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% FE

- BEEREETHE

« 2003% EILKRZFETZEEP ZFEHAZTZ=(CTFlux Corrected Transport (FCT) (CHED

« 2009%F HILAFKXFEPr B3R E(E T Spectral Volume (SV)i&E(CLAMMZERCFD

« 2009-20124F 7AATMIZAZFE RARVIATEE Flux Reconstruction (FR)ZED YTV LAFFE
- 2012-2015%F JAXA FEMZEJOSIIMARE (JEDI) FRZEODERL, BERZSIVNEHTE
- 2015-IR7F JAXA THISEAFRERFY SE=tAFI-vh KIFECFD, 05w NABEAFAT

SViE (BIR¥BE) (C&BIAXABIEZN

e BRE N BRIRBI D F4r (2006)

> WEk> =310 —4 40— RZ2{ERUTHY
SOBRI. 1.296 TFLOPS (¥t —
# 2.560 TFLOPS)
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BEOIYMIVIODEE : LE-9DIES
EMLEOTL DU DIEE L

BIER . K= 0 i 4 Hil i
TiAKE BHWTIOLIFSLEIIR)
BIAEEER BH270L(FSLEH1.35K)

MLE- 9T U1 EDOH AIFHGW T, HRERKE
GTCC (800MW) D 3.74=

BR-BEICHASREE Naes

3000°CLL E D REEA R &

TAFR253°CDEIRKEMN . 1o

= . B £ = = 9_7|-\7k>j
J;é1mmu-Fd):=€|}I’H—c—CUIL*Lé A ﬁx (41’600rpm~

RIEIK SR (-253°C) (>3000°C. M HE 190K E)
1000 /£)
HHEE(HEEE < 1mm)




AUEOTY DI S > DRRGERED

- NxtF (EHOEF) HEEVEEhEIIRER
> RREEECXTUT10~1000% D2 EixiE
> EEEE (>EkHz) ORRGEIRENTIEEZY
WTaRE-IR (BF) (C(EDILEHD.
> HIRICESBCTEMERE () MMRIEICH
2LEHD.

S - LOX/GH2 >V ILAY NRIEaRDEHE G

STEP: 3606000
TIME:23.000[ms]
Pressure[ MPa]
6.5 7 7.5 8 85 9.000

4 TR

|

LOX/GH2 DLR-BKDHY I A —)LiREigz D5 EH G 5
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Oxidizer manifold

Fuel manifold

LIGUID
PROPELLANT
ROCKET
COMBUSTION

Injector

Baffle

INSTABILITY

X

Acoustic liner

Combustion
chamber

Throat

* NASA SP-194 (Harrje and Reardon, 1972) e e
> 1950_60£E4_%0)I>\/\/Eﬁ%@}imﬁb\it&)gn—c Image“credlt. NASA / W|k|med|afommons )
LB, - F-1O0vbI>TY (Saturn V —EI>IY)

> BNEEMERE: IWEENERECHUGRE > D675 RIRESS/T0> >
SHTE. 0.04% (40ms) LAPIIC, SEIENABE > PIREDAD - DRI —)laiR133200] (12217
ED5%UFICHET S ? | 5—108%8) . BAFEEE24(E ML (196668 LB L

[1] Michigan Engineering. (2019, April 23). 2019 Midwest Distinguished Aerospace Lecture Series: Vigor Yang, YouTube.
https://www.youtube.com/watch?v=tGcK97s3Ims 6
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IIVAT — IV IREESS (LE-X)

>500 injectors ~1 m length

INAT =YL —SaY DHLE Jé&»
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Density [kg/m3]

1100.000
® 110000
= 11000
LT

FSIEA > 5159 1Y STHIKA NS

Diameter <10 mm Thickness <1 mm

FRECEERRA MEIRDRIBEZAHRT DDICHERIZE T
o RANTIRDER/IMEFHAX Ax~0.01 mm (~50 52)

o H—AJI1VAERETEREL ~50 millions

o 12T A500RICIHERETEREL ~25 billions

PRIEH ADEIER(E1,000 m/s DA _E

- BFRIZTYIME At~10 ns (BEAREDCFL~14H%)

* 1-10 million steps for 10-100 ms (1kHz wave passes 10-100
times) 7
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HWOE= (Z46F)

1005 17D 515+E (MPI+OpenMP)

Fa1—=>4 (SIMD, SWP)

HETRGEUEZFE « FEHFEM (DG, FR) . FBRYKE
=ia)

%EET!WDEEﬁ

Flamelet®7 )l (NRIES (IS FTEAREET . SRIMERKLE
F—J I &SHg)

EERAEET I (3 RORRESIEN BRI ROEHHIXREN )

INAY — VRS DLESERIRT B (C Jé»

YIERET )

7LV L

321 —2 3 OEEEIE
(O—REEBEDIR )



LOX/GH2 REIEEIgsIC L DES ERRBE

(b) Supercritical Pressure, 10 MPa Combustion

Mayer and Tamura (1996)
Critical Constants — Nt
° hﬁﬁ%&i }:ﬁ(c_abw'élaa'ﬂﬂ]&'ftrhx'lj(@/tb|:|
Tc [K] Pc [MPa] > [URFRHEORHERNSIUEFRZEHE — H (54#) 7))
0 155 5.1 o RAEEER (LOX) (IMEE (T < lRFHEE) THEHEINS
H, 33 1.3 > BRE. SMEREDETETREDRZEREIIVELH S,




1R{K R HEEEF D ZE R 7T IE ST

N DN - p Jrea N
. " .\\z Z = ] v = ] I l E
g NN\ \\ 7 P RT Pideal a
~_ \_\ N\ X » \.\\. y ~
é_J \ "’\\\ \\ \\\\ %O ~—
o N\ \. : >
6 - 'O \ \“ 9 Pyt
i 2\ S c
d._ = - \\_ \ \ . 8
- 5 ‘ \ \ ‘\\
) \ S
b \ \
. :
0 4} : ,.
9 4 § ‘Il NG
D_ ‘ Il \, \\\
o 3t = — ; N
3 Transcritical Injection ]
3 - ]
.’ ‘/.
1 e - . — - - - £ x.l *
/crmcal point — = S
1.0 1.5 2.0 2.5 3.0 2
Reduced Temperature, T,=T/T, Ref. [1] o

« RABER (IBEHIERE LOBEVVERE TIESIEINSDT,
HESAROIRRESIZEIN (Z=1) (LERHFEREIN THD.

[1] Ma, P. C., Dissertation, Stanford University, (2018)

[2] Matsuyama et al. Progress in Astronautics and Aeronautics, Vol. 260, pp. 569-628. AIAA (2020).
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1600 . .
P VTSRK EoS
i N VTPR EoS
1200w . e e H
o NIST
800 :
0, (p = 6MPa)
400}
0 L 1
100 200 300
Temperature (K)

e ! ! T 1500

500 \' 6MPa } i
. ———~ 10MPa 41 -
" - [ p—— 20MPa w
E O NIST (6MPa) £
WOk A NIST(10MPa) 4900 ~
NIST (20MPa) g
300} N 4600 &
|} » % m
200 CL R 200
=
O
100 Jo &

v R T ~ 300

100 200 300 400

Temperature (K) Ref. [2]
10



3 RDOIREHIEL

« Soave-Redlich-Kwong (SRK) EoS!'l: to account for
real fluid effects at high pressure and cryogenic
conditions.

RT @, (T)

P= -
v—b,, vV?+by,v

2
am(T) = EXL'\/ al-(T) , bm — ZiXi bi

( v )_ (0P/9T)2
n V+bm (0P/0v)T

0%am T
dT2 by,

— 0 _ p _

« Quadratic polynomial approximation!?
ay(T) = ¢;T? + ¢,T + c3
Coefficients are stored in the table ¢, (Z, C)

[1] G. Soave, Chem. Eng. Sci. Vol. 27 (1972), 1197.
[2] Ma et al. ATAA-2017-0143.

: MXA’s Engineering &

Design Innovation Canter

PA

L% @ Dome de saturation

\

v D ,

i % In spinodal zone :
LN ‘ i
\ N C cA=—v|=—] <0

PC ........ \ .............. T T — e ()Z‘ s

Zone
spinodale

fP<P-and T < T,
Gas-phase assumption can be invalid!!

» Common failure in transcritical simulation ®

11



« Turbulent diffusion flame is modeled as an aggregate of
laminar flamelets by assuming:
» Ma<1 (reaction in chamber)
» Da>1 (reaction is fast)
» Le=1 (turbulent mixing is dominant)

« Counterflow diffusion flame (1D) is solved by FlameMaster
(Prof. H. Pitsch)

« Gas properties are valid for LOX/GH2 diffusion flamell
- FPV (Flamelet Progress Variable) table is generated by
FLGenerator (Prof. R. Kurose)

Mixture Fraction: Z = —2— € [0, 1]
mye+mg

Progress Variable: C = Yy o € [0, 1]

Tabulated species mass fraction: Y, = f(Z,C)
Tabulated production rate of C : w, = f(Z,C)

[1] Mizobuchi et al., Trans. Japan Soc. Aero. Space Sci, (2013)
[2] Lacaze and Oefelein, Combustion and Flame, (2012)

Flamelet Progress Variable Model

Jé»

MXA’s Engineering &
Dasign lnnovation Canter

Qutlet

Flame

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

T~ _Symmetry

H

Counterflow diffuéion flamel?l

Input:

Temperatures (Fuel, Oxidizer)
Mass flow rates (Fuel, Oxidizer)
Pressure

Reaction mechanism: UT-JAXA
[Shimizu et al., JPP, 2011]

Output: FPV Table of f(Z,C )

 Table size: nZ=501, nC=41

12




Governing Equations 7@

ineering &
Dasign lnnovation Canter

Compressible NS -Implicit LES (no SGS model) Temperature is evaluated iteratively
+Scalars : *Lewis number Le = 1 assumed
dp Compute: u, Z, C at SPs
(Mass) —+V-(pu) =0
ot |
dpu Get Y, o~ from Flamelet table
(Momentum) % +V-(pu®u+Ps—17)=0 f aic
c ape; :
(Energy) Fralu lpe;u+ (PE—1)u+q.|=0 Solve T using Newton-Raphson
IXture fraction ——+V-(ouZ — poDVZ) =0 No _
ot (o pDVZ) Converge? ~—— UseT
(Progress variable) aéo_tC + V- (puC — pDVC) = por, YeiseSNeWtO" = le- 61

Compute P using EOS
Assuming Le =1, heat flux becomes simple:

N
A
q. = —AVT — pz thkVYk = ——Vh
k=1 ‘v

13



Models and Schemes Iﬂ)
Sound Speed e

1600 :
Oxygen, 10 [MPa] 'sak —
Governing Compressible Navier-Stokes eqgs. 1400 ve [ I she
egs. + Scalar Transport (Z, C) @ 1200
SGS model None (implicit LES) = 1000 Underestimates ~14%
Combustion Flamelet progress variable (FPV) ]
Cp, EoS NASA-7 Polynomial, SRK o 80
Tran.sport Chung’s model + Chemkin hybrid @ 6%
Coefficients 400
200 60 80 100 120 1-I¢D 160 180 200
FR (conservative form), Temperature [
Discretization Gauss points, gDG correction
P1-P4 (2"9-5% order) . 4
Mesh Hex (GP1/GP2 hybrid) + Overset!'] ngh'order element (P2)
Inviscid Flux SLAU2-Cyyax % \\ Mapping
Viscous Flux BR2 NN ——
Time Integration | 4-Stage TVD Runge-Kutta (3-order) \ s | /

Positivity preserving limiter
with entropy constraint!?]

Limiter g

[1] Crabill et al. JCP 2018 : Solution Point (SP)

[2] Dzanic & Witherden, JCP 2022 14



o BERFRRGEOSTE(IIFB(CAZECEDT). ..
o EAIREIBE. TEETFEEVAVAEIN. NEEREIEDRU,

. SCEFE (EH—IES2s0BEERMREE) ZBIEIC. £ (JAXARMILEK) ([ChiFEzens.
o MOFE-7IO-FLDIEL SETEREDIEK

o OVEMRBIOEATE RSN, SRETRZE CHMERINZ...
- ERROBIRMZIRELI T D2HEN DD,

ChungE&FIUIC L BHTERER
Sandia H,/Air IEaUN % (1KE. 2:/R7tE1R) (2019) LOX/H2 ili'\ﬁilkﬁ (10 MPa)
= 0.0002 Nl | T 128 (K] e
T 300
0.00015 T = 1000 [:]
E 0.0001 i ]
3 sx10% L :
0 - == J: — ———
|
-5x107° : :
0 0.2 0.4 0.6 0.8 1

Z (mixture fraction) 15



Design of Coaxial Injectors 1@

Requirements :
*No combustion instability, No melting or erosion
-Combustion efficiency (better mixing)

LOX diameter: D,
GH2 diameter: Dy
Recess length: Ly
Tip thickness: h
Chamfer angle: 6
Injector length

LOX orifice diameter
etc.

Small change of injector design parameters (<1mm) will affect the
characteristics

» Effect of geometry changes can be evaluated by LES : Ax~0(0.01mm)



Hydrogen Temperature Ramping Test I@

Dasign lnnovation Canter

Results for five different types of coaxial injector (Nunome et al. AIAA 2011-6027)

LOX-post diameter

Pe ™ ™ POI PFi Pe TO! TFI
5

POt PFI P T ™ POL PR
1

s 50 18 150 1 150
g \ £ & - £ & Z
2 = vt : = S s = 5

No chamfer -} Mf g 0 . of T . | | |
3 \ ' 5 | . 5 : | t
| =TT W P T g
o R
& , | - LI - e o | £ & - g ot e "
! e —— | w08 "
< = /,,¢‘.,¢'1f"5.NIY ,'\‘-.'T‘y'a) N
3 - L) 5 i 50 5 50
10 15 20 28 0 38 40 0 15 20 bt 0 35 40 5 10 15 20 2% 20
Time [sec) Time {sec) Time [sec)

(a) Injector I (b) Injector III (¢) Injector IV

POI PF) PCY TO ™ POl FFI Pe ™ ™
L 150 19 150
g £ g - , €
S F | - w .
= 3 g =
Chamfered : - R M g v sl oo d
£ | \ E § ’_-—OM l\ﬁ A
g ,/‘—‘——-“"‘___—.- L fd & ‘ '” ',\‘»\MQA. g
\ | .’
L}
L 50 - &0
10 15 0 25 30 35 <0 5 10 15 20 3
Time [sec) Time [sec)

(d) Injector Il (e) Injector V 17



Validation Study for Different Combustion Modes 1@

Design Innovation Canter

« Reproduce the change of combustion characteristics for one of the test
cases in Nunome et al. ATAA 2011-6027

300 25.0
22:5
1 250 stk
17.5
5 1200 X o
Q 5 15.0
= o =
;‘ % = A5
150 5
5 © g 100
1)) Q. s
w
g 100 & "
& }_ 5.0
{ 50 8
0.0 Toaat
10 15 20 25 30 35 40
O Time [Sec]
Time [s] N 2 .

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005

18



LOX/GH2 Single Element Combustor I,@

MPa 8.7 9.3
OF - 7584 6483
TOl K 10218  96.81
TFl K 9145  51.03

QLH2 kg/s 0.0503 0.0569

QLOX kg/s 0381  0.369

VR - 229 124

J - 107 68

L — e
a_!n

i Do 1, Lg 53
Dy > 6.3
Dp 6.9 19



mesh0002
mesh0004

mesh0001 \mes 003 \ mesh0005

G

3§

L pg

40 points at tip (20 Cells)
dx=0.0125 [mm] :

|||||
i

T Overset Interface

Mesh with Manifolds (Overset Grids)

| NumberofCells

mesh0001 360,708
mesh0002 334,932
mesh0003 6,503,264
mesh0004 1,673,672
mesh0005 3,805,776
Total Cells 12,678,352

Total Solution Points (P1 101,426,816

20



Non-Reflective Boundary Condition 765)

MXA’s Engineering &
Design Innovation Canter

* Acoustic reflection at inlet boundaries is
| I+nI§t H2 (T, Q suppressed by sponge zone (Freund et al.
y + Sponge zone) AIAA J. 1997)
\ \ \ * No inlet disturbance (Intrinsic instability)
l > 4 « LOX temperature is lowered to ~85K to
| ~ Chamber Wall correct the sound-speed error in SRK EoS.
T (Ito-thermal, 500K)
Inlet LOX (T, Q / /

+ Sponge zone)

Injector Wall _
(Adiabatic) QOutlet (Supersonic)
/ Damping term is added to energy eq. in sponge zone : \
dpe;

5 T V- lpecu+ (P& —z)u+qc| = olperer — pee)

1
€t ref = eint(Pref, T,Y,) + E(uz +v? + w?)

\ Py is “target pressure” taken from time-averaged P of the previous job (~1 msec)/ o1




LOX/GH2 Single Element Combustor, Ty, = 90K

Step: 2882000

u[m/s]
100 120 140 160 180 200.00

.00 20 40 60 80
! '

0

Step: 2882000

pressure[MPa]
8.50 8.8 9 9.2 9.4 9.6 9.8 10 10.2 10.50
e s | ce—

 Cost: 1 weekl/case (several millions steps) with Fujitsu A64fx 500 CPUs (48 cores/CPU)

22



90K

Time: O.QGON[S] pressure[MPa] u-velocitylm/s)
: o 00 ©5 100 105 110D 12.0 1000 2000 400.0 £00.0

Time=59.997[ms]

P2

by g ol Ll 1]
WWU.W;MWMMV‘WWW‘JM‘WWMMJM'»%

Pressure with Density and Velocity Contours

OK

Time=59.997[ms]

P2

A i

23



Mean Temperature, Axial-velocity

Temperature [K]
' 3000.0

I 50.0

Velocity-x [m/s]
' 300.0

I -50.0

90K

Temperature [K]
' 3000.0

I 50.0

Velocity-x [m/s]
' 300.0

l -50.0




Pressure PSD (Exp. vs CFD, Ty, = 90K ) 1@

Dasign lnnovation Canter

Chamber (Pc) LOX Manifold (P_LOX)
200 | O E:ﬁp_ — 200 | 5.0kHz E:ﬁp. —
2.8kHz CFD 4 4kHz [5.6kHz CFD
w 180} l 5.6kHz — 180 | l 10kHz
L *
S, l 8.5kHz 2 A 15.6kHz
o 160} o 160 o
w o
® i _
5 140 \‘V o 140
a \M o |
7 0 ‘
a 120 o 120 A |
100 ' 100 . \“
0.1 1 10 100 0.1 1 10 100
Frequency [kHz] Frequency [kHz]

LOX Manifold Chamber

 In PC, 1L and 2L chamber modes are reproduced. (P_LOX) (Pc)

* InP_LOX, peaks of 5.0, 10.0 kHz are captured quantitatively.

25



Pressure PSD (Exp. vs CFD, T}, = 50K )

200

140

PSD, Pressure [dB/Hz]

120

100

180 |

160

Chamber (Pc)

2.86kHz

L 5.96kHz

G

0.1

Frequency [kHz]

100

In Pc, reduction of 2L mode is captured.

In P_LOX, reduction of 4.5-5.0 kHz peaks is reproduced.

PSD, Pressure [dB/Hz]

200

180

160

140

120 +

100

LOX Manifold (P_LOX)

CFD

Frequency [kHz]

LOX Manifold
(P_LOX)

100

Canter

Dasign lnnovation

Chamber
(Pc)
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LE-X: Expander Bleed Cycle Engine for 1st-Stage

LE-X (Prototype of LE-9, 1st-stage of H3)
« Cycle: Expander Bleed
* Propellants: LOX/LH2

» Technologies demonstration model for the
large (1st-stage) expander bleed cycle
engine:

v Simple configuration
v Reduced system P, T
v Robustness to failures

Engine Characteristics

| LEX[I

Thrust (Vacuum) 1410 [kN] 1471 [kN]

ISP (Vacuum) 430 [s] 425 [s] LE-X
Chamber Pressure  11.8 [MPa] 10.0 [MPa] )
Mixture Ratio (O/F) 5.9 5.9

Weight 2250 [kg] ~ 2400 [kg]  [1]Kurosu et al. AIAA2008-4665

) 7%

Dasign lnnovation Canter




Objective of Full-Scale Combustor LES 1@

Design Innovation Canter

I
IIIUUUr\

=
.0
© Without
43 countermeasures
-
0=
)
=X
-
4]
7))
o
L -
o

Frequency

LE-X Firing Test @Tashiro Chamber Pressure Fluctuation

Watanabe et al., Mitsubishi Heavy Industries Technical Review, Vol.53 No.4 (2016)

* To reproduce the combustion instability in the firing test (underway)

» To visualize flowfield inside chamber and to clarify driving source of instability -



Computational Grids (Overset) of LE-X €

lopan Aercszace JXA’s Engineering &
Exploration Agsnty Dasign Innovation Canter

Injector Grid1 (Structured grid)

LOX-Dome

Chamber Grid1 (Hole-cut)

O |

M

. Chamber Grid2

.

" Injector Grid1
. Injector Grid2
Injector Grid3
> 500 injectors in total

» LOX dome is modeled, but H2 manifold is not modeled.
» 2.9 B points without resonators, 3.0 B points with resonators. Note # of Cells is 1/8 for FR-P1 o9
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. SHEOYNIYINKE : 1&FVERK - A—)\—t2v . DEI. URY—MEOIYE>Y)

« ISZTVDZEERIATLAX RS2 ERNIRTHER,

o FIHTOINAT—IETE., PEDTAENMZE (RInER<1ms [CHE) 20204

- FTROERRMNZ LT, AF—LA MEETIVOEFIREL. tIRZERD,
° (l:c__c 57:_0)73\7 3/ATE7I_\U__L [AT ’5’0)_J¥E4|37J‘7<¢zo

A-N-E1-5EEITEFrL>S (RR-TLUEF)
s 1EH. NREEXEIENELE. ATLANRNSTEEAL, Kombyne (Intelligent Light)
.« 2EH. BIRFrETAZREIBIIL. BE(LICHKRIN, [C & BRIHRET — 5 DHIR

. e File size/Step

Full Volume Data

(w/o Kombyne) ek
Slice x5, Iso x13 13.7
Sample (0.9M pts), 57

Slice x5, Iso x1
30



Computational Conditions and Cost I@

Dasign lnnovation Canter

ABRSEAT
O came B e e
« ~3.0 B points (>500 injectors)
Pc [MPa] 7.54 8.15 « 10 msec simulation takes 1 week using 5000
Mixture Ratio [-] 7 54 6.44 CPUs (5000x48=240000 cores) @Fugaku.

LH2 Temperature [K] 24 62 82 44 « 4 processes per CPU — 4x5000=20000 partitions

LOX Temperature [K] 04.27 95.38 50 B 8 § 58 10teE T iisE ik o
IR

o MAIESR | LOX/LH2ZENENOEB=REL
mE (NTARD%ZESTE)

° /m,|':|:'|i/'%'r'}"=fI~ -ﬂt_El /}lu':l:'l

- BEMIER . FrON-EmEBEE 5l EE
LEVZ ZEUICRANSHFRATODIRE D77
TE o TNLAIMS I EREE




Instability during Initial Transient j@

Step: 717000 »
T:fnpc: 7.8985[ms] Pressure[MPa] Step‘ 717000
5.000

B 1012 14 16 10 2 22 2500 Time: 7.8985[ms] Temperature [K]

e — 90.000 1000 1500 2000 2500 3000 3800.000
| | |

b B3
.
-
P
p B
e N
—J

Pressure wave deforms LOX/H2 shear layer and
enhances mixing and combustion.
—The pressure wave is intensified by the heat release.

High-pressure (> 2x Pc) waves propagate tangentially
in the chamber (originating near the faceplate). 392



Pressure [MPa]

14

13 |

12

1}

10

Artificial Mitigation of Initial Transient Instability

[
N

Instabiility

S

-

CFD-02 Pc

) Sponge waés applied in chamber |

-~

10

25 30 35

Time [ms]

15 20 40

Instablility

Step: 1272000
Time: 13.9927[ms]

-3.500e-05 -2e-5 -le-5 0
\ | |

le-5
| —

‘~40% of chamber Iendth

« After applying sponge, Pc of the test (8.15 MPa) is nearly reproduced.
« Eventually, the instability grows up again and simulation blows up.

) 7%

Dasign lnnovation Canter

Damping Term in Sponge Zone

2.500e-05

33



Stable Flowfield After Damping 765)

e Dusin ok e
Step: 2772000 Density [kg/m~ 3] Step: 2T Ta000 x-velocity [m/s]
Time: 30.8981[ms] 1.100 5 10 20 50 100200  1100.000 Time: 30.8981[ms] 200000 0 100 2(1)0 _us)o 400 500 700.000
O m— — e C—

¢
3

Step: 2772000 Step: 2772000

Temperature [K]

Time: 30.8981 Pressure[MPa] Time: 30.8981 :
tme [ms] 7.000 72 7.3 74 75 7.6 7.7 7.8 B.000 tme [ms] .K).O?O v 0. 0 2olnn i B
— O co— — S —

e

34




7%'7\54 Instability Again After Damping

3614000 Row03 . oo Step: 3614000

: 40.3910[ms]
& Time: 40.3911[ms] Pressure[MPa]

5.500 7 8 9.500
X=10[mm] —

: 3614000 Pressure[MPa]
: 40.3910[ms] ROW06 5500 6 65 7 75 8 B85 9950

LT —

(i

: 3614000 Pressure[MPa]
: 40.3910[ms] Row(9 6 65 7 75 8 85
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i
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: 3614000 Pressure[MPa]
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9 9.500

[

wl
1T (rotating) mode is growing near the chamber wall. (Not the most excited mode in the test)
Rotating wave speed is ~1,500m/s —correspond to the sound speed near the faceplate.
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Without Resonators

Outermost Injector (Velocity, Temperature)

With Resonators
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Outermost Injector (Velocity-x, Mean & RMS) I@
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Pressure Fluctuation Near the Chamber Wall 1@
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