
Sc
ott

 B
eet

on
 

 
M

.S
c. 

Ra
ce 

Ca
r A

ero
dy

na
mi

cs 
22

03
33

19
 

 
D

iss
ert

at
ion

 

32
 

 2.
3.

2 
P

h
ys

ic
s 

of
 C

F
D

 S
ol

ve
r 

- 
R

A
N

S 

Th
e 

RA
N

S 
so

lv
er

 i
s 

us
ed

 f
or

 C
FD

 a
na

lys
is 

th
ro

ug
ho

ut
 t

hi
s 

di
ss

er
ta

tio
n 

as
 i

t 
is 

th
e 

m
os

t 

ac
cu

ra
te

 m
et

ho
d 

fo
r 

th
e 

tim
e 

an
d 

co
m

pu
ta

tio
na

l r
es

ou
rc

es
 a

va
ila

bl
e. 

 T
he

 a
im

 o
f 

th
e 

RA
N

S 

so
lv

er
 is

 to
 so

lv
e 

th
e 

Re
yn

ol
ds

 A
ve

ra
ge

d 
N

av
ier

-S
to

ke
s e

qu
at

io
ns

 a
s s

et
 o

ut
 b

elo
w

. 

ݑ߲
ത ௜ ݔ߲

௜
ൌ

0 

ݑ߲
ത ௜ ݐ߲

൅
തݑ ௝

ݑ߲
ത ௜ ݔ߲

௝
ൌ

െ
1 ߩ

݌߲
ҧ

ݔ߲
௜

൅
߲ ݔ߲

௝
ቆߥ

ݑ߲
ത ௜ ݔ߲

௝
െ

ݑ ௜ᇱ ݑ ௝ᇱ ቇ 

Th
is 

eq
ua

tio
n 

co
nt

ain
s 

th
e 

ݑ ௜ᇱ ݑ ௝ᇱ  t
er

m
 w

hi
ch

 r
ep

re
se

nt
s 

th
e 

6 
co

m
po

ne
nt

s 
of

 t
he

 R
ey

no
ld

s 

St
re

ss
 a

nd
 s

o 
in

tro
du

ce
s 

an
 a

dd
iti

on
al 

6 
un

kn
ow

n 
va

ria
bl

es
 a

s 
op

po
se

d 
to

 th
e 

sin
gl

e 
un

kn
ow

n 

be
fo

re
 th

e 
Re

yn
ol

ds
 A

ve
ra

gi
ng

 p
ro

ce
ss

 w
as

 a
pp

lie
d 

to
 th

e 
N

av
ier

-S
to

ke
s 

eq
ua

tio
ns

.  
To

 s
ol

ve
 

fo
r t

he
 R

ey
no

ld
s 

St
re

ss
 a

 tu
rb

ul
en

ce
 m

od
el 

m
us

t b
e 

us
ed

 to
 c

lo
se

 th
e 

eq
ua

tio
n 

se
t. 

 T
he

 m
os

t 

co
m

m
on

 m
et

ho
d 

fo
r 

th
is 

is 
to

 u
se

 a
n 

E
dd

y 
V

isc
os

ity
/B

ou
ss

in
es

q 
m

od
el.

  A
n 

E
dd

y 
V

isc
os

ity
 

tu
rb

ul
en

ce
 m

od
el 

in
tro

du
ce

s 
a 

Tu
rb

ul
en

t V
isc

os
ity

 v
ar

iab
le 

ߥ)
்
) t

ha
t i

s 
a 

fu
nc

tio
n 

of
 th

e 
flo

w
, 

no
t 

th
e 

flu
id

, a
nd

 is
 u

se
d 

to
 c

lo
se

 t
he

 e
qu

at
io

n 
se

t 
by

 d
ef

in
in

g 
th

e 
re

lat
io

ns
hi

p 
be

tw
ee

n 
th

e 

tu
rb

ul
en

ce
 a

nd
 th

e 
m

ea
n 

flo
w

.  
O

ne
 d

ow
nf

all
 o

f t
he

 E
dd

y 
V

isc
os

ity
 m

et
ho

d 
is 

th
at

 it
 re

su
lts

 in
 

a 
sc

ala
r 

ed
dy

 v
isc

os
ity

 (i
so

tro
pi

c)
 w

he
n 

in
 a

ct
ua

l f
ac

t i
t i

s 
a 

te
ns

or
 a

nd
 th

e 
tu

rb
ul

en
ce

 is
 n

on
-

iso
tro

pi
c. 

 N
on

-E
dd

y 
V

isc
os

ity
 m

od
el

s 
(te

ns
or

) c
an

 a
lso

 b
e 

us
ed

 to
 c

lo
se

 th
e 

eq
ua

tio
n 

se
t a

nd
 

ar
e 

m
uc

h 
m

or
e 

ac
cu

ra
te

 b
ut

 m
an

y 
tim

es
 m

or
e 

co
m

pu
ta

tio
na

lly
 e

xp
en

siv
e 

an
d 

so
 a

re
 n

ot
 

co
m

m
on

ly 
us

ed
 a

nd
 r

eq
ui

re
 a

 m
uc

h 
m

or
e 

re
fin

ed
 g

rid
 to

 a
cc

ur
at

ely
 r

es
ol

ve
 th

e 
tu

rb
ul

en
ce

 in
 

all
 d

ire
ct

io
ns

 w
ith

ou
t d

iv
er

gi
ng

. 

 2.
3.

3 
M

es
h

 R
eq

u
ir

em
en

ts
 -

 R
A

N
S 

To
 s

ol
ve

 t
he

 f
lo

w
fie

ld
 t

he
 s

ol
ve

r 
re

qu
ire

s 
a 

di
sc

re
tis

ed
 d

om
ain

.  
Th

e 
do

m
ain

 m
us

t 
fir

st
 b

e 

ge
ne

ra
te

d 
in

 a
 so

ftw
ar

e 
pa

ck
ag

e 
su

ch
 a

s P
oi

nt
w

ise
 G

rid
ge

n 
an

d 
in

clu
de

 th
e 

ge
om

et
ry

 th
at

 is
 to

 

be
 a

na
lys

ed
 a

nd
 th

e 
re

lev
an

t e
xt

er
na

l d
om

ain
 o

r i
nt

er
na

l d
et

ail
s. 

 T
he

re
 a

re
 n

um
er

ou
s 

w
ay

s 
to

 

di
sc

re
tis

e 
th

e 
do

m
ain

 a
nd

 e
ac

h 
ha

s 
a 

di
ffe

re
nt

 e
ffe

ct
 o

n 
th

e 
so

lv
er

 a
nd

 t
he

 a
cc

ur
ac

y 
of

 t
he

 

re
su

lts
.  

Th
e 

m
es

h 
ge

ne
ra

tio
n 

pr
oc

es
s i

s c
rit

ica
l t

o 
ob

ta
in

in
g 

a 
CF

D
 re

su
lt 

th
at

 is
 c

om
pa

ra
bl

e 
to

 



Sc
ott

 B
eet

on
 

 
M

.S
c. 

Ra
ce 

Ca
r A

ero
dy

na
mi

cs 
22

03
33

19
 

 
D

iss
ert

at
ion

 

32
 

 2.
3.

2 
P

h
ys

ic
s 

of
 C

F
D

 S
ol

ve
r 

- 
R

A
N

S 

Th
e 

RA
N

S 
so

lv
er

 i
s 

us
ed

 f
or

 C
FD

 a
na

lys
is 

th
ro

ug
ho

ut
 t

hi
s 

di
ss

er
ta

tio
n 

as
 i

t 
is 

th
e 

m
os

t 

ac
cu

ra
te

 m
et

ho
d 

fo
r 

th
e 

tim
e 

an
d 

co
m

pu
ta

tio
na

l r
es

ou
rc

es
 a

va
ila

bl
e. 

 T
he

 a
im

 o
f 

th
e 

RA
N

S 

so
lv

er
 is

 to
 so

lv
e 

th
e 

Re
yn

ol
ds

 A
ve

ra
ge

d 
N

av
ier

-S
to

ke
s e

qu
at

io
ns

 a
s s

et
 o

ut
 b

elo
w

. 

ݑ߲
ത ௜ ݔ߲

௜
ൌ

0 

ݑ߲
ത ௜ ݐ߲

൅
തݑ ௝

ݑ߲
ത ௜ ݔ߲

௝
ൌ

െ
1 ߩ

݌߲
ҧ

ݔ߲
௜

൅
߲ ݔ߲

௝
ቆߥ

ݑ߲
ത ௜ ݔ߲

௝
െ

ݑ ௜ᇱ ݑ ௝ᇱ ቇ 

Th
is 

eq
ua

tio
n 

co
nt

ain
s 

th
e 

ݑ ௜ᇱ ݑ ௝ᇱ  t
er

m
 w

hi
ch

 r
ep

re
se

nt
s 

th
e 

6 
co

m
po

ne
nt

s 
of

 t
he

 R
ey

no
ld

s 

St
re

ss
 a

nd
 s

o 
in

tro
du

ce
s 

an
 a

dd
iti

on
al 

6 
un

kn
ow

n 
va

ria
bl

es
 a

s 
op

po
se

d 
to

 th
e 

sin
gl

e 
un

kn
ow

n 

be
fo

re
 th

e 
Re

yn
ol

ds
 A

ve
ra

gi
ng

 p
ro

ce
ss

 w
as

 a
pp

lie
d 

to
 th

e 
N

av
ier

-S
to

ke
s 

eq
ua

tio
ns

.  
To

 s
ol

ve
 

fo
r t

he
 R

ey
no

ld
s 

St
re

ss
 a

 tu
rb

ul
en

ce
 m

od
el 

m
us

t b
e 

us
ed

 to
 c

lo
se

 th
e 

eq
ua

tio
n 

se
t. 

 T
he

 m
os

t 

co
m

m
on

 m
et

ho
d 

fo
r 

th
is 

is 
to

 u
se

 a
n 

E
dd

y 
V

isc
os

ity
/B

ou
ss

in
es

q 
m

od
el.

  A
n 

E
dd

y 
V

isc
os

ity
 

tu
rb

ul
en

ce
 m

od
el 

in
tro

du
ce

s 
a 

Tu
rb

ul
en

t V
isc

os
ity

 v
ar

iab
le 

ߥ)
்
) t

ha
t i

s 
a 

fu
nc

tio
n 

of
 th

e 
flo

w
, 

no
t 

th
e 

flu
id

, a
nd

 is
 u

se
d 

to
 c

lo
se

 t
he

 e
qu

at
io

n 
se

t 
by

 d
ef

in
in

g 
th

e 
re

lat
io

ns
hi

p 
be

tw
ee

n 
th

e 

tu
rb

ul
en

ce
 a

nd
 th

e 
m

ea
n 

flo
w

.  
O

ne
 d

ow
nf

all
 o

f t
he

 E
dd

y 
V

isc
os

ity
 m

et
ho

d 
is 

th
at

 it
 re

su
lts

 in
 

a 
sc

ala
r 

ed
dy

 v
isc

os
ity

 (i
so

tro
pi

c)
 w

he
n 

in
 a

ct
ua

l f
ac

t i
t i

s 
a 

te
ns

or
 a

nd
 th

e 
tu

rb
ul

en
ce

 is
 n

on
-

iso
tro

pi
c. 

 N
on

-E
dd

y 
V

isc
os

ity
 m

od
el

s 
(te

ns
or

) c
an

 a
lso

 b
e 

us
ed

 to
 c

lo
se

 th
e 

eq
ua

tio
n 

se
t a

nd
 

ar
e 

m
uc

h 
m

or
e 

ac
cu

ra
te

 b
ut

 m
an

y 
tim

es
 m

or
e 

co
m

pu
ta

tio
na

lly
 e

xp
en

siv
e 

an
d 

so
 a

re
 n

ot
 

co
m

m
on

ly 
us

ed
 a

nd
 r

eq
ui

re
 a

 m
uc

h 
m

or
e 

re
fin

ed
 g

rid
 to

 a
cc

ur
at

ely
 r

es
ol

ve
 th

e 
tu

rb
ul

en
ce

 in
 

all
 d

ire
ct

io
ns

 w
ith

ou
t d

iv
er

gi
ng

. 

 2.
3.

3 
M

es
h

 R
eq

u
ir

em
en

ts
 -

 R
A

N
S 

To
 s

ol
ve

 t
he

 f
lo

w
fie

ld
 t

he
 s

ol
ve

r 
re

qu
ire

s 
a 

di
sc

re
tis

ed
 d

om
ain

.  
Th

e 
do

m
ain

 m
us

t 
fir

st
 b

e 

ge
ne

ra
te

d 
in

 a
 so

ftw
ar

e 
pa

ck
ag

e 
su

ch
 a

s P
oi

nt
w

ise
 G

rid
ge

n 
an

d 
in

clu
de

 th
e 

ge
om

et
ry

 th
at

 is
 to

 

be
 a

na
lys

ed
 a

nd
 th

e 
re

lev
an

t e
xt

er
na

l d
om

ain
 o

r i
nt

er
na

l d
et

ail
s. 

 T
he

re
 a

re
 n

um
er

ou
s 

w
ay

s 
to

 

di
sc

re
tis

e 
th

e 
do

m
ain

 a
nd

 e
ac

h 
ha

s 
a 

di
ffe

re
nt

 e
ffe

ct
 o

n 
th

e 
so

lv
er

 a
nd

 t
he

 a
cc

ur
ac

y 
of

 t
he

 

re
su

lts
.  

Th
e 

m
es

h 
ge

ne
ra

tio
n 

pr
oc

es
s i

s c
rit

ica
l t

o 
ob

ta
in

in
g 

a 
CF

D
 re

su
lt 

th
at

 is
 c

om
pa

ra
bl

e 
to

 



Sc
ott

 B
eet

on
 

 
M

.S
c. 

Ra
ce 

Ca
r A

ero
dy

na
mi

cs 
22

03
33

19
 

 
D

iss
ert

at
ion

 

48
 

 3.
4 

O
il 

F
lo

w
 V

is
u

al
is

at
io

n
 

3.
4.

1 
C

le
an

 W
in

g 

 
Fi

gu
re 

3.
14

 - 
O

ilf
low

 V
isu

ali
sa

tio
n 

- C
lea

n 
W

in
g C

om
ple

te 
an

d 
E

dg
e 

Th
e 

ab
ov

e 
im

ag
e 

an
d 

Fi
gu

re
 3

.1
5 

sh
ow

 th
e 

re
su

lta
nt

 p
ar

tic
le 

di
st

rib
ut

io
n 

on
 th

e 
su

rf
ac

e 
of

 th
e 

Cl
ea

n 
W

in
g 

fr
om

 a
 r

un
 a

t 
h/

c 
=

 0
.0

9 
an

d 
1 

de
gr

ee
 a

ng
le 

of
 a

tta
ck

. 
 T

hi
s 

re
sid

ua
l 

flo
w

 

vi
su

ali
sa

tio
n 

sh
ow

s t
ha

t t
he

 w
in

g 
pr

of
ile

 w
as

 d
es

ig
ne

d 
w

ith
 a

 se
pa

ra
tio

n 
bu

bb
le 

alo
ng

 th
e 

sp
an

 

of
 t

he
 w

in
g.

  
Th

is 
de

sig
n 

fe
at

ur
e 

is 
in

clu
de

d 
to

 t
rip

 t
he

 b
ou

nd
ar

y 
lay

er
 f

ro
m

 l
am

in
ar

 t
o 

tu
rb

ul
en

t s
o 

th
at

 th
e 

pr
of

ile
 c

an
 f

ur
th

er
 r

es
ist

 s
ep

ar
at

io
n.

  
Th

is 
ef

fe
ct

iv
ely

 f
ix

es
 th

e 
tra

ns
iti

on
 

po
in

t 
of

 t
he

 w
in

g.
  

H
ow

ev
er

, 
th

er
e 

ar
e 

so
m

e 
se

ct
io

ns
 w

he
re

 t
he

 f
lu

id
 p

as
se

s 
th

ro
ug

h 
th

e 

de
sig

ne
d 

se
pa

ra
tio

n 
bu

bb
le

 a
nd

 la
m

in
ar

 fl
ow

 is
 re

ta
in

ed
 u

nt
il 

fu
rth

er
 d

ow
ns

tre
am

 o
n 

th
e 

w
in

g 

su
rf

ac
e. 

 A
 la

rg
e 

se
pa

ra
tio

n 
re

gi
on

 e
xi

st
s 

at
 t

he
 t

ra
ili

ng
 e

dg
e 

of
 t

he
 w

in
g 

an
d 

it 
ap

pe
ar

s 
to

 

se
pa

ra
te

 in
to

 re
gi

on
s o

f v
or

tic
al 

flo
w

.  
A

n 
ed

ge
 v

or
te

x 
is 

pr
es

en
t a

t t
he

 e
xt

re
m

iti
es

 o
f t

he
 w

in
g 

an
d 

th
is 

pr
ov

id
es

 th
e 

ad
di

tio
na

l e
ne

rg
y 

to
 w

ith
st

an
d 

se
pa

ra
tio

n 
to

w
ar

ds
 th

e 
w

in
g 

tip
s. Tu

rb
ul

en
t 

Bo
un

da
ry

 L
ay

er
 

La
m

in
ar

 
Bo

un
da

ry
 L

ay
er

E
dg

e 
V

or
te

x 



Sc
ott

 B
eet

on
 

 
M

.S
c. 

Ra
ce 

Ca
r A

ero
dy

na
mi

cs 
22

03
33

19
 

 
D

iss
ert

at
ion

 

48
 

 3.
4 

O
il 

F
lo

w
 V

is
u

al
is

at
io

n
 

3.
4.

1 
C

le
an

 W
in

g 

 
Fi

gu
re 

3.
14

 - 
O

ilf
low

 V
isu

ali
sa

tio
n 

- C
lea

n 
W

in
g C

om
ple

te 
an

d 
E

dg
e 

Th
e 

ab
ov

e 
im

ag
e 

an
d 

Fi
gu

re
 3

.1
5 

sh
ow

 th
e 

re
su

lta
nt

 p
ar

tic
le 

di
st

rib
ut

io
n 

on
 th

e 
su

rf
ac

e 
of

 th
e 

Cl
ea

n 
W

in
g 

fr
om

 a
 r

un
 a

t 
h/

c 
=

 0
.0

9 
an

d 
1 

de
gr

ee
 a

ng
le 

of
 a

tta
ck

. 
 T

hi
s 

re
sid

ua
l 

flo
w

 

vi
su

ali
sa

tio
n 

sh
ow

s t
ha

t t
he

 w
in

g 
pr

of
ile

 w
as

 d
es

ig
ne

d 
w

ith
 a

 se
pa

ra
tio

n 
bu

bb
le 

alo
ng

 th
e 

sp
an

 

of
 t

he
 w

in
g.

  
Th

is 
de

sig
n 

fe
at

ur
e 

is 
in

clu
de

d 
to

 t
rip

 t
he

 b
ou

nd
ar

y 
lay

er
 f

ro
m

 l
am

in
ar

 t
o 

tu
rb

ul
en

t s
o 

th
at

 th
e 

pr
of

ile
 c

an
 f

ur
th

er
 r

es
ist

 s
ep

ar
at

io
n.

  
Th

is 
ef

fe
ct

iv
ely

 f
ix

es
 th

e 
tra

ns
iti

on
 

po
in

t 
of

 t
he

 w
in

g.
  

H
ow

ev
er

, 
th

er
e 

ar
e 

so
m

e 
se

ct
io

ns
 w

he
re

 t
he

 f
lu

id
 p

as
se

s 
th

ro
ug

h 
th

e 

de
sig

ne
d 

se
pa

ra
tio

n 
bu

bb
le

 a
nd

 la
m

in
ar

 fl
ow

 is
 re

ta
in

ed
 u

nt
il 

fu
rth

er
 d

ow
ns

tre
am

 o
n 

th
e 

w
in

g 

su
rf

ac
e. 

 A
 la

rg
e 

se
pa

ra
tio

n 
re

gi
on

 e
xi

st
s 

at
 t

he
 t

ra
ili

ng
 e

dg
e 

of
 t

he
 w

in
g 

an
d 

it 
ap

pe
ar

s 
to

 

se
pa

ra
te

 in
to

 re
gi

on
s o

f v
or

tic
al 

flo
w

.  
A

n 
ed

ge
 v

or
te

x 
is 

pr
es

en
t a

t t
he

 e
xt

re
m

iti
es

 o
f t

he
 w

in
g 

an
d 

th
is 

pr
ov

id
es

 th
e 

ad
di

tio
na

l e
ne

rg
y 

to
 w

ith
st

an
d 

se
pa

ra
tio

n 
to

w
ar

ds
 th

e 
w

in
g 

tip
s. Tu

rb
ul

en
t 

Bo
un

da
ry

 L
ay

er
 

La
m

in
ar

 
Bo

un
da

ry
 L

ay
er

E
dg

e 
V

or
te

x 



Sc
ott

 B
eet

22
03

33
1

 Th
e 

pr

co
nv

er

th
e 

sid

A
fte

r c

re
su

lts
 

A
llm

ar

ha
s b

ee

Th
e 

ch

A
llm

ar

clo
se

st

th
e 

RN

ton
 

19
 

re
vi

ou
s 

pl
ot

rg
in

g 
to

 a
 s

t

e 
w

e 
ca

n 
se

e

ch
ec

ki
ng

 fo
r

w
er

e 
pl

ot
te

ra
s 

tu
rb

ul
en

en
 o

bt
ain

ed

Fi
gu

re

ho
ice

 o
f 

tu
r

ra
s)

 is
 a

lso
 r

t t
o 

th
e 

E
xp

N
G

 k
-e

 m
od  

Sp
al
ar
t‐
A
ll

k‐
w
 S
S

Re
al
is
ab

l

RN
G
 k

Re
yn
ol
ds
 

M
od

e

Ex
pe

ri
m
e

Ta
ble

 4
.5s 

sh
ow

 th
e 

te
ad

y 
so

lu
tio

e 
th

at
 th

e 
va

r C
oe

ffi
cie

nt

ed
 f

or
 t

he
 

ce
 m

od
el 

h

. e 4
.8

 - 
C P

 P
lo

rb
ul

en
ce

 m

re
fle

ct
ed

 in
 

pe
rim

en
ta

l d

de
l. 

lm
ar
as
 

ST
 

le
 k
‐e
 

k‐
e  St
re
ss
 

el
 

en
ta
l 

5 
- F

or
ce 

Re
suco

nv
er

ge
nc

on
 a

s 
th

e 
nu

alu
es

 a
re

 c
on

t o
f L

ift
 a

nd

va
rio

us
 t

ur
b

as
 t

he
 m

os
t

ot 
of 

A
lte

rn
at

e

od
el 

th
at

 a
p

th
e 

fo
rc

e 
r

da
ta

 fo
r t

he
 

C L
 

‐1
.6
47

0 
0

‐1
.4
24

1 
0

‐1
.4
87

2 
0

‐1
.5
36

7 
0

W
ou

ld
 n

Co
nv
er
g

‐1
.6
18

0 
0

ult
s f

or
 A

lte
rnce

 o
f C

L 
an

d

um
be

r o
f i

te

nv
er

gi
ng

 w
it

d 
D

ra
g 

co
nv

bu
len

ce
 m

o

t 
re

pr
es

en
ta

e T
ur

bu
len

ce 
M

pp
ea

rs
 b

es
t

re
su

lts
 s

ho
w

Sp
ala

rt-
A

llm

C D
C L

.0
65

3
1

.0
61

3
‐1

.0
93

2
‐

.0
69

4
‐

ot
 

ge
 

.0
72

0
0

na
te 

Tu
rb

ule
ncd 

C D
.  

It 
ca

n

er
at

io
ns

 is
 in

th
 a

 re
lat

iv
el

ve
rg

en
ce

 fo
r 

od
els

.  
It 

is 

at
iv

e 
re

su
lt 

t

M
od

els
 - 

Co
 R

t 
fr

om
 t

he
 

w
n 

be
lo

w
.  

T

m
ar

as
 m

od
el

Er
ro
r

C

1.
79

 

11
.9
8 

8.
08

 

5.
02

 

 

0.
00

 

ce 
M

od
els

 - 
C

M

n 
be

 s
ee

n 
th

nc
re

as
in

g.
  N

ly
 sm

all
 c

ha
n

ea
ch

 si
m

ul
a

cle
ar

ly 
se

en

to
 t

he
 E

xp
e

Ro
ta

tin
g S

V
G

pr
es

su
re

 d
is

Th
e 

C L
 a

nd

l, 
alt

ho
ug

h 
c

C D
Er
ro
r

‐9
.2
0 

‐1
4.
87

 

29
.4
9 

‐3
.5
8   

0.
00

 

Co
 R

ota
tin

g S
VM

.S
c. 

Ra
ce 

Ca
r A

ha
t t

he
se

 r
es

N
ot

in
g 

th
e 

s

ng
e 

in
 re

su
lt

at
io

n,
 th

e 
fo

n 
th

at
 t

he
 S

er
im

en
ta

l D
a  

G
 W

in
g 

st
rib

ut
io

n 
(S

d 
C D

 E
rr

or
 

clo
se

ly 
fo

llo

It
er
at
io
n

53
00

0 

62
00

0 

65
00

0 

76
00

0 

 

 

V
G

 W
in

g 

A
ero

dy
na

mi
cs 

D
iss

ert
at

ion
 

64
 

su
lts

 a
re

 

sc
ale

 o
n 

ts
. 

ol
lo

w
in

g 

Sp
ala

rt-

at
a 

th
at

 

Sp
ala

rt-

ar
e 

th
e 

ow
ed

 b
y 

ns



Sc
ott

 B
eet

22
03

33
1

 Th
e 

pr

co
nv

er

th
e 

sid

A
fte

r c

re
su

lts
 

A
llm

ar

ha
s b

ee

Th
e 

ch

A
llm

ar

clo
se

st

th
e 

RN

ton
 

19
 

re
vi

ou
s 

pl
ot

rg
in

g 
to

 a
 s

t

e 
w

e 
ca

n 
se

e

ch
ec

ki
ng

 fo
r

w
er

e 
pl

ot
te

ra
s 

tu
rb

ul
en

en
 o

bt
ain

ed

Fi
gu

re

ho
ice

 o
f 

tu
r

ra
s)

 is
 a

lso
 r

t t
o 

th
e 

E
xp

N
G

 k
-e

 m
od  

Sp
al
ar
t‐
A
ll

k‐
w
 S
S

Re
al
is
ab

l

RN
G
 k

Re
yn
ol
ds
 

M
od

e

Ex
pe

ri
m
e

Ta
ble

 4
.5s 

sh
ow

 th
e 

te
ad

y 
so

lu
tio

e 
th

at
 th

e 
va

r C
oe

ffi
cie

nt

ed
 f

or
 t

he
 

ce
 m

od
el 

h

. e 4
.8

 - 
C P

 P
lo

rb
ul

en
ce

 m

re
fle

ct
ed

 in
 

pe
rim

en
ta

l d

de
l. 

lm
ar
as
 

ST
 

le
 k
‐e
 

k‐
e  St
re
ss
 

el
 

en
ta
l 

5 
- F

or
ce 

Re
suco

nv
er

ge
nc

on
 a

s 
th

e 
nu

alu
es

 a
re

 c
on

t o
f L

ift
 a

nd

va
rio

us
 t

ur
b

as
 t

he
 m

os
t

ot 
of 

A
lte

rn
at

e

od
el 

th
at

 a
p

th
e 

fo
rc

e 
r

da
ta

 fo
r t

he
 

C L
 

‐1
.6
47

0 
0

‐1
.4
24

1 
0

‐1
.4
87

2 
0

‐1
.5
36

7 
0

W
ou

ld
 n

Co
nv
er
g

‐1
.6
18

0 
0

ult
s f

or
 A

lte
rnce

 o
f C

L 
an

d

um
be

r o
f i

te

nv
er

gi
ng

 w
it

d 
D

ra
g 

co
nv

bu
len

ce
 m

o

t 
re

pr
es

en
ta

e T
ur

bu
len

ce 
M

pp
ea

rs
 b

es
t

re
su

lts
 s

ho
w

Sp
ala

rt-
A

llm

C D
C L

.0
65

3
1

.0
61

3
‐1

.0
93

2
‐

.0
69

4
‐

ot
 

ge
 

.0
72

0
0

na
te 

Tu
rb

ule
ncd 

C D
.  

It 
ca

n

er
at

io
ns

 is
 in

th
 a

 re
lat

iv
el

ve
rg

en
ce

 fo
r 

od
els

.  
It 

is 

at
iv

e 
re

su
lt 

t

M
od

els
 - 

Co
 R

t 
fr

om
 t

he
 

w
n 

be
lo

w
.  

T

m
ar

as
 m

od
el

Er
ro
r

C

1.
79

 

11
.9
8 

8.
08

 

5.
02

 

 

0.
00

 

ce 
M

od
els

 - 
C

M

n 
be

 s
ee

n 
th

nc
re

as
in

g.
  N

ly
 sm

all
 c

ha
n

ea
ch

 si
m

ul
a

cle
ar

ly 
se

en

to
 t

he
 E

xp
e

Ro
ta

tin
g S

V
G

pr
es

su
re

 d
is

Th
e 

C L
 a

nd

l, 
alt

ho
ug

h 
c

C D
Er
ro
r

‐9
.2
0 

‐1
4.
87

 

29
.4
9 

‐3
.5
8   

0.
00

 

Co
 R

ota
tin

g S
VM

.S
c. 

Ra
ce 

Ca
r A

ha
t t

he
se

 r
es

N
ot

in
g 

th
e 

s

ng
e 

in
 re

su
lt

at
io

n,
 th

e 
fo

n 
th

at
 t

he
 S

er
im

en
ta

l D
a  

G
 W

in
g 

st
rib

ut
io

n 
(S

d 
C D

 E
rr

or
 

clo
se

ly 
fo

llo

It
er
at
io
n

53
00

0 

62
00

0 

65
00

0 

76
00

0 

 

 

V
G

 W
in

g 

A
ero

dy
na

mi
cs 

D
iss

ert
at

ion
 

64
 

su
lts

 a
re

 

sc
ale

 o
n 

ts
. 

ol
lo

w
in

g 

Sp
ala

rt-

at
a 

th
at

 

Sp
ala

rt-

ar
e 

th
e 

ow
ed

 b
y 

ns


