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ABSTRACT

Resonating thermal lags of solid fuel with heat transfer oscillations generated by boundary
layer oscillation is the primary mechanism of the occurrence of the LFI (Low Frequency
Combustion Instability) in hybrid rocket combustion. This study was experimentally attempted to
confirm that how the boundary layer was perturbed and led to the LFI. Special attention was
also made on oxidizer swirl injection to investigate the contribution to combustion stabilization.
Also the overall behavior of fluctuating boundary layer flow and the occurrence of the LFI was
monitored as swirl intensity increased. Fluctuating boundary layer was successfully monitored by
the captured image and POD (Proper Orthogonal Decomposition) analysis. In the results,
oscillating boundary layer became stabilized as the swirl intensity increases. And the coupling
strength between high frequency p’, q’ diminished and periodical amplification of RI (Rayleigh
Index) with similar frequency band of thermal lag was also decreased. Thus, results confirmed
that oscillating axial boundary layer triggered by periodic coupling of high frequency p’, q  is
the primary mechanism to excite thermal resonance with thermal lag characteristics of solid fuel.

z =

stolBEE 2 A4l AFuy ALEAALE nAARe] dHA A (Thermal Lag)d AAS
s Wste o3 AL s Fxlol oaf FAIH. B A= A5 W 2AY AAS 59
wdo] oW EgA Ao o WAste dLE(How WI=AE APFHoR FAAH
53] qtstAl o] 249 A A4 dAF v 2 V9 E strE 2d FEE ST BAS
o] Wstel daEtAel NG S AFsdth AAS Hdse &Astr] st &< 7t

ox ol
o

" o)
e
ol
i
32
o

2= Rayleigh Index] A% TA= o)z 4% A%< Baol A2 gaste A
Wetd nERS p, g0 7712 Al B & ¥ AAF Ao
S FR €% ARl BHFL HAFAC

o
°
(2
ne
A2
N
2
N
k=)
RN

t Received : May 14, 2019 Revised : September 26, 2019  Accepted : September 27, 2019
! Graduate Student, > Professor

? Corresponding author, E-mail : cjlee@konkuk.ac.kr

© 2019 The Korean Society for Aeronautical and Space Sciences



M 47 M A 10 =, 2019. 10. 3dlo]HEE 2A AXAAMY AAZ AF W A - 721

Key Words : Hybrid Rocket Combustion(3te]BE|= ZA A 4), Low Frequency Instability(X 3+
A 4E<H4), Boundary Layer Oscillation(d A3 %1%), Proper Orthogonal Decomposi-
tion(POD, &2 1l&3)]), Rayleigh Index(H ¥ ]7]E)

. A 2 adoM vetyges nFds p, g7t o 29E
st nAAdRe] dHAA EAF v T3
solnge 2AL 54 da zdolM 100Hz o 7 TAITRE S Rayleigh Index(R)F
njke] A ZEuls otEREo] Ay ZEs= zz=  AHES Flslon, o] A= AASe S ¥
gt AA&EJFG(LFI : Low Frequency Combustion For AT F s ovidn. wepy ddd
Instability)84F0] UERITE 32 s)@e] elamery el AAT] FHYY AT == 5 WE AF
Mg e EAES Eukslny =zo wmxo Ol o8 UEhdE FAIA #1287t o
og HE@ #%F WsE TzEB BysE F w50 U 24 BAS Selne= 27 da
= Fusol sl Aolt). solnas ZAe x /b HRT FEHE FASHH w2 719E st
o dagerd Age OB F/Be Bopy MOEE 24 w4 L8 2RERE ATt HAE
9 o ZEZx o A%l AAA7 Zorur gy 2 W AASE WEE FAF £ dud AAS W
U miEd oz wgsis wadgs Ede gy g o =@ 54 Eo & ol  9le Ae®
onj, Wy Aglel UF AFE okAE Axsy g WEEAH
o met B dAFoME 29 FEE HWHos F
B9 oy AT ostE AFHAEZ 29 BAsts A7 EAAALTE AR W AT Rl
Aoo] Aar} <hAE B 4 goo BHAsY = e WIE FFSuA I 29 FEVF HY B
3, AAL[] So 9w ~Y Hape] o <z GIAY BER =EH AAES AA BAS W
e 0Hz BT AFAS: ool oty Ay TFEE WHY Sy, 59 A4 AAETE e
= g 500Hz o] vlmA wEnizol oty nx v AFHAA FAZT fEo WsE AFFoEN o
) LT FH5 qee AE S As  LEEE AR AAT 5 S Abele
AgAE W3k gRolgl= AS Aoz sols AT F U Aol ol & Ao JHdn
At = pIt qo AR Fo AFS FA TS F WY AsA EAE sk A, 7 A
W ool aEolgo] Lo AL ol2w oA Ay 2% B Aavt vEhd W AAS W f59
JEUE= Ae Basgon AAs Pro ~9 5 8= #HFSHAIH. free AAS WEE wds
e p, qol &9 A AHE §ASE u 79 7] st A& FEed " NS E I8 oA
= JASe Folsgh oy M Hz:ue dAsxor  °lM 7HAE 94 Z# Y& POD(Proper Orthogonal
Aol WASHs EelA AL AW R, Karabeyoglu ~Decomposition) WH o2 F4% ol ojd o
Rl nAARI 21 e 43 B4 wEd) gy Tl S fAETHSte] o/F POD W stol

Ir
e
o
M
re

o

m

b

P>

re

B

=

offt
fo

At

ox

o

ry

>
2~

o

b

Snd

1

]

Thermal Lag) @7d°] ZAZ #& ®
st ol@ AWY WEF T AFAE Ay T AEET FASFAAS]
b o7 watdltty B3kt whebA LFI A

3 M AT BAE zZhe B aRe AAF n. = £

Hslo] o3 dAYe IeUS & 4 Ao 2H

E A5 m¥el A" AASo oW WIE AXH o4 Ay Ex U HY

dAg FFoz olojX= Ao g AT ofF

283 QY57 23 Aejolt. dung Fuxge o 211 8 FA 74

AgZo] %3] 93 AAS WHIls Lo F Figure 12 dlolB gt EA d49 7HASAd #
TMAZ AL £ ok AAE A5 FdHo| EAst  AE EHAFI Ytk ddad, FALY a8 $
= 7135 57 FANFge s Wilste yE  dAadE FAAEY, Z4zke] dols 45, 400, 75mmo]
Ue AAZ FA%E 5o F dds of  th dset 4siAlE 42 PMMA(Poly - Methyl
Qe oaf AAZo] = WFo g FAFsE Aol MethAcrylate)9} 7]1A14kA(GOx)olH, AHFHH =4
t}. Goutham[3] &< 4837 md& AL&3ste] 7]3k X (Mass Flow Controller)E ©|-83to] 4bshAl #3F
Az FAWF Wl o] AAZo] FAWEFO & dAIA FHIHAY. ddaMdel RE g Al
2 AFFE AL A48 Y FQ8 FAHOZ A(General Electric A2] UNIK 5000)& ©]-&3ted €
AANsAT. 18U Moon[4] 59 AF Aies 3A & gES FAHIPOH, ALRE s 5SS ®



722 7170} -

Pressure Sensor

Main Chamber

Pre-Chamber

Fig. 1. Experimental set-up and combustion
visualization
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Table 1. Summary of combustion test case
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Test Swirl angle Remark
(degree)

(Bgi?atlirle) 0(Axial) LFI
Test 2 4
Test 3 5 I
Test 4 6 Weak
Test 5 7 1
Test 6 8
Test 7 9

Stable

Test 8 10

Fig. 2. Schematics of top and cross-section
view of axial and swirl injector
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Fig. 3. Time traces and FFT results of pressure(a)
and heat release(b) in Test 1
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