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* Background and motivation

* Baseline configuration and numerical approach

® Stability analysis for the baseline configuration

— Mean flow
— Acoustic instabilities

— N-factors
* How to improve the injector performance
® Shaping of injector

— Conical shapes

— Cylindrical shape
® Suction-blowing of zero mass injection

* (Conclusions
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Background: Delay Transition Using Non-
Equilibrium CO, to Suppress the Second Mode

PROBLEM: In hypersonic flight, heating loads are typically a dominant design factor

Turbulent heat transfer rates can be about an order of magnitude higher than laminar rates at
hypersonic Mach numbers

A reduction in heating loads by keeping the boundary layer laminar longer means less thermal
protection needed and hence less weight to carry, or conversely more payload deliverable for a
given thrust.

OBJECTIVE: Delay transition from laminar to turbulent flow in the boundary
layer of a slender hypersonic body by using nonequilibrium CO,

At relevant conditions, CO,
absorbs most energy at the

Molecular vibration and

dissociation damp
acoustic waves

« § ¢

frequencies most strongly
amplified by 2"d (Mack) mode

Inject CO, to delay transition in air flows of interest
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Amplification rate/cycle or absorption rate/wavelength

Background

For CO, the broad sound absorption curve peak coincides with the amplification peaks

" o' Shot 2180, CO,, h = 2.83 MJ/kg 7
A Shot 2194, CO% h°= 9.46 MJ/kg 1
o Shot 2192 CO; h=15.77 MJ/kg

/

This coincidence is most pronounced at enthalpies of ~10 MJ/kg

0.50 hot 2148, Air, h = 4.04 MI/kg BOF
. S Shot 161, Al h:=13.73 /1& 0-50¢
A"- o Shot 2183, Air, h0=18.77 M/ kg C02

0.40 0.40

Absorption due to relaxation <
0.30f §030F

" Cl E

] Acoustic Disturbances 3 5k
0.20F L _0.20F

o N :
0.105._ 0.10

r .............. PR .

SREENRFEERRERERE INRNRERERI R RN SRR INEN]

10

Symmetric
______ modes (v00) e - 3380
K
Bending

modes (0v0) O=960 K

O—Or—+) tgmee @=1903 K

Typical TS
T*=1700 K (CO,)

V|b ~1 s
(Camac 1966)

Plots from: Fuijii, K., Hornung, H.G, “Experimental
Investigation of High-Enthalpy Effects on
Attachment-Line Boundary Layer Transition,” AIAA
Journal, Vol. 41, No. 7, July 2003
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~=== Baseline configuration

Free-stream parameters correspond to Run 2540* in GALCIT T5 shock tunnel
M_=5.3 p. = 0.05788 kg/m’
T° =1323.7TK U’ = 3866 m/s
p. =21993Pa T =293K, T' /T =0.22

I =4.897x10"" Pa-s
L'=1m

41 mm

Injection region

]\

1000 mm X*

5-deg half-angle sharp cone with the injector

Gas is injected with the total mass flow rate ranging from 3 g/s to 13.5 g/s

*Parameters are determined using M_, T, and p_ reported by Wagnild, R.M. et al. (AIAA-2010-1244)
and perfect-gas model with Pr=0.72 and y=1.4

/\M®TH,_
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AERLY
“=5¥=> Numerical approach for mean flow

In-house Navier-Stokes code HSFlow*

* Perfect gas of Pr=0.72, y=1.4

» Sutherland viscosity-temperature dependence
* Implicit second-order finite-volume method

» Shock-capturing scheme

» Third-order WENO for advection terms

.| . P oK - A& J ol J Bl J 0=

997%x649 grid with
* 50% clustering in the boundary layer
» Clustering near the injector

*Egorov, L.V. et al., Theor. Comput. Fluid Dyn., Vol. 20, No. 1, 2006, pp. 41-54.

/\M®THU,_

Distribution A: Approved for Public Release; Distribution Unlimited 6



™
AERLS)

Stability analysis

Local-parallel stability computations

« Third-order Rungge-Kutta scheme for integration of stability
equation

« Gramm-Schmidt orthogonalization procedure

« Eigenvalues are calculated using a shooting/Newton-Raphson
procedure

Disturbance~ q(v) exp (iaz + i3z — iwt)

For temporal problemw(c, 3, x) is complex, growth rate=w.

For spatial problem a(w, 3, x)is complex, growth rate=0 = —a.

I

N-factors N (z,w, 3) = f o(w, 3, x)dz

z, (w,B)

*Egorov, L.V. et al., Theor. Comput. Fluid Dyn., Vol. 20, No. 1, 2006, pp. 41-54.
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W
~£E£8L>' Boundary layer thickness
baseline conflguratlon with injection rate=13.5 g/s

0.0030
baseline
0.0025 - blowing, 13.5 g/s
Slow relaxation
0.0020 / _
Flattening
“© 0.0015
0.0010 4
0.0005 -~ o .
_ / Injection region
0.0000 — , | . | | | |
0.0 0.2 0.4 0.6 0.8 1.0
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AFRL,/ Mean-flow profiles

] U-velocity\ ] temperature\
0.010 0.010
0.008 0.008
0.006 0.006
1S S
0.004 0.004
0.002 + 0.002 )B K
/ (ﬂ K
L S f > >
0.000 — L ) /F N | | AV 0.000 —— | D ] I/ A A4
0.0 0.1 0.2 W 0.4 0.5 0.0 0.1 0.2 0.4 0.5
X, m ,

Baseline configuration with injection rate=13.5 g/s
* Thick region of cold dead flow near wall
* Slow relaxation downstream

/\M®TH,_

Distribution A: Approved for Public Release; Distribution Unlimited 9



WELOR | DELAER

AFF“% We are dealing with acoustic instability

Mode 0, x=0.298

25

2.0

0.5+

0.0

Temporal stability analysis at x=0.3

unstable acoustic mode =0.298, Me=5, Re6,=8074

25 Mode 2, x=0.298

2.0

-0.8 -0I.4 0.0 . 014 018 112 116
Mode 0=Mack second mode

Mode 1, x=0.298

length scale=5*

0.5

= ——

0.0 T T T T T T

-0.8 -04 0.0 0.4 0.8 1.2 1.6

NVIAode 2=Mack fourth mode

25

2.0

1.5

25 Mode 2, x=0.298

T } T T T T
-0.8 -0.4 0.0 0.4 0.8 12 1.6

Mode 1=Mack third mode

\M®THU,_

. . . 2.0
1 2 3 4
(04
1.5
>
length scale=56* 1.0
0.5
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;\:n@@s Temporal instabili_ty in the_ relax_ation region for
baseline configuration
(injection rate 13.5 g/s)

x=0.3
unstable acoustic modes at x=0.298, Me=5, Re ,=8074 unstable acoustic modes at x=0.298, Me=5, Re_=8074
0.04 1.0
length scale=5*
0.8 1
0.02 O
o
O 0.6
S
38 7]
B 04
0.00 _(CU
o
0.2 1
\
length scale=8*
-002 T T T T T T T 00 T T T T T T T
0 1 2 3 4 0 1 2 3 4
a o

*There are seven unstable modes!
*Mode 2 (Mack fourth mode) has maximal local increment

-/\M(DTH:: Distribution A: Approved for Public Release; Distribution Unlimited "
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MOJE©, X=0.298, a=3.17

2.5

2.0

1.5+
acoustic >
waveguide

1.0 4
72722277 7 X
Dispersion relation from WKB analysis***: 057
Ya 2 1
M
f\/aU w) —ldy:z-l—?rm 0.0_08 :
1 .
0
m=0, 1,... length scale=56*

Acoustic modes are formed in the waveguide between the
wall (y=0) and the relative sonic line y=y,: U(y,)=c,-a(y,)

‘Guschin, V.R., & Fedorov, A.V., Fluid Dynamics, Vol. 24, No.1, 1989
“Guschin, V.R., & Fedorov, A.V., NASA-TT-20683, April 1990
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A = ﬂﬁﬁﬁ . .
2528y’ Injection affects N-factors of Mack

second mode

20
baseline, m=0
baseline, m=13.5 g/s
15 - Destabilization in
nearfield Stabilization in mid-

 relaxation regjon field relaxation region

[ —

|
Z 104

e 7 M AT SO

|

|

|

|

[

|

S ‘ Destabilization
: in far-field relaxatioh
‘ region
0 - T T
0.2 0.4 0.6 0.8 1.0
X
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Perfect gas model captures basic

trends

Run 2540

25
baseline
—13.5¢g/s
20 1 —6.759g/s

pd
Transpiration intervel
—— Smooth Cone
25 . ——— 3.09gfs
i ——— 50gfs
——— B.0gfs
750k
20
:3: 15 B
o n
L
Zwoe N NS
E —
0 i P L L T R i
0 0.2 0.4 0.8 0.B 1

s(m)

\M®THU,_

N-factors including real gas effects (Wagnild et al. AIAA-2010-1244)
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Smooth Cone
10.0g/s
11.0g/s
12.0g/s
13.0g/s
13.5g/s

0.2 04 _ 08 08 |
s (m)
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AEBL, How to improve the injector

performance?

* Negative slope may compensate the blowing effect on
the displacement thickness

injected CO,

* Injection of zero total mass addition may help to
reduce the relaxation region

‘/J

Blowing
Suctlon of CO,

of air

/\M®THU,_
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Injector of conical shape

d

X, =169 mm

5-deg half-angle sharp cone with the injector having
the slope 6=0_-A0

Ar ~bftant —tan(d — Af)] ~ bAO
Ar Ar

e~

Ab

7

N tan(6 —Af) tand

MOTH Distribution A: Approved for Public Release; Distribution Unlimited 16
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Mean-flow pressure for conical injectors
(injection rate 13.5 g/s)

Baseline (A6=0°)

2.80€-02

's S2E-01

AG=1°

~2.01E-03

os new ow AL [P on o e aN [P} ox

'1.52&-01

o ° }:'r'
Injection
region
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AFR.@ i Mean-flow boundary layer thickness for

conical injectors
(injection rate 13.5 g/s)

0.0040
baseline
0.0035 + deg 0, 13.5g/s
deg 1,13.5g/s
0.0030 deg 3, 13.5 g/s

Boundary-layer
P00 thickness increases
“  0.0020 - Wlth AO in the
relaxation region
0.0015
0.0010
0.0005
0.0000 . | , . , . , . , .
0.0 0.2 0.4 0.6 0.8 1.0
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Shaping A6=1° without injection

Run 2540
15 Run 2540 0.020 — un

baseline
no blowing, 1 deg

0.015 -
10 -
&
pd g 0.0104
b
0.005 -
baseline
1 deg, no blowing
0.000 —_ : : : : : : :
1.0 0.0 0.2 0.4 0.6 0.8 1.0

X, m
length-scale = \Jv'z" /U’

Effect of shaping is local and small

M(DTI/I)- Distribution A: Approved for Public Release; Distribution Unlimited 19
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==" Shaping A0=1° with injection of 13.5 g/s

20 Run 2540 180 Run 2540

—— baseline

15 :12:23;2,1%9 140_-
- // 120 \’”‘\w

| ——1354g/s
160 -
—13.5¢/s, 1deg

y/ fi
z /,Z/Zéé/{/éé’?ﬁ g 17 \\\‘\‘\\?\\}\\“
a0 /MR VY R
% A
20+ \\\ %‘./ ) /;
f)

0.8 1.0 0.2 0.4 0.6 0.8 1.0

Conical injector with A6=1°

- Slightly destabilizes flow in the near-field relaxation region
« Slightly stabilizes flow in the far-field relaxation region
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AFRL, Shaping A6=1° and injection 6.75 g/s

o5 Run 2540 _ 7 Run 2540
— baseline —6.759/s
——6.75¢g/s ——6.75g/s, 1 deg
204 ——6.759/s, 1 deg
15 -
=z E
10 ©
5
0 ’(
0.2 0.4 0.6 0.8 1.0

Shaping of A6=1° produces small effect on stability of
flow at the injection rate 6.75 g/s

M(DTI/I)- Distribution A: Approved for Public Release; Distribution Unlimited 2



Shaping of AG=3° without injection

5 Run 2540 0.02 Run 2540

baseline
no blowing, 3 deg

10 -
)
zZ bE 0.01 1 baseline
3 deg, no blowing
0.00 — T T T T T T T
1.0 0.0 0.2 04 0.6 0.8 1.0

X, m
length-scale = /v"z" / U’

Effect of shaping is local and small
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W _
£.52BLLs' Summary plot of N-factors for conical
injectors (injection rate 13.5 g/s)

20
baseline
——13.5g/s, 0 deg
——13.59g/s, 1 deg
15+ —13.5 g/s, 3 deg

0.2 . . . 1.0

Shaping with A6=1° and 3°
* Slightly destabilizes flow in the near-field relaxation region
+ Stabilizes flow in the far-field relaxation region P
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Injectors of cylindrical shape

baseline shape — sharp cone

new shape

,—— injector surface

A

p > 4
M(DTI/I)- Distribution A: Approved for Public Release; Distribution Unlimited 24
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0.04

0.03

0.02

Mean flow for cylindrical injector
(injection rate 13.5 g/s)

'I5.94E-02

I2.50E-02

0.12

020

Pressure

021 022 023 024 025 0.26 0z 028 029

I1.00E+00

\M®THU,_

; s I0.00E+00
. Injection Axial velocity near injector
' region
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A L
T ' n? Mean f|ow for Cyllndl |caI InjeCtOI

$var|ous injection rates)

0.060 , , 0.005
1 ——0deg, m=0 .
0.055{ | —— 5 deg, m=0  Se 09l
1 | —5deg, m=0.1m, 0.004 - ——54deg, 0.1m
0.050 - 3 —— 5 deg, m=0.3m_ — 5deg, 0 3m0
1 ! 5 deg, m=0.5m, el
0.045 | 5 deg, m=0.7m - 5 deg, 0.5m,
4 1 _ 0 0.003 4 5 deg, 0.7m;
. 0.040- 1 —— 5deg, mm, ° 5 deg, m =135 gls
o E Nr/\‘—
00351 NI\ 7 —— |
] — 0.002 H
0.030 1 /
0.025 V 0.001 |
00204 o 1
0.015 44— : : : : : 0.000 L . . .
0.1 0.2 0.3 0.4 0.5 0.0 02 0.4 06 038 1.0
X X
Wall pressure Boundary layer thickness

p > 4
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N-factors for cylindrical injector

20

25

— baseline
——0deg, 13.59g/s
——5deg, 13.59g/s

— baseline
——0deg, 6.75 g/s
——5deg, 6.75 g/s

20

1.0

This shaping
« Slightly destabilizes flow in the near-field relaxation region

« Stabilizes flow in the mid- and far-field relaxation region
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5B 'summary plot of N-factors for cylindrical injector

(various injection rates)

24

— baseline Z
——>5deg, 0gls
20 | ——5deg, 0.1m

0
——5deg, 0.3m,

5 deg, 0.5m,
——5deg, 0.7m,
——5deg, m=13.59g/s

16

/ —
= -,

S — o Z /,,;;///

8 I ) 4A40 /)7

] ¥/ / / @94/ / / 7/ / ,
9/%

01 02 03 04 05 06 07 08 09 10

Y/,

X CAYY
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Lﬁlﬁﬁfw Estimates of the injection effect on the
transition onset

1.0
—o—N,=9.2
Destabilization in the *—N,=7
0.8 near-filed relaxation S
region Desftablllzatlon .In the
T far-filed relaxation
0.6 - l regi‘
><b
0.4
Stabilization in the
5 mid-filed relaxation
0.2 region
0.0 — 71 r 1 r 1 r T r T r T T T 1 T T 1

0.0 041 02 03 04 05 06 07 08 09 10

m/mO

Cylindrical injector, my;=13.5 g/s

.& - JI ‘ﬂi%.
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AFRLY,
Suction-blowing of zero mass addition

------------------- TAmDRATORY
LEAD | DISCEVER | DEVELES | DELIVER

suction \I\[\ ~
-|/2\u\ Xo Plowing ]2 x

—1/2<z—x,<1/2
z=(x—z 2r/l, —m<z<m

[ .
q(z) = 9,5 —Sinz

: l :
m, :qngfsmzdz:qﬁl/w
0

. L
m :qﬂgfsmzdz:—qﬂl/ﬁ
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Mean flow for suction-blowing system
(m,=6.75 g/s)

pressure

250€-02

am

'1005000

axial velocity

bn ouW o an IEL‘ ow an CF.] an iz P aM an am
1

'2 OSE+00

e

temperature

1 98E-01

:l'l AL on ore ;’l' cw o o on ax on oM
Injection
region
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AERLy'  wall pressure distribution for suction-blowing
system (m,=6.75 gis)

0.08

baseline
! suction/blowing
\ blowing, 6.75 g/s

0.07 -

0.06

0.05+ \
0.04 - \

0.03 -

Pw

002 4+——— 1 . . .
0.2 0.4 0.6

X, M

M(DTI/I)- Distribution A: Approved for Public Release; Distribution Unlimited 32



N-factors for suction-blowing system

(m,=6.75 g/s)

Run 2540

baseline

-blowing

suction

—6.75g/s
—6.75gls,

25

20 -

15 4

10

1.0

Distribution A: Approved for Public Release; Distribution Unlimited
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Conclusions

* Injection induces a cold dead-flow layer in the downstream
relaxation region

* The near-wall flow behaves as a wave guide which can support
several unstable modes of acoustic type

— The most unstable is the Mack second mode

— The phase speeds of instability are close to those of slow acoustic waves
In the free-stream

— Instability frequencies are several times smaller than in the no injection
case

— This may lead to dramatic increase of receptivity to free-stream noise

-/\M(DTI/I:: Distribution A: Approved for Public Release; Distribution Unlimited 34
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Conclusions (cont’d)

* The eN computations for baseline configuration showed

— Injection leads to destabilization of the near-field region, stabilization of
the mid-field relaxation region, and destabilization of the far-field
relaxation region

— The level of these effects essentially depend on the injected mass flow
rate

* The injector shaping considered
— Does not stabilize the near-field flow at sufficiently large injection rates

* For relatively small injection rates the shaping produces a
significant stabilization effect in the mid- and far-field relaxation
regions

* The suction-blowing of zero mass addition destabilizes the flow
In the whole relaxation region
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AFF!L

................... L Stability analysis (cont’d)

Run 2540 Run 2540
BE+086 i BE+06 [ 1
STABL 114 STABL 14
o Experiment o o Experiment
5E+06
S5E+06 - P P A + : i
N _ 5 g ] o i : |
' ~ i L Transit set ~ 60 ,
g 4E+08 - Transﬁuf):ctt)grs?g.zso cm - y 5 _, 10 ._§ 4E+06 B ransllql?:c?:r L ecm y y 1 10
2 STTTeT s = [ 1 5
7 o o n — b3 | 8 —
3 3E+08} A o188 23E:08f 1" 8
- o ! (n] o o T L — | ]
-0‘-“- 7/, o . 4] B =z
o B s ! 48 < g i 1 B
= 2E+06 | o 4/ i/ I = 2E+08 :
© I B o Ifo Nl S 4
z PR L [T i 1« = 1
B 1/ ° o ] 1E+06 |- ]
1E+06 - p g o . - 1, + : - ’
[ o | - |
- P /// ] " I -1 0 [ | | | I| | | 1 | | ! | 0
05 0.2 0.4 0.6 08 10 0 0.2 0.4 ™ 0.6 0.8 1
s (m)
Blue lines: pres., y=1.4 Pink lines: pres., y=1.38

With small correction of y, N-factors predicted by the perfect-
gas model are close to N-factors predicted by STABL*

*Wagnild, R.M. et al. AIAA-2010-1244
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~AFRL ;Mean flow for baseline configuration
(injection rate=13.5 g/s)

1.00E+00
[ [
L] L)
axial velocity
0.10
0.05
! H -7.60E-04
0.00 0.10 : : 0.20 0.30 0.40 050 0.60 070 0.80 0.90
| '
| : 5.75E-02
0.20 :
1 1
1
1
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axial velocity

Mean flow near
injection | pressure |

baseline configuration
injection rate=13.5 g/s

temperatur

Injection region

MOTH o | o
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spatial ones

Mode 2, x=0.298

1.20
length scale=§*
Gaster transformation
[~Sa
1154 o — W
)
) v,
S V =dw /da
g r
|V
1.10 - does not work here
1.05 T T T : T T T : T T T T T
1.0 1.1 1.2 1.3 1.4 1.5 1.6

p > 4
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----------------------------

Spatlal stability anaIyS|s in the relaxatlon region

spatial stability, x=0.298 spatial stability, x=0.298
0.20 1.0
0
0.8 4-------
0.15 1
1 2
3 0.6
b  0.10 1 o

0.05
0.2 +

6
0.00 I I N - S N SN B — 0.0 : :

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 20 2.5 3.0

*Mode 0 (Mack second mode) is most unstable
*Its instability is observed at low phase speeds

M(DTI/I)- Distribution A: Approved for Public Release; Distribution Unlimited M



Injector of conical shape

d

X, =169 mm

5-deg half-angle sharp cone with the injector having
the slope 6=0_-A0

Ar ~bftant —tan(d — Af)] ~ bAO
Ar Ar

e~

Ab

7

N tan(6 —Af) tand
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) Mean-flow axial velocity for conical injectors
(injection rate 13.5 g/s)

'100&00

1.23E-02

Baseline (A6=0°) |

'IO&OOO

. Injection
region
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AERLE, e
Shaping of A6=3° with injection 6.75 g/s

------------------- TAmDRATORY

Run 2540
200 Run 2540
— baseline —— 6.754/s
—6.759/s " ———6.75gls, 3 deg
20 4 —6.7549/s, 3 \‘u‘
150 |/
14N
p € 1004
b
50
0 - . 04
0.2 0.4 0.6 0.8 1.0 0.2

Conical injector with A6=3° shaping
* Slightly stabilizes flow in the near-field relaxation region
« Almost zero effect in the far-field relaxation region
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AERLE
Shaping of A6=3° with injection 13.5 g/s

LEAD | DISCEVER | DEVELES | DELIVER

Run 2540

Run 2540 150

20

—13.5¢/s
—13.5¢g/s, 3 deg

— baseline
1| —1354¢g/s
—13.5g/s, 3 deg

15—- 1

100 {// |

/
// 7 2
/ // ey g

71/ 77 4 /]
e II"Il'/" ; /’;/ /4 504/
N .‘:/z" l / //// ///// / )
S /| /) / i}
0 '»( / ,/////////////////// ” 04 ‘ l“
0.2 0.4 0.6 ' 0.8 ' 1.0 0.2 0.4 0.6 0.8 1.0

Conical injector with A6=3° shaping
 Slightly destabilizes flow in the near-field relaxation region
- Stabilizes flow in the far-field relaxation region
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M@We are dealing with acoustic instability
(cont’d)

0.08 unstable acoustic modes at x=0.298, Me=5, Re_=8074 3.0 Mode 0, x=0.298, ¢ =0.4
o —
: | 254 — T
0.06 ! E b
| | —p,
; 5 2.0
0.04 - i |
oy 5 15
! | >
0.02 - !
5 1.0
E fast acoustics
0.00 4
slow acoustics, C <1-1/Me C>1+1/Me 0.5
entropyivorticity, C =1
-0.02 T T T T T T T T T 1 T T T 0.0 . | : : :
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 0.4 0.0 0'4 OI8 1'2 1I6
C - . .
J length scale=5* eigenfunctions

* Phase speeds of unstable modes are close to those of slow acoustic waves
« Resonant interaction can enhance receptivity to slow free-stream noise
* Instability is observed at low frequencies where free-stream noise is higher

M(DTI/I)- Distribution A: Approved for Public Release; Distribution Unlimited 46



AF o=

----------------------------

==="Maximal growth rates in the relaxation region

$|njectlon with 13.5 g/s)

0.24
mode 0, no injection
0.20 mode 0
mode 1
mode 2
0.16 mode 3
mode 4
bg 0.12 1  The most unstable mode is
Mack second mode (mode 0)
0.08 - * Unstable x-region decreases
with the mode number
0.04
0.00 : : N
0.0 0.2 0.4 0.6 0.8 1.0
X
length scale=5* Further analysis is focused
Onax —  imax — m&X[—%(w)] on the Mack second mode
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AR 'Maximal growth rates of Mack second
Run 2540 m Od Run 2540

0.04 1.0
baseline r
injection, 6.75 g/s 1
injection, 13.5 g/s
0.03 0.8 4
baseline
y 0.6 injection, 6.75 g/s
£ 0.02- x injection, 13.5 g/s
© IS
e
0.4-
0.01 4
0.2
0.00 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0
X, m 00 02 04 06 08 10
0.0015 _ Run 2540 X, m
| e orsge| | (CNEUISCale = yyia” /U
injection, 13.5 g/s
0.0010 - |
. In the relaxation region x>0.2 m
€ » n
L * High maximal growth rates
0.0005 1  Low frequencies
 Low phase speeds
0.0000

0.0 0.2 0.4 0.6 0.8 1.0

_ p > 4
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N = 1@W 1 -
AEBRL,' Injection affects growth rates and
frequencies in the relaxation region

T5: Run 4520 Run 4520
150 2400
baseline L :
= baseline
——13.5¢9/s 2000 = ——13.5¢g/s
F'E 100 1600 ——————
I} N
© T
£ X 1200
= 4
© 5 ' , ! v vv- i
"‘ }.' .\" A 4) ’/0 \\ °00
U S -
AR P
0.2 1.0 0.2 0.4 06 ' 08 ' 1.0
X, m X, m
Maximal growth rates are increased Frequencies are decreased
Unstable region is
 narrowed down for x<0.6
 widened for x>0.6
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—— ? Maximal growth rates for cylindrical injector

(various injection rates)

0.16
1 | ! baseline
0144 | ——5deg, 0g/s
1 ’ ——5deg, 0.1m,
0.12 4 —— 5 deg, 0.3m,
1 5 deg, 0.5m0
0.10 4
—— 5 deg, 0.7m0
x l — -
T 0.08- 5 deg, m =13.5 g/s
o ]
0.06
0.04 4
0.02 4
000 4—t 1 . . . . .
0.1 0.2 0.3 0.4 0.5

X
length-scale = W
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