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Effect of Mach Number. Linear stability theory not only predicts reduced
growth rates at high Mach number, but also provides an explanation for why the
growth rates are reduced. The reduction is caused by a misalignment of the pressure
and density gradients in the flow as revealed by the structure of the linear eigenfunc-
tions. At high Mach numbers this misalignment creates strong baroclinic torques,
which together with dilatational effects in the saddle region, prevent spanwise vortic-
ity from rolling-up. This explanation is supported by direct simulations which show
that the same mechanisms present in the linear stage are also present in the nonlinear
stage. However, it was found that once roll-up begins, the actual process of roll-up is
similar to an incompressible wake. Linear theory also predicts that the fastest grow-
ing wave at any Mach number corresponds to a two-dimensional antisymmetric mode
oriented in the streamwise direction. This result suggests that the first structures to
appear from the initial instability will be predominantly two-dimensional for both low
and high Mach numbers, with subsequent three-dimensional motions evolving from
the strain field of the two-dimensional structures. Three-dimensional simulations of
low and high Mach number wakes confirmed this hypothesis because the primary
structures which emerged from the initial instability were spanwise rollers. Moreover,
the fundamental mode is more energetic than the oblique modes in both the linear
and nonlinear stages.

Sensitivity to Initial Conditions. Another major objective of this work was
to determine the sensitivity of the topology of a compressible wake to various initial
conditions. In two dimensions, by varying the phase angle between a fundamental
and its subharmonic, pairing occurred on different sides of the wake. Regardless of
the phase angle, the presence of a subharmonic resulted in a doubling of the width of
the wake. Therefore, introducing a two-dimensional subharmonic in a wake may be
an effective means of mixing fluid. From temperature contours alone, it would be very
difficult to distinguish whether an increase in scale of the wake is due to pairing or
to hydrodynamic instabilities. In three dimensions, an oblique subharmonic does not
lead to pairing of the fundamental vortices, but rather leads to wavy spanwise vortices
in a staggered “peak-valley-splitting” arrangement. The oblique subharmonic also
develops asymmetrically on opposite sides of the wake, similar to the two-dimensional
subharmonic.

Phase effects between a fundamental and a pair of oblique fundamental modes

were also found to be important. The topology of the developed wake depends upon
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the initial presence of streamwise vorticity in the saddle region. If streamwise vortic-
ity in the saddle region is initially in-phase with the pressure maxima, then vortex
stretching mechanisms cause the streamwise vorticity to interact with the spanwise
rollers to form vortex loops inclined along the principal axis of positive strain. If, on
the other hand, the streamwise vorticity in the saddle region is initially out-of-phase
with the pressure maxima, then the streamwise vorticity is advected into the cores
creating wavy spanwise vortices which are in-phase with the preceding vortices.

Three-dimensional simulations suggest that the same vortex stretching mecha-
nisms which are present in a wake may be universal to all free shear flows. For
example, the vortex stretching mechanism in a wake near the saddle region is also
well documented for a mixing layer (Corcos & Sherman [1984]). The vortex stretching
in the saddle region is due to the strain field created by the spanwise rollers. The
main distinction is that the saddle point in a wake connects vortices of opposite sign,
while in a mixing layer it connects vortices of the same sign. The spanwise vortex
stretching mechanism in a wake has also been documented for incompressible mixing
layers (Rogers & Moser [1989]). This spanwise mechanism occurs inside the span-
wise rollers at later stages in the development resulting in localized regions of vortex
compression and vortex stretching near the centers of the rollers. The compression
regions in a wake are stronger than the stretching regions, resulting in “hoop-shaped”
spanwise structures.

Topology. The similarities of the vortical structures in wakes and mixing lay-
ers led us to believe that a systematic approach for reducing complicated three-
dimensional flow patterns to their basic elements was needed, so that common fea-
tures of different flows could be related. A recently developed three-dimensional
critical point theory could provide such a framework. The topology of the velocity,
vorticity, and pressure gradient fields was examined using this approach. From the
topology of the velocity field, it was shown that the wake initially behaves as two
independent mixing layers separated by an alleyway. As the disturbances grow, a bi-
furcation occurs wherein the saddles on opposite sides of the wake become connected.
Saddle points and stable foci were found to be the basic elements in a two-dimensional
compressible wake, while saddle points, contracting unstable foci, and stretching sta-
ble foci were found to be the basic elements in a three-dimensional wake. Saddle
points are associated with regions of high strain rates and foci are associated with

regions of rotational fluid. These critical points were found in the initial velocity field

79



as well as in the developed velocity field suggesting that the developed wake is very
sensitive to its initial disturbances. The spanwise vortex stretching mechanism in the
rollers is topologically equivalent to the initial three-dimensional velocity field, i.e.
contracting unstable foci are associated with regions of localized vortex compression,
and stretching stable foci are associated with regions of localized vortex stretching.

The velocity, vorticity, and pressure gradient fields each have advantages and dis-
advantages. The critical points of the velocity field are relatively easy to find but are
dependent upon the reference frame of the observer. In the present work, the refer-
ence frame was taken to move at the phase speed of the linear disturbances before the
vortices have rolled up, and at the speed of the centroids of the vortices thereafter.
The vorticity field is independent of the observer, and the critical points can be dis-
played on a Q-R phase plane since the first invariant of the vorticity gradient tensor
is zero. However, the main disadvantage of the vorticity field is that, near pockets of
irrotational fluid which border rotational fluid, it is impossible to distinguish critical
points since the field is very degenerate. The pressure gradient field also is indepen-
dent of the observer, and inside the wake has easily identifiable critical points with
orthogonal eigenvectors. But it has the problem of degeneracy near the freestream
since the pressure gradients decay there. Improvements in the current algorithm need
to be made if all of the critical points of the vorticity and pressure gradient fields are
to be identified.

7.2 Recommendations for Future Work

Many of the results presented in this work have implications for flow control in
a wake. In particular, it was determined that both compressible and incompressible
wakes are sensitive to (1) initial phase relationships between different modes and (2)
frequencies of different modes. Further work is needed to determine if there is a
preferred phase relationship between different modes, or a preferred frequency range
which would offer the greatest mixing enhancement or drag reduction. Is it possible
to enhance or suppress the streamwise vorticity in the saddle region? How sensitive
are the large-scale structures to the relative initial strengths of the disturbances and
to the shape of the initial mean velocity and temperature profiles? In this work the
mean profiles were assumed to be Gaussian and shock waves never formed. Would a

top-hat profile result in the formation of shock waves?
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As simulations of three-dimensional flows become more common, the need for a
systematic approach for extracting, summarizing, and relating salient features of the
data arises. One such approach is to use a three-dimensional critical point theory
to describe the topology of computed flow patterns. This work is a first attempt at
using this approach to determine the topology of the velocity, vorticity, and pressure
gradient fields for a compressible wake. Improvements need to be made if all of the
critical points are to be identified and classified. Certain symmetry properties of the
flow could be used as a diagnostic for resolution of the flow. For example, saddle
points on either side of the wake should have identical invariants of the deformation
tensor. Once the algorithm is improved, the temporal evolution of the critical points
for the various fields could be determined and displayed in the space of invariants of
the deformation tensor. The sensitivity of the trajectories of the critical points to
various parameters of the initial conditions should be determined. Finally, further
study is required to determine the extent to which linear theory can be used to deduce
the topology of the structure in the developed wake.

The current study has concentrated on the effect of initial conditions on the evo-
lution of large-scale structures in a wake. Ounly selected modes were initially forced.
Turbulent wake simulations need to be performed in which random initial forcings are
imposed. Turbulence statistics obtained from an ensemble of runs including Reynolds
stresses and higher-order statistics need to be obtained for compressible free shear
flows. These statistics are readily available from direct simulation data, but may be
impossible to measure. These statistics would assist turbulence modelers in develop-
ing phenomenological models for compressible free shear flows.

There is considerable interest in high-speed combustion problems related to mix-
ing in round jets and wakes. The numerical scheme presented here could be modified
for such a geometry. The effect of compressibility on the large-scale structures of a
round jet or wake should be determined and compared with the results of a plane
wake or jet described here. Different mixing enhancement methods should also be
tested.
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APPENDIX

ODDBALL FILTERING ALGORITHM

For a well-resolved simulation, the energy at the high wave numbers is small,
O(10712). However, due to round-off error associated with packing 64-bit words into
two 32-bit words, energy accumulates in the terms of the right-hand side of the gov-
erning equations (3.1.14-3.1.18). For all other wave numbers besides the oddball, the
energy due to round-off error, is eventually reduced by viscous dissipation. However,
since there is no mechanism for removing the round-off error which accumulates in
the oddball wave number, it builds up and aliases back into the lower wave numbers
through the convective terms. The presence of the oddball manifests itself as two-
delta wave oscillations in the solution which grow and affect the solution. Therefore,
the contribution of the oddball wave number must be set to zero in all the dependent

variables after each substep.

The dependent variables are represented by discrete Fourier transform pairs:

Ny /2 Na/f2
¢(2, k) = Z Z é(nl, n3)ei27r[(n’1/N1)(i—1)+(n3/N3)(k"1)] (1)
n1:—N1/2+1 n3:—N3/2+1
RN (1 /Ny)(i=1)+(na/No) (k1))
2 _ . —127[(ny /N (i—1)+(n3/N3) (k-1
Br1,m3) = g 2 3ol e DL ()

We employ an algorithm written by Blaisdell [1989] which sets the contribution

of the oddball wave number to zero:
$(N1/2,n9,n3) =0, §(n1,n9,N3/2) = 0. (3)
This can also be achieved by transforming the dependent variables into wave space,
setting to zero the appropriate Fourier coefficients, and transforming back to physical
space. However, it is more efficient to perform the filtering in physical space since the

solution is time-advanced in physical space.

Filtering is performed in the streamwise (z1) and spanwise (z3) directions. The
Cain-mapped direction (z9) is not filtered. In two dimensions, the desired filtered

function is given by:
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N2
of = ¢ - IZ é(n1, N3/2)ei2ﬂ'[(n1/Nx)(i—l)'*'(k"1)/2]
n1=——N1/2+1

N3/2-1
- > $(N1 /2, ng)ei2rl(i=1)/2+(na/Ns)(k=1)]

na=-N3/2+1
which through much algebraic manipulation is given in its final form:

N3

Y a1, 23)(-1)F

kl.—

1)' S g(er,a5)(~1)"

=1

k
¢ (z1iyo3k) = 6i — 1)

k N1 Ns

+ 21(%1) E_Zlkf_j #(a1,73)(-1)" (-1)¥"

(4)

()

We have omitted the details of the derivation which are given in Blaisdell [1989).

After each substep, each of the dependent variables is filtered according to equation

5 at the beginning of PASS1.

90



1ppua)yf  wosf uorssrwsad yum
paonposdas ‘sdoy g ye peoioj ore(d jef @ pUIYRq oYem g'g YorRJA JO UeIeUoS "T-T J¥NDIL]

91



1 Maoch no
| 0.0t
1.0
1S T S VY N N ¥ .
3.0 _
.20
08 F 7.0
— 0.7 F
0.6 |
03 F
04
03 F
0.2 1 il ¢ y 1 1 A 1 4 4 1 L
-7 -8 -5 -4 -3 -2 -1 0 1. 2 3 4 ] []

FIGURE 2-1. Gaussian mean velocity profile.

'0 ¥ v ¥ A 4 1 ¥ T - 4 H 1 L] A4 1
/ AY
\ Maoach no.

..... ‘

-7 -6 -5 4 =3 =2 -1+ 0 1 2 3 4 5 6
z2

FIGURE 2-2. Mean temperature profile from Crocco-Busemann relation.

92



gt

vl

A

"spoyjowt Jurjooys pue 0311p 10} sajel YimoId resur| jo uostredwo) ‘g-7 IUNOIG

0
l 80 90 0 AV

\

N,

Doy

(S'0) 100

ICESIGS

- - - -

(v 'Q) 10°0
‘OuU YODW

N

((g)oupwwAg 10 (v )oinpwuwisnuy ‘(§)8unooys 1o (q)1eu()
i " i n 1 " 1 i ! A

000

20’0

00

900

800

OoL0

2’0o

m

93



"ayem 3[qissardwoout ue 10} spaads aseyd jo uostreduro) ‘H-z IUNDILY

0
60 80 L 0 90 S0 0 co 20 10 0
H 1 1 1] 1 1] 1 1 M ¥
SRS PUS 0168 | ]
bunjooys
| i Il 1 1 1 1 N B " 1 L

S0

90

L0

yd,

80

60

94



su

Gl

14}

‘suotpunjuae £3100[2A ISIMUIEDI)S Jo uvosiredwo)) ‘g-z IUNOLY

iz
0

G-

mul

G-

Oot- g2l- g&i-

G-

1

T

I N 1 M I

biLINY PUO 0VDS

bunooysg

g

20—

o

+0

80

Al

|tn|

95



gl

‘spouwr (Jg drrjpurwsyue ayj Jo 23Rl ymol1d ayj uo JoquInu YRR JO 1Y
0

i Al | 80 90 ¥'0 A

'9-Z IUNOIY

0

T Y T v T Y I v 1 d i v L i

......

"OU YOO

000

1 200

4 +00

4 900 E

-1 800

41 010

Z2to

96



opowr (Jg oStxjowurfs ayj Jo 9je1 yimol1d ayj uo I[3quInu yoey Jo 1094 “L-% I™UNOIY
b

60 80 L0 90 G0 ¥'0 €0 A L0 0

-——— e 0000

4 S000

-1 OL0°0

- GO0

-4 ozo0 E

-4 G200

- 0¢£00

100

"OU YDOW 7 s:00°

] i 1 Iy ] 4 | 3 1 1 i 4 1 3 i & ] i O¢O.o

97



apourt (Qc Qm.:mw:::%mmaﬁ.m ay) jo MUGQZ—VQHM aY) uo Jaqunu e Jo 1939

0

9l LA Al l 80

90 ¥O0 A 0

N 1 M i M 1 M 1

. ' _ —— e 1’0

4720

1¢0

4 #0

460

4 90

= ALY

-4 80

‘8- AUNDOIY

+m

98



"apowr (g sujewwiAs ayj jo Aousnboij oy) uo Jaquunu PR Jo POYY 6-g IUNDIG

0
60 80 L0 90 G0 $0 ¢0 0 )] 0
s s e B i B A R T TS NESS—— o o
410
-1 20
4¢0 &
14 ¥0
0z . .
01
10°0 ) 4 G0
Ou YO0\
" { N | N 1 4 { " 1 ) H " 1 N 1 N | . @O

99



09

‘apows dtrjourwsijue o9yj Jo a3e1 ymoi1d ayy uo Lymbriqo Jo ey ‘Q1-Z IUNOILY
0
ov 119 o¢ 1°T4 074 Gl ot S 0

T

¢00

1400 )

100

goo £

80°0

e R

4 010




8)°]

"opout dtrpwiuAs 3yj Jo 9rer Ymoid ayj uo £3mbijqo jo 1oyy

0
874 09 0s 814 ot 074

Ot 0

1 Y H T Y ¥ T T 1

ON3OI

T >

--eemmea- .- - w e -

"11-¢ 3¥nOLY

0000

G000

olo0'0

SLO°0

0200

S200

0£0°0

101



"SOpPOW J111WIWIAS pUe JLIJPUIMIASIJUR [RUOISUSWIP-931Y} d[qe)sun SO Z1-G JUNDLY

M~
©
n

0]

1

-
e
-
- -
- -
-~
- -
= -
- -
-

B.,

ap 0 = g 10} 9|qe)sun jsour

000

00

¥0°0

300

Ly

800

oo

[AN0)

102



mag

—imag _

e

73

125

0.75

0.50 -

~-0.75

1

13 15 17.5

10

25

0
z2

-75 -5 -25
(a)

-10

-12.5

-17.5 =15

mao
e L.

~Tmeg

-0.2

10 s 1B 7.5

73

-0 -75 -5 ~23

-125

-17.5 =15

T2
(b)

103



«10°

75 1 T T 1 T ki T 1 k] 1 H ¥ 1
mog
50 Lred T
imag__
25 F i
a 00} —— -
~-25 F -
-50 F 4
_75 b 1 1 " 4 ¢ 1 ] " 1 " { N 1 1 " ]l {
178 -15 -125 -10 ~7% -5 =25 O 25 5 75 10 125 5 125
z2
(c)
?
% 8.0 M B S S R Eann e e R s S T
60 | e 4
LJred
imag._
40 F -
:
20 % : N
;
'& !
oo} = Npr -
] |
[\
-20 } Wi I -
-40 b ?I J
“‘6-0 L 1 1 1 3 1 (] ] " 1 } 1 L 1 1 "
175 -15 1285 -10 <75 -5 2% O 25 S 7% 0 15 15 175
T2

(d)
FIGURE 2-13. Inviscid linear eigenfunctions corresponding to most unstable
antisymmetric mode for M = 0.01, Auc = 0.692, (a) iy, (b) U2, (¢) p, and
(d) T.
104



0'3 v 1 1 1 M i 14 M 1 ¥ 1 1 ] T M ] 1
mog
0.2 [~ “r.e.o‘l--. -
imag_
0.1 | i
S oot T ]
-a1 } -
-02 } ]
"O 3 1 1 { I { 1 1 1 1 [ 1 § 1
-175 -1 -125 -0 -7% -5 -2 0 25 S 75 10 125 15 175
T9 "
(a)
R N —— ' , ——er S S— S—
0.1%0 } mag i
Jredl .
0.125 | S T
0.100 | ]
5 oors | _
0.050 } i
0.025 } ]
0.000 } .
_0.025 " 4 [] 1 ] " l { I 1 1 i I } 1

-75% -5 -12% -0 -78 -85 -25 O 25 3 7% 10 123 15 7.5

105



0.4 prep——— Yo—— Tr——t T T T T T T
03 | mag 1

..real .
02 b imeg | |
0.1} 4
‘A 00 4
-0 F =
-02 k -
~03 -

_o" I 1 } 1 1 1 L i 1 1 ] 1 1

-175 -15 ~12% -0 ~-75 -5 =25 0 28 L] 78 10 12.9 15 17.5
2
(c)

125 LS SRS S S S S A T T P 1

t 4
mag

T
0.75 imag__ .
050 : B
02s } : .

o~ J
o - oy -
)/

-025 | W I .
-0.50 | ? I .
—ors | \[ ]
-‘ 1 1 4 1 ' 3 I 1 ) i 1 1 { W

-75 -1% -5 -0 -7% -5 -25 O 25 3 7% 10 125 % 17.5

(d)

FIGURE 2-14. Inviscid linear eigenfunctions corresponding to most unstable
antisymmetric mode for M = 3, Au, = 0.692, (a) %y, (b) 4z, (¢) p, and (d)
T.

106



0'06 i T 1 T ¥ ! 1 T ¥ ! T
mag
0.04 | _.redl .
imag
002 4
—y
la 0.00 - AR X L RPN 4 -
-0.02 | B
-0.04 | 4
_0 06 1 1 L L i 1 " } 1 1 | { L
-75 =15 -128% ~10 -735 -5 =25 0 25 75 10 125 15 17.5
T2
(a)
0-035 M L) 1] ] >| 1 1 T ] T 1 ¥ ¥
0.030 o mog -4
Jred .
imao
0.025 |- —4- s
0.020 1
S oo} i
0.010 -
0.005 §- .
0.000 4
_ooos I 1 q{ 1 1 1 1 1 { N 1 1 i
-75 ~15 -128 -0 -785 ~§ -23 0 25 75 10 25 15 17.5
z2

107



0'100 ) t 1 ¥ 1 T M L] t N ¥ T T L 1

0.075 |

0.050

0.025 t

-q, 0.000

-0.025

| 4

-0.050

-0.075 | ' .

| ] ] 1 ] ! L L I3 1 i

-0.100 4 .
-1785 ~15 =125 -0 =75 -5 ~25 O 25 5 75 10 125 15 17.5

--------

05 |

-1 b -

-15 I | 1 [P | 1 1 ] 1 i 1 i 1

~175 -15 -128 ~10 -78% -5 =25 O 25 S 7% 10 125 15 175

(d)
FIGURE 2-15. Inviscid linear eigenfunctions corresponding to most unstable
antisymmetric mode for M =17, Au, = 0.692, (a) Uy, (b) 42, (c) p, and (d)
T

108



(9) (v)
Iz iz




9L8°8 I £

(v)

00000 oLLE 8 1z

LY’ 9-

-
- e

-
v pmTISIIzsas
-? . '\0 ,\0! ) Iv.ll!l A
" SeolTeakAnNREEL -
~ bl gl g

R

- - -
- - -
R L L LR L

(4]
iz

mmmmmm——

Premmmma S,

\MWM\\.I..'O!!!UI“ [
’

- -”e” 4 "

R orrrrsiiziel L.

- -
e ekt P

-
-
PR

o=

110



-
- -
had T YRy

8.3778

T)
(f)
genfunct

0.0000

6.1557

(4

~6A4T74

8.377¢8

)
(e)

0.0000

6.1557

ox

111

~8.4774

ions
ty, (d) baroclinic

ticity and dilatation

icl

1near €l

ise vort

1s€ vor

f product of spanwi

1ve O

3, Au, = 0.692, (a) pressure, (b) density, (c) spanw

FIGURE 2-16. Compressible vorticity source terms constructed from 1

for M

torque, (‘e) dilatation, and (f) negat



FIGURE 3-1.

Computational domain for temporal wake.

112



Horlzontal Pass (Pass 1, Pass J)
Fourler Transforms in x1 and x3

7 2y u‘
o

W

Vertical Pass (Pass 2)
Fourler Transtorms in x1
and x2

FIGURE 3-2. Data management “drawer” concept.

113

Temporal Pass



%
AR .
L0000, €
SRR,
AX AR
QRANNAIN
AR
X XXX )4 a
.vv
RN .:v
W
JOKR
o 00
X /o.w
0
P\
U YT YOOYTTTTT Y\
T VLYV -
(A)doy

(a)

0

0
AN

OO00G0
OOOOOXX)
000040004
OO0
HOOOOOCOO0
OOOOXXXXXRX

OOOOOOOCOR00
AOOOO0000OMKN)
OOOOOO000
0000000000000
32 OO0,
e~ ) o%ooo.o.%.o.ooo.o%o,.%,
QOO0

“

QOUNRE/
()
ooo 0000000000000000000/: Ny
9000900004060 0 g
0060006046040V y
900..000000o00
WOVOOO00000
Qoooooooooooo
SONEERRAARX
00000
AOAEARANE
$0000 00
AXXIOOY 0
$00000 ¢4
(5000
000000000
OO0

Two-dimensional energy spectra at z; = 2.0 for M = 1.0,
Re = 300, (a) well resolved, and (b) poorly resolved with aliasing problems.

FIGURE 3-3.

114



"9pOD UOIJR[NUIIS J02IIP Y}IM SYem Ie] 10} uoijnjos reurure] jo uosireduio) ‘§-¢ IUNDIY

tx
S°2¢ O0°0f S°¢C 0°S2 S'¢2 00 S« 0°st s°21 001 8¢ 0°Ss s 00
i i 1 i 1 i s 1 1 ] 1 1 o
®
TTTtowaa T GoTier° 1 - Wil o
031INdH0D 002 - 4316 'SOtI8y 1 - Il -
o
o
[
-+
2
au
o
B
~N
P

115



pue wo[qoid on[eausSe resur] UsaM)aq sajel Y3moid resur| jo uostredwio)

ot s st gt o sa

1

su

"UOIR[NUILS J02IIP

v 1 v 1] L} M ¥ M ¥

T{q015 Joeu) 0°C
. (WIS359.0) 0°¢
{('q018 165uN) 0T
2 Lws 199x0) 0T
(qois 1o09un) 0’
(WS 19920) 01
"ou Yoop

‘G-¢ A"YNOIH

[((2¢z ‘o)1n)ufj[esy

116



Real[ln(i(a, z9,1))]

-6

-7

-8

-9

-10Q

-11

Real[ln(d1(a, z3,1))]

-12

-13

-4

- 50

Reynoids no.

Linear stab.

‘/ ..........
| ’ .,/ ------------- -‘
1 5 4 1 | l l l
5 10 15 20 25 30 35 - |
t
(a)
1 T 1 ] . | | ‘ I.
- Reynolds no. q
100

0 10 20 30

40
t

(%)

60 70

80

S0

FIGURE 3-6. Effect of Reynolds number on linear growth rates (a) M =1,
and (b)) M =3.

117



15 | I Suse Senans san ey |

10 |

-5 |
-10 | 7
-15 J ! | 1 ]
0 5 10 15 20

z]

(a)
15 | I B REASEE BN M| T 7]
10 |

-10 }

£

(¢)

FIGURE 4-1.

15

10

10

15

10

1

(d)

Contour plots showing the evolution of temperature field for

25

M =1, Au, = 0.692, Re = 600 at (a)t=0., (b)t=20.1, (c)t=40.2, and

(d) t =50.2.

118



1.0

2.6

2.4
2.2
2.0

I~ 1.8

z2

(b)

FIGURE 4-2. Evolution of mean profiles for M = 3, Re = 600, (¢) %;, and
(b)) T.

119



LSRRI

errrnm

T T TTITm

Mach = 3, Re = 600

10‘5 1 1 1 1
0 25 50 75 100 125

FIGURE 4-3. Effect of Mach number on the kinetic energy of
the fundamental mode.

1290



0.10

t = 32.4
008 ™ " ‘" --t._=..8.6.-_-

]
'
1
1
'
0.06 |- :
!
+
¢
+

w
g
-
]
0.04
0.02
0.00
z9
FIGURE 4-4. Intensity of the streamwise velocity fluctuation in linear

(t = 32.4) and nonlinear (t = 86.0) regimes for M = 3, Au. = 0.692,
Re = 600.

121



0.10

tm 324 n= 1
0.08 _t=86n=1

...............................

0.06 -

‘i‘ln‘

0.04

0.02

FIGURE 4-5.  Distribution of fundamental (n = 1) and first harmonic
(n = 2) modes in linear (¢ = 32.4) and nonlinear (¢ = 86.0) regimes for
M = 3, Au, = 0.692, Re = 600.

122



15 T T

-10 |
—-15 Ll ] 1 ]
0 ) 10 =] 20

Ii

(a)
5 T N
10

~-10 - 4
-15 " 1 " L] i L 1 ]
0 5 10 15 20

zy
(c)
FIGURE 4-6.

25

10

- -10

10

-10

1

(b)

20

25

A

T

A

| S A R A |
—4

1

10

(d)

Contour plots of spanwise vorticity, w3, at (a) t = 32, (b)

I

135

20
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FIGURE 4-7.  Contour plots of pressure, p, at (a)t = 32, (b)t = 68, (¢)
= 86, and (d) t = 96 for M = 3, Au, = 0.692, Re = 600.
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FIGURE 4-8.  Contour plots of density, p, at (a) t =32, (b)t =68, (c)

lllllllll

t =86, and (d) t = 96 for M = 3, Au, = 0.692, Re = 600.
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FIGURE 4-10. Contour plots of the negative of the product of the spanwise
vorticity and dilatation at (a)t =32, ()t =68, (c)t =86, and (d) t = 96

for M =3, Au. = 0.692, Re = 600.
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FIGURE 5-2. Plan view of a circular-cylinder wake at Re = 150; smoke-wire
at ;/d = 2, zo/d = 2, corresponds to Fig. 20 of J. Fluid Mech. 1988, Vol.
190, pp. 291, reproduced with permission from J. Cimbala.
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FIGURE 5-5. Side view (C-C) of (@) initial pressure and (b) initial stream-
wise vorticity. “H” and “L” denote maxima and minima in pressure.
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calwise

Streamwise vorticity for Case 2 at ¢t = 49, (a) perspective of str

vorticity at 50% of peak value, (b) side view (C-C), (c) plan view (D-D), and (d) end view
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and () t = 40 illustrating different topology.
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(¢)
FIGURE 5-18. Iso-level surfaces of (a) Sy3w; and (b) w;y for Case 1, t = 64.
Contour levels are 70% of peak value 0.026 for (a) and 80% of peak value

0.45 for (b).
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Contour levels are 40% of peak value 0.026 for (a) and 50% of peak value
0.45 for (b).
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(b)
FIGURE 5-20. Side view (B-B) of (a) S3sws and (b) w3 for Case 1, t = 64.
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FIGURE 5-22.
and (¢) density
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FIGURE 5-23. Iso-level surfaces of (a) vorticity norm, (b) pressure minima,
and (c) density minima for Case 2 at t = 64.
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FIGURE 5-27. Cartoon illustrating developed vortical structures for an
initial forcing including an oblique subharmonic.
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FIGURE 5-29. Plan view (D-D) of (a) spanwise vorticity, (b) pressure, and
(c) streamwise vorticity corresponding to Case 3 at t = 60.
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FIGURE 5-30. Side view (C-C) of (a) spanwise vorticity, (b) streamwise
vorticity, and (c) transverse vorticity corresponding to Case 3 at t = 493.
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FIGURE 5-32. Iso-level surface of vorticity norm for Case 4 at ¢ = 130.
Contour level of 20% of peak value of 0.45.

168



stable focus

0017

@
/
} ﬂA} S i
-0.08 P 0.08

saddle
C —/
001 * %

FIGURE 6-1. Classification of critical points on a P-Q diagram at ¢t = 0 for
a 2D wake at Re = 300, M = 1.0.
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FIGURE 6-4. Instantaneous streamlines at (a)t =0, and (b) t = 25 for
Case 2. “S” denotes saddle point and “F” denotes focus point.
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(b)
Projected velocity vectors at (a) z3 =0, and (b) z3 = L3/2

for Case 2 at t = 25. “S” denotes saddle point and “F” denotes focus point.

FIGURE 6-5.
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FIGURE 6-8. Evolution of three-dimensional vortex lines for M = 1,
Re =100 at (a)t =32, (b)t =48, (c)t =64, (d)t =81, and (e)t = 81.
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FIGURE 6-9. Vortex lines for Case 2 at t = 77 corresponding to (a) side
view perspective, and (b) combination side-plan view perspective.
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FIGURE 6-11. Pressure gradient vectors for Case 2 at t = 64 corresponding
to (a) spanwise cut (C-C), and (b) spanwise cut (A-A). “S” denotes saddle

point and “N” denotes either node or star-node.
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