






























































Analyses

Start

End

Optimizer

Converge

Geometry

Aerodynamics Weight

Operating
Cost

Acquisition
Cost

Life Cycle
Cost

Yes

No



























































































Streamlined Body

Bluff Body

A

S
A

S

A

A

S S

S

A



0

r

r o

r-ro

dS

S

V



Kutta Condition: PU=PL

V U

Ll



1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

r

0.2

0.3

0.4
0.5

etc.

=0.1

V



1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

r

=0.1

0.2

0.3

etc.

V



2

1

Separation Streamline
(Shear Layer)



Z=0

1

2

V

Real Body

Image Body

Ground and Image Plane



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Cp Separation (Stratford)

C
p
 S

ep
ar

at
io

n 
(E

xp
er

im
en

t)

Schubauer and Spangenberg
Schubauer and Klebanoff
Ludwieg and Tillman
Bradshaw and Galea
Von Doenhoff and Tetervin
Moses
Boeing test data

Data Source



0.0 0.5 1.0 1.5 2.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

U/U

y/
h

dP/dX=1.1
dP/dX=-2.9

dP/dX=-19.8

Tyll

El Telbany
&

Reynolds



0.0 0.2 0.4 0.6 0.8 1.0

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

x/c

y/
c



0.0 0.2 0.4 0.6 0.8 1.0

-1.0

-0.5

0.0

0.5

1.0

x/c

C
p

Steady Solution
Unsteady Solution (400 time steps)
Unsteady Solution (800 time steps)



0.0 0.2 0.4 0.6 0.8 1.0

-1.0

-0.5

0.0

0.5

1.0

x/c

Vortex Method
Doublet Panel Method

C
p



0.0 0.2 0.4 0.6 0.8 1.0

-1.0

-0.5

0.0

0.5

1.0

x/c

C
p

Vortex Method
Doublet Panel Method

height=0.1c



0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

h/c

C
L Out of Ground Effect

Doublet Panel Method

Out of Ground Effect
Doublet Panel Method

In Ground Effect



0 1 2 3 4
-0.018

-0.016

-0.014

-0.012

-0.010

-0.008

-0.006

-0.004

-0.002

0.000

h/c

C
m Out of Ground Effect



-1.0 -0.5 0.0 0.5 1.0

-4

-3

-2

-1

0

1

x/r

C
p

Vortex Method (OGE)
Analytic Solution (OGE)
Vortex Method (IGE)

Top

Bottom



0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Y

X

Vortex Method
Analytic Solution

y/
r

U/U

U



0.0 0.5 1.0 1.5 2.0
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Y

X

y/
r

U/U

U



-1.0 -0.5 0.0 0.5 1.0

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

x/r

C
p

Vortex Method (Re -> )
Experiment, Re=8.4E6 (Morkovin)
Experiment, Re=2.1E5 (Morkovin)



0 5 10 15 20 25 30

0

5

10

15

20

y/
r

x/r



0 50 100 150 200
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Time Step

F
o

rc
e 

C
o

ef
fic

ie
n

t

CL

CD



-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

x/r

C
p

Vortex Method
Bearman (Re=4.8E4)
Tyll (Re=3.0E5)



-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

C
p

x/r

Vortex Method
Bearman (Re=4.8E4)
Tyll (Re=3.1E5)



-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

C
p

x/r

Vortex Method
Bearman (Re=4.8E4)



-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

x/r

C
p

Vortex Method
Bearman (Re=4.8E4)



0.0 0.2 0.4 0.6 0.8 1.0

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

x/c

y/
c



0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0

0.1

0.2

0.3

0.4

0.5

h/d

C
L

Vortex Method
Experiment (wind tunnel conditions)
RANS (wind tunnel conditions)
RANS (road conditions)



0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.00

0.05

0.10

0.15

h/d

C
D

Vortex Method
Experiment (wind tunnel conditions)
RANS (wind tunnel conditions)
RANS (road conditions)



-1 0 1
-1.0

-0.5

0.0

0.5

1.0

1.5

y/
d

Elliptic Cylinder
Vortex Method
RANS (wind tunnel conditions)

Stagnation Point

Lower Separation Point

Upper Separation Point

d

x/d



-1 0 1
0.0

0.5

1.0

1.5

2.0

2.5

y/
d

x/d

d

Elliptic Cylinder
Vortex Method
RANS (wind tunnel conditions)

Stagnation Point

Upper Separation Point

Lower Separation Point

Altitude=0.473d



-1 0 1
0.0

0.5

1.0

1.5

2.0

2.5

y/
d

x/d

d

Upper Separation Point

Lower Separation Point

Stagnation Point

Altitude=0.175d

Elliptic Cylinder
Vortex Method
RANS (wind tunnel conditions)



0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

x/c

y/
c



0 10 20 30 40 50
0

10

20

30

40

OGE

IGE

X

Y



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

x/c

C
p

Top

Bottom

RANS (Siclari, et al)
Vortex Method



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

Top

Bottom

RANS (Siclari, et al)
Vortex Method

x/c

C
p



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

Full Scale (Re=30.0 million)
Wind Tunnel Scale (Re=1.3 million)

x/c

C
p

Top

Bottom



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

Full Scale (Re=30.0 million)
Wind Tunnel Scale (Re=1.3 million)

x/c

C
p

Top

Bottom



0 10 20 30 40 50 60 70 80
0.00

0.05

0.10

0.15

0.20

0.25

C
L

In Ground Effect

Time Step

w|t=( U- L)t

w|t=( U- L)t- t

0 10 20 30 40 50 60 70 80
0.00

0.05

0.10

0.15

0.20

0.25 Out Of Ground Effect

w|t=( U- L)t

w|t=( U- L)t- t

C
L

Time Step







10 20 30 40 50
0.000

0.010

0.020

0.030

0.040

0.050

0.060

0.070

0.080

0.090

0.100

Time Step

C
D



0 30 60 90 120 150 180

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

C
p

Re->
Re=4.35E5 (Schlicting)



x

G

(x)

(x)

d /dx = - G= avg

Y

X(0,0) (a,0)

(b,c)

Panels Assembled for Body
of Revolution

Local Panel Coordinate System

Attachment of Wake













































XN=1.5

XF=1.5

=34.0

N=2.0

F=0.2

XN=1.5

XF=1.5

=24.0

N=2.0

F=0.6

XN=1.5

XF=1.5

=29.0

N=2.0

F=0.6

XN=1.5

XF=3.5

=16.0

N=3.0

F=1.0

XN=2.5

XF=2.5

=20.0

N=2.0

F=0.6

MAG950

MAG1002

MAG1007

MAG1459

MAG1742





























5 10 15
0.00

0.05

0.10

0.15

0.20

-0.050

-0.040

-0.030

-0.020

-0.010

0.000

0.010

0.020

0.030

0.040

0.050

0.0452

Design Space Index

C
D

Q
u

ad
ra

tic
 A

p
p

ro
xi

m
at

io
n

 o
f L

ag
ra

n
g

ia
n

Optimization Path
Actual Objective Function
Quadratic Lagrangian



5 10 15
0.00

0.05

0.10

0.15

-0.02

0.00

0.02

0.04

0.06

0.08

0.5110

C
D

Q
u

ad
ra

tic
 A

p
p

ro
xi

m
at

io
n

 o
f L

ag
ra

n
g

ia
n

Design Space Index

Infeasible Point
Optimization Path
Actual Objective Function
Quadratic Lagrangian



0 5 10 15 20 25 30
-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

Design Space Index

Objective Function (CD)
Constraint (Separation Location)

Top

Bottom

Constraint
Tolerance

Local Optimum

Local Optimum



MAG950

Optimum CD (No.1)



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

MAG950
Optimum CD (No.1)

x/c

C
p



MAG1007

Optimum CD (No.2)



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

MAG1007
Optimum CD (No.2)

C
p

x/c



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

x/c

C
p

104 Panels, Half Cosine Spacing

116 Panels, Full Cosine Spacing



MAG950

Optimum CD (No.1)

MAG1007

Optimum CD (No.2)

Opt CD (No.1)

Opt CD (No.2)

CD

0.0489

0.0424



-1.5

-1.0

-0.5

0.0

0.5

1.0

Out of Ground Effect
In Ground Effect

C
p

Optimized CD, OPTCD1



-1.5

-1.0

-0.5

0.0

0.5

1.0

Out of Ground Effect
In Ground Effect

Optimized CD, OPTCD2

C
p



MAG950
Optimized CD



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

x/c

MAG950
Optimum CD

C
p



Optimum CD (No.1)

Optimum CD (No.2)

MAG950

MAG1002

MAG1007

MAG1459

MAG1742

CD

0.0489

0.0424

0.2025

0.1773

0.1984

0.0614

0.1567



MAG950

OPTCD1

OPTCD2

Baseline (solid)Optimum (dashed)



0

1

2

3

4

5

N
o

rm
al

iz
ed

 L
ift

 to
 D

ra
g

 R
at

io

MAG950 Opt OPTCD1 Opt OPTCD2 Opt



MAG950

MAG1007

OPTCD1

OPTCD2

Baseline (solid)Optimum (dashed)



0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
o

rm
al

iz
ed

 O
p

er
at

in
g

 C
o

st

MAG950 MAG1007 OPTCD1 OPTCD2Opt Opt Opt Opt



MAG950

MAG1007

OPTCD1

OPTCD2

Baseline (solid)
Optimum (dashed)



0.980

0.985

0.990

0.995

1.000

N
o

rm
al

iz
ed

 A
cq

ui
si

tio
n 

C
o

st

MAG950 Opt MAG1007 Opt OPTCD1 Opt OPTCD2 Opt



MAG950

MAG1007

OPTCD1

OPTCD2

Baseline (solid)
Optimum (dashed)



0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 L
ife

 C
yc

le
 C

o
st

MAG950 Opt MAG1007 Opt OPTCD1 Opt OPTCD2 Opt



0

10

20

30

40

50

60

70

80

90

CD
L/D Operating Acquisition Life Cycle MAG950 MAG1007

L
ift

 T
o

 D
ra

g
 R

at
io

0.00

0.05

0.10

0.15

0.20

0.25

CD L/D Life Cycle MAG950 MAG1007Operating Acquisition

C
D



0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 O
p

er
at

in
g

 C
o

st

CD L/D Operating Acquisition Life Cycle MAG950 MAG1007

0.980

0.985

0.990

0.995

1.000

N
o

rm
al

iz
ed

 A
cq

ui
si

tio
n 

C
o

st

CD L/D Operating Acquisition Life Cycle MAG950 MAG1007

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 L
ife

 C
yc

le
 C

os
t

CD L/D Operating Acquisition Life Cycle MAG950 MAG1007





































S

Rf

Sj

Sj

Sj

Rj

Rj

Rj

R =Rf+  Rj















i i+1

ey

exx

EY

EX

1

N N+1

Panel i is bounded by nodes i and i+1

ni

Global Coordinate System

Panel Coordinate System



i-1

i

i+1

V2X(i-1)

V2Y(i-1)

V1X(i)

V1Y(i)

panel i-
1

panel  i

(i)







h

u

y

x

u(y)













n

Ri

SB

Rf

Sw

S



Global
Coordinate
System

Z

X

P(x,z)

x1

x2
1

2

r1

r2






















































































	ch1_2003
	ch2_2013
	ch3_2013
	ch4_2013
	ch5_2013
	ch6_2013
	ch7_2013
	ch8_2013
	bib_2013
	appx_2013

