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BOUNDARY LAYER EQUATIONS
steady, 2 Dimensional, viscous, constant density, constant body forces
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FLOW OVER BLUFF ORJIECTS

No separation Steady separation bubble

(a) (b)
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Oscillating Karman vortex street wake
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Laminar boundary layer Turbulent boundary layer
wide turbulent wake narrow turbulent wake
(d) ) (e)

FIGURE 10.13 Flow patterns for flow over a cylinder. (a) Reynolds number = 0.2;
(b) 12; (c) 120; (d) 30,000; and (e) 500,000. Patterns correspond to the points -
marked on Figure 10.12. From Munson, Young, & Okiishi, Fundamentals of Fluid
Mechanics, John Wiley & Sons, 1998.
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FIGURE 10.8 Flow over a single cyliﬁde_r at a Reynolds number of 2000, visualized
using small bubbles in water. ONERA photograph, Werlé & Gallon, 1972 Aéronaut.

Astronaut., 34, 31-33.
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FIGURE 10.9 Dimensionless shedding frequency from a circular cylinder (Strouhal
number) as a function of Reynolds number. Adapted from A. Roshko, Turbu.'ent

Wakes from Vortex Streets, NACA Rept. 1191, 1954.



Vortices
o) o)
@ <
Truck Motorcycle

FIGURE 10.11 Periodic vortex formation in the wake of a large truck. Adapted
from Race Car Aerodynamics, J. Katz, Robert Bentley Publishers, 1995,
with permission.

EXAMPLE 10.2 Vortex Shedding _ ‘

In an exposed location, telephone wires will ““sing” when the wind blows across
them. Find the frequency of the note when the wind velocity is 30 mph, and the
wire diameter is 0.25 in. For air, we assume that » = 15 X 10~ m%/s.

Solution: First we need to know the Reynolds number, Re, where

Re:Q

(302 x 52802 x 122 x 0.02542 X A:2) (025 in. X 0.025422)

15 X 10-6"{

=2774

From Figure 10.9, we see that the Strouhal number is approximately equal to 0.21.
That is,

_D_
St v 0.21
so that
021V
f= D Hz

(0:21 x 302 x 5280L x 12% x 0.02542% X ;L) Y
= b4
0.25 in. X 0.0254

=444 Hz
which is very close to the note middle C (= 440 Hz). [ ]
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FIGURE 10.12 Drag coefficient as a function of Reynolds number for smooth circu-
lar cylinders and smooth spheres. From Munson, Young, & Okiishi, Fundamentals
of Fluid Mechanics, John Wiley & Sons, 1998.
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FIGURE 10.16 Drag coefficient as a function of Reynolds number for spheres with
different degrees of roughness. k is the equivalent roughness height, and D is the
sphere diameter. From Munson, Young, & Okiishi, Fundamentals of Fluid Mechan-
ics, John Wiley & Sons, 1998.



FIGURE 10.15 Flow over a sphere. (a) Reynolds number = 15,000 (laminar separa-
tion). (b) Reynolds number = 30,000, with trip wire (turbulent separation). From
Van Dyke, Album of Fluid Motion, Parabolic Press, 1982. Original photographs by

Werlé, ONERA, 1980.
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FIGURE 13.26
Pressure distributions around a cylinder for subcritical, supercritical, and completely inviscid flows.
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FIGURE 10.14 Drag coefficients of bluff and streamlined bodies. From Munson,
Young, & Okiishi, Fundamentals of Fluid Mechanics, John Wiley & Sons, 1998.

TABLE 10.2 Drag Coefficient Data for
Sharp-Edged Bodies”

Object Diagrams Cp (Re = 107 1)

N

b
Square cylinder blh = oo 2.05
) blh=1 1.05
Disk ‘ 1.17
/
Ring . 1.20°
/
Hemisphere (open end 1.42
facing flow) ’
/
Hemisphere (open end . 0.38
facing downstream) 4
C-section (open side 2.30
facing flow) s
C-section (open side 1.20
facing downstream) \
/

From Fox & McDonald, Introduction to Fluid Mechanics, 4th edition, John Wi-
ley & Sons, 1992.

¢ Original data from Hoerner, Fluid-Dynamic Drag, 2nd edition, Midland Park,
NJ, published by the author.

> Based on area of ring.
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TABLE 10.3 Drag Coefficient Data for

Selected Objects

Drag coefficient

Shape Reference area C
D
Frontal area
w Parachute = % D2 1.4
) Frontal Porosity O | 0.2 ] 0.5
Porous rontai area i
parabolic A= % D2 —> 1.4211.20/0.82
dish <— (0.95(0.90|0.80
Porosity = open area/total area
Standing CoA =9 ft?
Average fes
person Sitting CpA =6 ft?
Crouching - CA=251t?
_gFluttering A=ID
4 flag -
Empire
State Building Frontal area 1.4
Six-car passenger train Frontal area 18
Bikes '
& * Upright commuter| A = 5.5 ft? 1.1
% Racing A=39f 0.88
FBoFE Dratting A=391 0.50
(B, Streamlined A=50ft 0.12
Tractor-trailor trucks
Standard Frontal area 0.96
Fairing
With fairing | Frontal area 0.76
Gap_sea With
- iri Fi 0.70
,5.100—00 fagl;l;gs eaar:d rontal area
€€ 17 = 10 m/s 0.43
U U=20m/s | Frontalarea 0.26
U=30m/s 0.20
. 0.0036 at Re = 6 x 108
vahm Wetted area | fiat plate has Cp, = 0.0031)
Large
Y pres | Frontal area 0.40

Source: From Munson, Young & Okiishi, Fundamentals of Fluid Mechanics,

John Wiley & Sons, 1998.
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F}GURE 10.7 Sketch of the flow over the front of a car, showing points of separa-
t.lon and reattachment. From Race Car Aerodynamics, J. Katz, Robert Bentley Pub-
lishers, 1995, with permission.

TABLE 10.4 Typical Lift and Drag Coefficients

CL C‘D

1 | Circular plate 0 1.17
2 | Circular cylinder

I/D<1 0 1.15
3 Sg:lilazr cylinder 0 0.82
4 | Low drag

body of 0 0.04

revolution
5 | Low drag vehicle

near the ground 0.18 0.15
6 | Generic

automobile 0.32 0.43
7 | Prototype

race car -3.00 0.75

SouRce: From Race Car Aerodynamics, J. Katz, Robert Bentley Publishers, 1995, with per-
mission.
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FIGURE 10.17 Distribution of measured pressure coefficients over a two-dimen-
sional automobile shape. From Race Car Aerodynamics, J. Katz, Robert Bentley

Publishers, 1995, with permission.

FIGURE 10.10 Wake flow behind a road vehicle (with flow separation and vortex
shedding in the base area). Adapted from Race Car Aerodynamlcs, J. Katz, Robert
Bentley Publishers, 1995, with permission.
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FIGURE 10.18 Aerodynamic and rolling resistances for an average sedan car. From
Race Car Aerodynamics, J. Katz, Robert Bentley Publishers, 1995, with permission.
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10.8 AUTOMOBILE FLOWFIELDS 323
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FIGURE 10.19 Effect of the drag coefficient on the maximum speed of an Indy-
class speedway car. From Race Car Aerodynamics, J. Katz, Robert Bentley Publish-
ers, 1995, with permission.

| L -]
FIGURE 10.20 Sketch of the flow over two cars, separated by a distance Ax. From
Race Car Aerodynamics, J. Katz, Robert Bentley Publishers, 1995, with permission.
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FIGURE 10.21 Lift and drag coefficients for two cars separated by a distance Ax
(for notation, See Figure 10.20). From Race Car Aerodynamics, J. Katz, Robert Bent-
ley Publishers, 1995, with permission.
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