =0

top bottom

and

CE-ZJ TH.M-I-J TH.MZZJ T, dA (1)

top bottom

where we have used the fact that because of symmetry the shear

stress distribution is the same on the top and the bottom surfaces,

as is the pressure also [whether we use gage (p = 0) or absolute

(P = Pum) pressure]. There is no lift generated—the plate does

not know up from down. With the given shear stress distribution,
Eq. 1 gives

4 fi —7

) 1.24 X 10

G =2 J ( % 1b/fr?)(m ft) dx
x=0 X

or

% = 0.0992 1b (Ans)

b= width = 10 ft

7, =T, (x) = (1.24 x 104k Ib/t?
where x is in feet

(a)



With the plate perpendicular to the upstream flow, we have
= 0° on the front and & = 180° on the back. Thus, from Eqgs.
9.1 and 9.2

¥ = T, dA — I T,dA =0
“ front “back
and

G = I pdA — J p dA

*front “hack

Again there is no lift because the pressure forces act parallel to the
upstream flow (in the direction of “ not f) and the shear stress is

symmetrical about the center of the plate. With the given rela-
tively large pressure on the front of the plate (the center of the
plate is a stagnation point) and the negative pressure (less than
the upstream pressure) on the back of the plate, we obtain the

following drag

2t e
G = ] {0.?44(1 — ?) Ib/ft*

— (—0.893) lb/ftl} (10 ft) dy

or

% = 5561b (Ans)
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Streamlining

AStreamllnlng reduces drag by reducing, k... at the cost
of increasing wetted surface area angkfon

AGoal is to eliminate flow separation and minimize total drag

Separation —\' e —— \ Relative
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G, of Common Geometries

C

b — Disk_ AFor many geometries, total drag is

2.0+ v— (=

=Us constant forRe>10¢
. \/\L AGC, can be very dependent upon

orientation of body.

0.5+

AAs a crude approximation,

0

010 100 100 100 108 superposition can be used to ady
pnemisphiee attvo differentoientations - from various components of a system
to obtain overall drag.
F 1
Cp =

1 2P
_ —~ T 2a=C =~ \2M R

V — D Cp=12



G, of Common Geometries

Drag coefficients Cp of various two-dimensional bodies for Re > 10* based on the frontal area A = bD, where b is the
length in direction normal to paper (for use in the drag force relation F, = CpAp1'%/2 where " is the upstream velocity)

Square rod Rectangular rod LD C
— D
L
v Sharp corners: | - 0.0° 1.9
— D P 0.1 1.9
b= L D Sharp 0.5 25
v corners:
1.0 2.2
S -+ 2.0 1.7
i Round corners 3.0 1.3
— D (r/D=0.2): *Corresponds to thin plate
Cp=12
— | L | L/D Cp
i T 0.5 1.2
v Round
- D front edge: ég 82
N 40 07
Circular rod (cylinder) Elliptical rod
. T Lgmfu;‘u; | L - B Cp
— D . b ¥ LID Laminar Turbulent
urbulent: — D
4 Cp=03 N 2 0.60 0.20
4 0.35 0.15
8 0.25 0.10




Drag coefficients Cp of various two-dimensional bodies for Re > 10% based on the frontal area A = bD, where b is the
length in direction normal to paper (for use in the drag force relation F, = CpAp1%/2 where 7" is the upstream velocity)

Equilateral triangular rod

.
L D
.
. D

Semicircular shell

o D Cp=23

il C D

)
]

I

[}

Semicircular rod

Ol-'ln
- D Cp=12
OI"P
- D Cp=17

Representative drag coefficients Cp for various three-dimensional bodies for Re > 10% based on the frontal area

(for use in the drag force relation Fp, = Cp ApV?/2 where V" is the upstream velocity)

Cube, A = D? Thin circular disk, A = #D?%/4 Cone (for 8 = 30°), A = #D%/4
Y, \[—\ D Cp=1.1 L D Cp,=05
Cp=105
Sphere, A = wD%/4 Ellipsoid, A = wD?%/4 [
Laminar: | L | L/D Laminar Turbulent
~- 0= 0.75 0.5 0.2
Turbulent: v . : .
Cp=0.2 g TD 1 0.5 0.2

0.3 0.1

2
4 0.3 0.1
Q n o N1



G, of Common Geometries

Representative drag coefficients Cp for various three-dimensional bodies for Re > 104 based on the frontal area
(for use in the drag force relation Fp = Cp Ap'%/2 where " is the upstream velocity)

Hemisphere, A = 7D?/4 Short cylinder, vertical, A= L D Short cylinder, horizontal, A = 7#D%/4
1 LD C LD C
S D C,=04 — : -
p=" - 1 0.6 i 0.5 1.1
0 v 2 07 e D 1 0.9
— L 5 0.8 2 0.9
_ 10 0.9 L 4 0.9
- X ' 8 1.0
- D Cp=12
Streamlined body, A = wD?%/4 Parachute, A = wD%/4 Tree, A = frontal area
e D v
_— Ip cp=004 | F— -
Cp=13 -
—_— r"l-"“, m};S CD
B f 10 0.4-1.2
20 0.3-1.0
30 0.2-0.7




G of Common Geometries

Representative drag coefficients Cp for various three-dimensional bodies for Re > 104 based on the frontal area
(for use in the drag force relation Fp = Cp ApV™?/2 where % is the upstream velocity)

Person (average)
e_:ﬂj' - ] <
ﬁ.‘fl Standing, CpA =9 ft= =0.84 m~

Sitting, CpA =6 ft* =0.56 m’

Racing:
A=39ft2=0.36 m*
Cp=09

Drafting:
=30ft2=036m’

With fairing:
A =50 ft2 =046 m?
Cp=0.12

Semitruck (A = frontal area)

Without fairing:
Cp=10.96

With fairing:
Cp=0.76

Automotive (A = frontal area)

Minivan,
Cnh=04

Passenger car,
Cp=03

High-rise buildings (A = frontal area)

=1 Cp=14




Some more shapes

tD | Cp
Fluttering o, 1 0.07
flag A=(D 2 | 0.12
3 0.15
Empire
State Building Frontal area b4
Tree
. U=10m/s S 0.43
[/ = 20 m/s rontal area 0.26
U =30 m/s 0.20

@Dolphin

Wetted area

0.0036 at Re = 6 x 10°
(flat plate has Cp,= 0.0031)

birds

Frontal area

0.40




Boundary Layer (BL) Approximation

ABL approximation bridges the
gap between the Euler (inviscid)

-‘ Navier—
~ Stokes

g cvation and NaviefStokes (NS) (viscous)
@ equations, and between the slip
and noslip Boundary Conditions
il (BC) at the wall,
Boundary layer approximation
S . s d APrandtl 1904 introduced the BL

o Navier- approximation BL isa thin
Je  equation region on the surface of a body
») In which viscous effects are
very important and outside of
' Outer flow (inviscid and/or which the fluid behaves as
— irrotational region of flow) Inviscid.
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- Boundary layer (rotational with
— non-negligible viscous forces)



Character of the steady, viscous flow past a flat plate

parallel to the u

Viscous effects
important
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Inertia force = ma(a): r L3*V dV/dL= rV2L2
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Boundary Layer on a Flat Plate

Not to scale

aty=d.v=099 Vv

Laminar 5 Transitional 6 Turbulent
Rex’z“ 10 RexE?) X 10
To scale
YA ] |
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5 : :
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= Transitional >
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Transition

Entry #: V84181

Spatially developing turbulent boundary layer
on a flat plate

J.H. Lee, Y.S. Kwon, N. Hutchins and J.P. Monty

Department of Mechanical Engineering
The University of Melbourne

THE UNIVERSITY OI
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Transition

Entry #: V0056

A Computational Laboratory for the Study of
Transitional and Turbulent Boundary Layers

Jin Lee & Tamer A. Zaki

""' JOHNS HOPKINS
l' \‘C’HI'I‘IN(} SCHOOL
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Side view

Merging of turbulent spots and transition to turbulence
In a natural flat plate boundary layer.






Flat Plate Drag

v

— Laminar boundary . Transition ___| Turbulent boundary
— layer region layer
——
—> V
— _>r—’,

> 1% |
— = TN /‘) o /‘) lTurbulem
E— i e =\ ) ‘) VK ) 4/ \‘ _>_—> \v\ < i
p— _ — JQ A AV N I —_ — Overlap layer

s 0 = = = =" Z o —— Buffer layer

X / ‘ Viscous sublayer
5 Boundary layer thickness, 6
I~ ‘cr "1
v=099V

ADrag on flat plate is solely due to friction€M; fricﬁof) created
by laminar, transitional, and turbulent boundary layers.

ABL thicknesg], is the distance from the plate at which W99
V



Flat Plate Drag

3

TR |

Laminar !Transition! Turbulent ')
L

—

e —

—

AN
X

CD, friction - Cf

Al ocal friction coefficient

. . _ 0.664

A Laminar: Ctz = Ro1/?
A Turbulent  0.059
fre = Re;;/g’

AAverage friction coerncient

Cy =1 Jy Crada

For some cases, plate is long enough for turbulent
flow, but not long enough to neglect laminar portion

Cy

1

— L

(

mC‘T‘

0

Of,m,lam dr + fml;r Of,m,tu'r'b dﬂi’)



Flat Plate Drag

Empirical Equations for the Flat Plate Drag Coefficient

Equation Flow Conditions

Cpr = 1.328/(Re;)™ Laminar flow

Cpr = 0.455/(log Re,)*® — 1700/Re, Transitional with Re ., = 5 X 10°
Cpr = 0.455/(log Re,)™* Turbulent, smooth plate

Cpr = [1.89 — 1.62 log(e/€)] > Completely turbulent

Transition takes place at a distance x given by:
Re . =2X10° to 3X10 °® 0\We will use Re, = 5X10°

Drag coefficient may also be obtained from charts such
as those on the next slides



0.014

0.012

0.010

0.008

0.006

0.004

5x107°
R
e
\\ 7 =3x107°
-
\\ Completely
\ turbulent 5% 1073
~
\\
Turbulent \ 1x1073
4 \
\ 5x10°%
/\
N 2 %107
/ 1x104
5xlUi
2 x107°

Transitional
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for a flat plate parallel
to the upstream flow.
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0.01

Oty ¥ = 5.25 ft
o——— y=6(76ft
L™, v = 800 ft

7 = 89 ft/s; airflow

Transitional

Turbulent

Laminar

0 0.2 0.4 0.6 0.8

M Figure 9.14 Typical boundary layer profiles on a flat
plate for laminar, transitional, and turbulent flow (Ref. 1).



GIVEN Air flowing into a 2-ft-square duct with a uniform ve- U= S e S T

locity of 10 ft/s forms a boundary layer on the walls as shown in 10 Wf’ _ /
Fig. E9.3a. The fluid within the core region (outside the boundary - B T ———————————
layers) flows as if it were inviscid. From advanced calculations it Inviscid core l
is determined that for this flow the boundary layer displacement . 2-ft square 5* . Utx)
thickness is given by > ’Lr___________i___ >)
&% = 0.0070(x)"? (1) (1) ! (2)
where 6* and x are in feet. : x

FIND Determine the velocity U = U(x) of the air within the
duct but outside of the boundary layer.



If we assume incompressible flow (a reasonable assumption be-
cause of the low velocities involved), it follows that the volume
flowrate across any section of the duct is equal to that at the en-
trance (i.e., Q, = Q). That is,

u dA
“(2)

U,A, = 10 ft/s (2 ft)? = 40 ft*/s =

According to the definition of the displacement thickness, 6%*, the
flowrate across section (2) is the same as that for a uniform flow
with velocity U through a duct whose walls have been moved
inward by 6*. That is,

udA = U2 ft — 26%)
‘o)

40 ft’/s = (2)

By combining Eqgs. 1 and 2 we obtain
40 /s = 4U(1 — 0.0070x'/?)?
or

10
(1 — 0.0070x"/2)2

U= ft/s (Ans)

U, =

Viscous effects important

10 ft/s
- —— I _-_-_-_-_’_/
T Inviscid core ]}
2-ft square Ulx)
o 5#‘ o
1 =
(1) T (2)
(a)
12
0P~
8
£ g
=
4
2
0
0 20 40 60 80 100
x, Tt
(b)
B Figure E9.3



Cylinders in Cross Flow

Conditions depend on
special features of

boundary layer —>
. . V —>»
development, including .

onset at a stagnation
point and separation, as
well as transition to
turbulence.

Forward e
stagnation point Separation point

Boundary layer

U Stagnation point : Location of zero velocity and maximum
pressure . Followed by boundary layer development under a

favorable pressure gradient
stream flow

and hence acceleration of the free

U As the rear of the cylinder is approached, the pressure must

begin to increase.

U Hence, there is a minimum in the pressure distribution,

P(X),

after which boundary layer development occurs under the
Influence of an adverse pressure gradient



Viscnu's forces }
important throughout
Re=Uliv=0.1

(a)
Viscous
Viscosity not effects
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” + Separation bubbl i
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importan — — Viscous effects
/ important

- Wake
region

N Separated region

X
3]
I
[
[
n
¥

(cl

B Figure 9.6 Character of the steady, viscous flow past a circular cylinder:
(a) low Reynolds number flow, (b) moderate Revnolds number flow,
(¢) large Reynolds number flow.
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No separation Steady separation bubble

(B)

T — 0
S OGO

Oscillating Karman vortex street wake

(C)
/ E:-f_:“\'m..-
\_' o
Laminar boundary layer, Turbulent boundary layer, M Figure 9.21 (a) Drag coefficient as a function of
wide turbulent wake narrow turbulent wake Reynolds number for a smooth circular cylinder and a
(D) (E) smooth sphere. (&) Typical flow patterns for flow past

a circular cylinder at various Reynolds numbers as
(b) indicated in (a).



Cylinders in Cross Flow

~ Separation point

Boundary layer

stagnation point

e

1.0380+000
9.224e-001
8.071e-001
6.918e-001




Cylinders in Cross Flow




Cylinders in Cross Flow




Cylinders in Cross Flow

Uf:] 2 Ufsz /

P ¥ P2

The free-stream ve-
locity on a curved
surface is not
constant.

U, po

(a)
1 284 E
pU + 2PU C
P 2U
0
Uy
Po— %PUz )
U
Po —pU?
3 .2
Po—opPU C 0 F
0 90 180 90 180
g, degrees g, degrees
(b) (c)

B Figure 9.16 Inviscid flow past a circular
cylinder: (@) streamlines for the flow if there were
no viscous effects, (#) pressure distribution on the
cylinder’s surface, (¢) free-stream velocity on the
cylinder’s surface,
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Boundary layer
fluid has kinetic

energy deficit
(a)
1.0
Locations indicated in
Figs. 9.17a and 9.18
|
.‘l
F 0.5
Separated
flow
| =
0.2 0 0.2 0.4 0.6 0.8 1.0
i
U,
Forprofile D, 2% — gaty =0
T - ]

Cylinders in Cross Flow
\m i

Boundary layar
separation
location

_|_

2.0
Inwiscid
1.0 theory P
€,=1-4sine f,
0.0 Turbulent ;
AN
TR
(=1 Lo}
1] L0 N e
-2.0 !
_10 S
0 457 ag= 136 180
]
Fy]

M Figure 9.17 Boundary layer characteristics on a circular cylinder: (a) boundary layer
separation location, (b) typical boundary layer velocity profiles at various locations on the
cylinder, ic) surface pressure distributions for inviscid flow and boundary layer flow.



1.0

Locations indicated in
Figs. 9.17a and 9.18

|

¥

(a) r i 0.5

Separated
flow

’Scwmt on
-—= . -_\.-‘4.7_»“'--\\

—

0.2 EI\EI.E 04 06 08 1.0
1]
) Us

B Figure 9.18 Flow visualization photographs of flow past an airfoil (the boundary layer velocity profiles
for the points indicated are similar to those indicated in Fig. 9.17b): (a) zero angle of attack, no separation,
(b) 5° angle of attack, flow separation. Dye in water. (Photographs courtesy of ONERA, The French Aerospace Lab.)




i What features differentiate boundary development for the flat
plate in parallel flow from that for flow over a cylinder?
I Separation occurs when the velocity gradient reduces to zero.
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Flow around a cylinder

Alnviscid flow past a
circular cylinder:d)
streamlines for the flow if
there were no viscous
effects. p) pressure
distribution on the
Oef AYRSNXXa ac
(c) free-stream velocity )
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Boundary layer
characteristics on

a circular cylinder

(a) boundary layer
separation location.

(b) typical boundary
layer velocity
profiles at various
locations on the
cylinder,

(c) surface pressure
distributions for
Inviscid flow and
boundary layer flow.
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Flow around a Cylinder

Alntegration of surface pressure (which is
symmetric in X), reveals that tHeRAG is ZERO.
Thisis known as Q! f S YPar&dsdi Q a

AFor the irrotational flow approximation, the
drag force orany non-lifting body ofany
shape immersed in a uniform streandERO

AwWhy?

AViscous effects have been neglected. Viscosit
and the naslip condition are responsible for

U Flow separation (which contributes to
pressure drag)

U Walkshear stress (which contributes to friction
drag)
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Flow separation in a diffuser with a large angle

flow direction reattachment

core flow

separated flow







Flow around Cylinders & Ellipsoids

Potential
(Ideal)

Flow




Cylinder and Sphere Drag

AFlow is strong function of
Re.

AWake narrows for turbulent
flow since TBL (turbulent
boundary layer) is more
resistant to separation du
to adverse pressure
gradient.

Aqsep,lamF Cl0g
Aqsep,tuer 14

Laminar Separation Turbulent Separation



Diameter =
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M Figure 9.20 Two objects of considerably different size that have the same drag force: (a) circular
cylinder Cp, = 1.2; (b) streamlined strut C, = 0.12.
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Smooth Cylinder and Sphere Drag
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Effect of Surface Roughness

0.6
E .
— = relative roughness
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For blunt bodies an increase in e may decrease C, by
tripping the flow into turbulent at lower Re
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Sports balls

AMany games involve balls
designed to use drag reduction
brought about by surface

roughness.
Smooth Ball
AMany sports balls have some
type of surface roughness, such EHiEERLTe pma (s payed
as the seams on baseballs or
cricket balls and the fuzz on Alt is the Reynolds number (not the
tennis balls. speed) that determines whether the
boundary layer is laminar or
turbulent.
VD AThus, the larger the ball, the lower
. 4 the speed at which a rough surface
%‘w 7 SR Re=—— can be of help in reducing the drag.
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Drag on a Golf Ball
owoan

ADrag on a golf ball comes mainly from pressurefo e
drag.

AThe only practical way of reducing pressure drag
IS to design the ball so that the point of AINAR __
separation moves back further on the ball. BOUNDARY LAYER

AThe golf ball' slimplesincrease the turbulence —
In the boundary layer, increase the inertia of thexcovr
boundary layer, and delay the onset of BALL

separation.

AThe Reynolds number where the boundary layefgauen
begins to become turbulent with a golf ball is  BounpAgy Lave
40,000

o
Ll

AA nondimpled golf ball would really hamper
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GOLF BALL AERODYNAMICS

Large Wake of Separated Flow, Reduced Size Wake of Separated
High Rressure Drag Flow, Lower Pressure Dyag
Lamina




Large Wake of Separated Flow, Reduced Size Wake of Separated
High Pressure Drag Flow, Lower Pressure Drag
Laminar B.L. Sepé ' Turbulent B.L. Separation Point

Drag due to viscous
boundary layer skin friction

DRAG
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Large Wake of Separated Flow, Reduced Size Wake of Separated
High Pressure Drag Flow, Lower Pressure Drag
Laminar B.L. Sepé ' Turbulent B.L. Separation Point

Pressure drag
(due to viscous
flow separation, wake)




Large Wake of Separated Flow, Reduced Size Wake of Separated
High Pressure Drag Flow, Lower Pressure Drag
Laminar B.L. Sepé ' Turbulent B.L. Separation Point




Baseball

AAt the velocities 060to 130mph dominant in baseball the air passes over a
smooth ball in a highly resistant flow.

ATurbulent flow does not occur until neaty)0mph for a smooth ball

Aﬁ\ rough ball (say one with raised stitches like a baseball) induces turbulent
ow

AA baseball batted00feet would only traveB0Ofeet if it was smooth.
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Adverse pressure gradients (Tennis ball)

ASeparation of the boundary
layers occurs whenever the
flow tries to decelerate quickly,
that is whenever the pressure
gradient is positive (adverse
pressure gradienpressure
Increases).

Aln the case of the tennis ball,
the flow initially accelerates on

the upstream side of the ball, ANear the top of the ball the local
while the local pressure external pressure increases and
decreases in accord with the flow should decelerate as the

. SNy 2dzf £ A Qa S| deresswefigidis converted to
Kinetic energy.
AHowever, because of viscous
losses, not all kinetic energy is
recovered and the flow reverses
around the separation point.
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