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Numerical Investigation of Detonative Tangential Combustion Instability
In a Rocket Combustor
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230 O AAISl AIE Ol2HE A EHEES 23 X I &2 oSS =otd o xtellel
Al XHS ZLMAIZCH 0148 =S 19558 Thorelt Atlas &t OIAFY A JHg: DHEOIA
HEez ZA=CACH O ol&UE 231 A& AIEUHAM SAS UEE2 AJgSL, 53 L I JIs2
S22 gMst Amo ol HES| ol Aes Rotct [1].

= HH™ ADJl, S5l Saturn V 2319 F-1 AIX I WHNAME DI HA SorE0 UiEt
A0 ARI XNHC/JACE. 0IE <ol 1491K AHME IHE D 121K BIE WE, =& Ho R
AEE HH™H F-1 A& HAADIO SH HHA0| &2 /UCH [2]. SAlI0, HE IJ|2, A, SHH 2+9
82 Soll 197290l NASA SP-194, "i F&XH 23 HA SotdE"0lels Y D=2 Zgst
20 ST T oFHCH [3]. A LS RD-0110 HEOA D= A 2HEE MIHotd| 2ol
AX R0 JtHHe HMz2s RTS8 ZEAH =) HEHS ESICH 028t RTEE2 =
A ZE0 SYtHAM 288 HADNH MAHZJACH [4]. Al A SotE A= 23 HAI|0A
SrAst Q= ESCHES 2XIoh)| FAs A QAN 2= W0l FE 01D, DF0 A 2oHH,
E5| B¢ M 29 23 ZAHAHC AMdeE ¥ HRZ MSt=CH [5-9].

19605 HOl EUH=MA, Voitsekhovskii &2 196080 ==xz2 231 HALIIWA OtMIEd D AAE
A28l 3IE OEU0AE sas 2EaIFCH [5]. 01F, 1965E 0l Jet Propulsion Laboratory il A
TEE AP= BA HA 5 HAA =2 (2 SH22 3Fole ¢ NAE AHNME LAGIUH,
Olz Clof D= HA EEE HdFo)| /st ol™ HEUOIE I JHEOl MAIZAJALCH Fig. 10l MAI=

HiQF 2001, A4 IS S& 8Hl= 202 ZUGHJCH, It == & 1,877 m/s2 SHIUCH [6-8].

19704, Ar'kov S2 =2 Itet DF0F 34 SeHE 2te] |AE S F=otdl NHEGHH, SE0Ae &8s

BIALISH 23 SHEUMAL &S HAUSS RAHdES 2042 012t €2 Sd= Z2FotAUb
= x

31\:%8

1.
Shchelkinlt  Denisov lMel o S8 =017 <o dagae IE
286t 2YsS HMSHACH [10-11]. =2 Ishihara 2 HAJ|9 20IE =2 ot ®E
HAJIMAME HAZED OEUOlE € 22, g 23N RAe =5 d52 248 = USS

SBOoFACH [12].
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Fig. 1 The first explanation of high—frequency combustion instability as a rotating detonation—like wave
concept was given by Clayton et al. [7,8]. The left conceptual illustration shows the detonation—-like wave
front. The pressure history plot in the middle shows a pressure profile similar to that observed in a rotating
detonation combustor. The right picture shows the pressure sampling location of the plot in the middle.
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ASot0, 19654 JPL &8s FXSIACH [25, 6-8]. 0I=
D0 AL EotEE Hlwcte ASH 2RE SoACH [26]. 0 2IRWA Anand S22 IH
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g, Fan S22 &8 2Aas 2400 2d CEdoldn D0 A 2otd 2t |RAIES
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20l S OIALISS X3ADIE O od32 AUCH [7, 28]. Fan 2 0 =&l A} &It Zad
e RSEL I2 S8 SS80AM JIAELD BEXJULCH [27]
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LEDOF THErSl Ishihara SOl 2dh ZAHJACH [12]. OAsE ALl 20IS BHSIAIDIH 0 =SsE
CIMEHE HAE JIE 23 HAJ|S 452 HIWGACHFig. 2 1), &8 21t a)2 b) FEUHAM A
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SO0IEHE, b) PHUAE HE 5 == IS 2C0A 3@ HEHIHE 2E2 Fsgs T
S0l UEICH Ral= BA HEHO0IA AX(PDE)S OI23101 0IZHHOH, 28 = 0248 Ma
, se p)

s, JIE 23 HAJI JIotEE |Atd, 1O
ES

o X o3& HEUoEs |RAE = Us
+d2 ANSdI0IES =2 SHZ &= O A0 st

EZ0IACEH

Mainly axial combustion oscillation
|

f ‘1 /A\

}l T -
X (0)4 %
Steady nozzle exhaust N o~ 7 —
F Z\ ‘
Nozzle exhaust oscillation
¢) Oscillation mode
e
F | F Z
: Oscillation « 1 4 /A\
| \ - } )
| OX g g SOV = s = e - | Transition OX mefrd
: Detonation * 1 Z
1 f : F 7N
I
I b) Transition mode : d) Steady mode

O D] HJle= NASA SP-194 [3]2 XI&Ol et
=) F

SEERUCH 72580KM=s HE 2XH Eg=
o cC
AA £

SEI} HM 2C SOES SLY 4 USS ATD UCH TE, 726HUMS AN Cpiol 9=
SRUA Dl Ea2o M 22 o HIZA oA BEDF AFWSECID AYL 0] UCH

[ —
743BHMNE RA BSE HE of BAF ATE URH, S 2T HSAE O AFNQ
XS0l JbsolCtD XD UCH SHXL B IRNAME BE 2SI 2 B5SH HE AMEHE
MESIASH, Ol QIHEH B 2HUMN 2 2SO0 SN, FUE ZWHRY F HYS SIHAIY
0 (=

Jts40l /UL b) 742 [3]2 EDXU=0 G2 AWM H=86 bt 201 ALEHH U HHAGHA
22 A ASS ZEotl) UL BOISHE, 0lHE A RAs2 3™ HEUoldE AE(RDE)O
Q7= SHOICH Metd olefdt 83 Ass ZES Z, b) PE2 XIINI| BLX JLUE
A SeHE S Aot Hget Aez 2=

2 AMsdol8ilA gaJ[2 =5 & 2

Ol AL 2= zlastet)l Aol 2/JA2H, =8 =
o
j—

o=
Fig. 30 MAIEO AL, Fig. 4= = AF0A



20248 3R F=EY [HAFE LAA FEAIAHE]

L. 15.0 mm ,
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7o .
j e 4 T 13,
2 200 mm P 11.5 mm 15 mm diameter §
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i o -
1 v O 2 ———
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Fig. 3 Schematics of the combustor model. The geometry upstream of the nozzle throat is the same as
that of reference [13].
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AIgal0ld2l ZA2 Ishihara S [12]0] @5 18042 A& & Test 6'01l LE0 SHEAC Test
6'01 MEE 0IRE 94 DD MHEH 23U HAAI| AV RALEE OfLI2, HSEAO
LEE0 UUI I20ICHTable 1 &D). ABUAN RSHO| M5 Ls MO By @z e
GIZRNO0l O 9.474 bar, A4 9.598 bar2 MBEQICH QMEO K ZAS Byds =X
SOHQIA M50 SIo S2 FTAOR UM, N M40 T 422 242 527 bar®t
5.08 bar2 HOIGYC 0l= SHERI 2AHE 0/850 HMEACHL BYLUMNS 25 4202
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HEER2U, 0 22 =¢d RSEHO0 A MOI20 =€ot=e O & 220t Zele X222 LR
et | ZH 22422 S Xl OE 2% g0l AHS UL
M Blil= (Table 12 'a') A& SYs =2H22, AZ A0 HEJA2H, 2SS <& AHolAg
ZFIl XHe=z ZND Fx9 HE =JIxHe=z HEGHH FHZRUCH 0l= ROC(EA dIEUOA
AAD]) HF0AM LEHE2Z AIEStE 28It KAGHH [29]. & BN dR=E =2 2& |
X2 (Table 12 'v")0l HEEU2SH, 0Ol =UHEe E€E=
[ —

=
g3t Ngs 2011 528 48 2= HL
PSS =2
=

JIE 2000 K atA 2 Z=DI56HH Ats &3t

k- rir

0
JtEstetdl ?lol MEEALH et A

Table 1. Experimental conditions and inflow boundary conditions

Propellant Equivalence ratio O/F m (g/s)
C2H4-02 2.21 1.55 31.2
Plenum pressure (bar) Plenum Temperature (K)
Ethylene Oxygen Ethylene Oxygen
300a 300a
9.474 9.598 560b 600b
Corresponding sonic condition
268a 251a
5.27 5.08 500b 500b

a: the experimental condition used for validation
b: the elevated temperature condition for the simulation of the self-excited detonative tangential mode
combustion instability

A%t SEE Y HMR HS

AL HE23e d35 dF0AMeE 22 25 A ' 'a'Idl HSLHUCE Table 22 2 HAF0A
st AL BEE st ZA0ICH A JHel 2XNE 0lEe HAZ I HIuEALH, 2L =82
20151 ol MSEHUACH. 2 2Rl 23 &8k AX == Choi [53]I9F ZND S & & A
CHoll Aletst HX RPALEN JIBHGHH Z2EEHUCH, € UE FA0 5012 AXNEOl EotCh H4
&Ef ZND 2= CalTechUlM JHESH ZND & H&H DEE AIE6HH HAZJASH, SSHl= 2.21,
F2 2&= 500 K, 222 5.0 bar2 EFIUCH [54]. 2oz € dE JA9 M= 0.589
mmz Z2FEULE 0lF, =28 XY 0H 2Xes 22 2F 2508 AIZ23HE RUCE.

AX 8% o4 2, OEU0E =& #HH &= JIE0l HIWEUCH A el AKX 2te
HEUOE S0 st A 2X= HE AXUAM 3.8%, &2t AXUA 1.3%= 24A0t0H FEst
=8 Jdg= LIEtRUCE Fig. 50lA= Al JH2l AKX AIAE 2t 8HH &4 JIE= HlWotRb 2=
AXHAM K21 I A S0l StAH AIOIZ20 TESHH HEUI0IE0l E2Y9otl] RAEE=E HS
stolgt = QUAUALCH X MEstE = stH AMOI20 &Edt= UtE J(2t01 2 X XISH 22X AlAE
2t X0l= DI0Igh +=&E22 2ol et B3 AFU A= HEtAIRZID) BSEE ES6t0H =2+
AXE AMZCHIULCE.

Table 2. grid information
Number of Grid Edge size in ‘ Grid po'ints Detonation Relative erfor
points circumference included in the Speed on Detonation
(um) length of HRZ* (m/s) Speed (%)
Coarse 19.1 M 108 5.45 2,225 3.8
Medium 49.4 M 83.9 7.083 2,286 1.3
Fine 128.5 M 64.6 9.13 2,317 -

*Heat release zone length, 0.589 mm
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Fig. 5 Comparison of wall pressure history for each grid system. The subscript '5' stands for 0.5 cm
downstream from the injector face.

2AZ HO0IAS SIE AE F2(Table 19 'a' 2E X2)S ASH0IEGI| Ao, A4 Fa AF
ZND REE £J| ZACE S50 HEUO0INS REoHACH ASHOIE AR 2 o 0.8 ms 20
N et et

S OEU0IE0l AHESEJACH, & 2 ms St AISI0IE0] =L JACH. 0 HEO0

JIED HEUOolE S0t AEHA MBS 2tk HIWEUACH [12]. Fig. 62 AHE HOHAM 0.5 cm

BHX AAD] 8 =5 2 AXNUMLY 23 JIES BHEC. HAD] Hld SHE SHPH2 E2

& gttt of2tel XH0IE 2=l Ol A8iA =8 25 SZ2=2 2ol 28 dAHI 8 cm Z0HA
k

ROA SEEJAID H20I1CH e, 28 diMel 82 F0b=JF 1 kHzQ! BHE, S2e 9f 33 kHz=
l&ot2=Z, 0 fIXINAS &S dlue gl

L2 = XA S 2H2 4810 AISdold 2ol 28E EXNE 2B/0. =2 5 LHE2
A B A 0 Vleet2Z, 8M 28 X201 2 AISdoEEJCD g o+ UL

Table 30IM= &8l AZdOIENA FEHE =2 ST 3|8 Fh+=E HlWotUL =2 5T
Ft== 2™ OIEU0IES 23 3l8S ot AHMEALDH, == 00 st &40 A=
212t 0.4%2 1.2%=2 AL ACH (Table 3). 012 Salf, RPL3D in—house DEJ SLX FHEgsh AL
S 22 HEES AN=2dolde = USS ooyt

oF 19 3L el AXE 018 AIZdI0oIE Al2t2 1 sUA2O, HE IR 22 = Intel Xeon Gold

o
- 3

6348 2.6 GHz ZZAIA 1872000t AIELYLH, Ol &
778.15 h/ms, = 1,456,700 CPU-h/ms& &H&HEICH.

56 TFLOPSOl oH&E&tCt. & H&H A2

Table 3. Comparison of the detonation speed and its rotating frequency.

Parameter Experiment Simulation Relative error (%)

Vieto (m/3) 2080 2071.4 0.4

f (kHz) 33.1 32.7 1.2
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5 [ T T T T T T
- P, Sim.
45F P, Sim.
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Fig. 6 Comparison of wall pressure history between the experiment (symbol), the simulation (solid line),
and the time—averaged value of the simulation (dashed line). The subscripts ‘5°, and ‘th’ stand for 0.5
cm downstream from the injector face, and at the throat, respectively. The experimentally measured
pressure was extracted from the plot provided in the reference paper [12]. Therefore, the temporal
coordinate of the experimental value does not follow the pressure sensor’s frequency specification (1
kHz).

ol HliMe =28 Jdagse 34 =0t89 2e UM Zdots Ha ZZNAE =28t
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Fig. 8 Mixture fraction and temperature distribution on the xz-slice (left) and yz-slice (right) during the
preignition period (at t = 79.1 us). The yz—slice is located 0.2 cm downstream from the injector face.
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Fig. 9 Transition of the initial pressure fluctuation to the instability mode: the black solid line indicates the
contour lines of the non—dimensional heat release rate of 20. Each slice is extracted 1 mm downstream
of the injector face.
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Fig. 10 Development of the second transverse mode instability: the black solid line indicates the contour
lines of the non—dimensional heat release rate of 18. Each slice is extracted 1 mm downstream of the
injector face.
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Fig. 11 Manifestation of the rotational motion in the second transverse mode: The black solid line indicates
the contour lines of the non—dimensional heat release rate of 18. Each slice is extracted 1 mm downstream
of the injector face. The red dashed circle shows the rotational motion of the heat release zone. Pink and
brown arrows denote the rotating and counter—rotating pressure waves, respectively. Each slice is
extracted 1 mm downstream of the injector face.
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d) 673.9 s

Fig. 12 Initial Stage of the Tangential Mode Instability: The first, second, and third rows show the pressure,
heat release rate, and Mach number distribution, respectively. Red arrows on the pressure plots indicate
the direction of wave propagation. Each slice is extracted 1 mm downstream of the injector face.
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i) 760.6 s

Fig. 13 Harmonic motion between the first transverse and the tangential mode instability: Red arrows
indicate the direction of wave propagation. Each slice is extracted 1 mm downstream of the injector face.
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Fig. 14 Limit cycle detonative tangential instability with the iso—surfaces
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Fig. 15 Normalized heat release rate and the pressure sampled from the wall and the impingement region
(indicated with subscript wall and IR)
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Fig. 16 Detailed yz—plane view of the detonation front with overlaid sonic lines (red solid lines) and the
iso—contour lines of mixture fraction of 0.65, highlighting the detonation cell structure. The yz-slice above
is extracted from 2 mm away from the injector face.
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Fig. 17 Spatial distribution of Rayleigh index over a cycle of the detonation wave
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