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ABSTRACT

Hybrid rocket displays many different low frequency pressure oscillations during
combustion. Thermal lag between solid and gas phase is the primary mechanism to trigger
low frequency pressure oscillations of around 10Hz, and Helmholtz or L* mode also
produces other types of low frequency oscillations above 10 Hz which is associated with
the change in combustion volume. Since the flow characteristics in hybrid rocket is very
similar to those in solid rocket combustion, it is not surprising to observe similar pressure
oscillation behaviors. Experimental test shows that combustion pressure suddenly turns into
to a big amplitude oscillation around 10Hz then followed by returning to an original
pressure level after a short period combustion. Further investigations show that this
instability is independent of the change in O/F ratio at all. One of the possible candidates
is the vortex shedding dynamics over the backward step in the post combustion chamber.
It is required to investigate the low frequency oscillation mechanism in the future study.
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Fig. 1. Configuration of combustion test



re

A2 B 195 2014 1.

24 @ wstel g sfojrE 29 AFve daTAA 31

Table 1. Labscale combustion test results
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Test No.| 92 %% | 2ol 4ol ﬁﬂ(:} j% orF ] QEZ
ey e

Baseline PMMA 200 75 20 5.20 X
1 PMMA 200 105 20 hht X
2 PMMA 200 200 20 5.59 X
3 PMMA 400 75 20 2.35 (0]
4 PMMA 400 105 20 2.4 X
5 PMMA 400 200 20 2.46 X
6 PMMA 400 Vi3 10 2.23 (0]
7 PMMA 400 75 15 2.29 (0]
8 PMMA 400 75 25 2.43 (0]
9 HTPB 200 45 20 3.03 (e}

a) Presstire tap Pressure tap

AN (N
I:[ — Flow Direction

200mm 1 200mm |
T 1

Pressure tap

A M
I:I: —> Flow Direction

_45mmT 400mm o 75mm

Fig. 2. Chamber configurations for
(@) Test 2 (b) Test 3

Terminated Poly Butadiene)E A}8-3} %t
Figure 2= 7] A3oA dL4dd AL
o] do] ®Wsto] W& F4e =433 Zojth
Test 2= A4l Zo]E 200mm, test 32 A
2o Zolg 400mm=E =9 AFE 7R Ad
I vlustAS W, 44 AL FALL] ¥
g WL AFae 5460 ojm §EFS WA
=4 gelsiant
22 7| 248 2o & Fuor 24

— =

A AL dole 200mm, FALA dol=
75mm¢<l @el thste] AbshA| fF 20g/secs
FASEA 7 EAYS A3 AT. Fig. 3L 7]
AP A4dty ®stE A4S adeld @
A9Ee 105psi FZolA LAHSA FAEHI,
5psi A% G Fo] WA Ut LEA F
v ¢S 180psi 2 A&7t JPEHe= Tt €F
A A E A ok

Figure 4= Al7te] mE A4 FE X
FFT (Fast Fourier Transform) #4418 X
Atk FFo] F& 300Hz oL Wz £
0~300Hz®} 300~800Hz PFo = o] A
g AE 545 24383 10~30Hz 99
A Az @ NA@G g% FoFE A

<

D

>

¢

120

100~

<o
=
8
2
]
.

Pressure(psi)
=2
(=)

e~
=2

o
<

) L L L
5 26 % S
Time(s)

10 15 2 % 30
Time(s)

Fig. 3. P-t results in baseline test

Magnitude

oo

Frequency (Hz) . Tmeiser)
b)
80
2
g
0.
ESDG
Frequency (Hz) 800 Time e
Fig. 4. FFT waterfall in baseline test
a) 07300Hz b) 3007800Hz
ol 3 AR M@ Fierh vehddh

450~550Hz G Golx UYeude FiFe dda
dollA A "oz kAl frEol fFYE W,
Am9 FHo=E i f5 DdHHo] FAEUA
DA et= /&Y T35 E Strouhal FE AHE
sto] AlbETh 500~600Hz G99 Fu 54



32 WA - o33 R ZE T B A

of dFFEH A5 7Igd ot HH AL AS AUHA #ZHE Ao AdHETh
T AT e s Bt o FE

= oo ERL}E 600~650Hz 3 =
S a7t QAE) Wek HF B Test 3¢ ABAHNA @i 2ol 2n)
dA A FE Wkl 39 e 59 A 34 u
H, AFol o FEolths]. ]

03 Test2 AlBZT} 9 =g 2a 24E WHalE SAg ae|th 7EAYE Ax

o} vl stH HydE L 50psi = F7FeFA L,

Test 2= 7]2AFNAM FALAe] o] W3l 14~18%9} 22~25% F7lol|A] tEFFo] 2 =

of e A& 5L FAsHA HE FASAY. oz ZslEAnh o W AEA] §FE 20g/sec
AerE e 105psioll A dASHA FAHEM 712 o)t

A3 23E Y EAE Fo] FAas AT Fig. Figure 7> FFT &4 A3 FoA HFo] %

5 FFT 4 ZA%E 0~800Hz P4 EHS & 300Hz oL w=z 2 st
3 ok 71EAEY vwd o, 10~30Hz2] F  300~800Hz &<l AA4+H
g4 EAo] FAEA YElUA T 1Z ] 7)== oy, s)BEAYy mwmst
Az ol w3 100Hzo| 4o 3

Fubg EAJo] vl eksttt ol T4 9
o] Zdo|7t UFE Zo] o8 §5dY 540

o b
S
a1
<
8
a1
S
T
N
o
12
=2
S
a2

ofN
o,
o
)
N
olN
)
i
32,
.‘ﬁ

3 A 4EIEol

Magnitude

—
o
—
——

[T
°
310‘
z }
£
0.l )
Ti 20
Frequency (Hz) 800 e e 10
Fig. 5. FFT waterfall in Test 2 300 10 Time (sec)
Frequency (Hz)
180
b)
160-
140-
S120 205,
Q 2
w100- £
7 80 S ol
0 300
o 60-
40-

[
CS

800 - Time (sec)

10 15 20 % % Frepiency 12

Time(s)

o

Fig. 7. FFT waterfall in Test 3
Fig. 6. P-t results in Test 3 a) 0~300Hz b) 300~800Hz



-
b
12
ol

>,

42 4 1 4R 2014, 1.

O

Habo] ot sfojHe= 2AL AFoy daEUA 33

9 ABel gAre FFe Axd §4 W

sz wse gEAED 95 Ao 9@ A

F3h4 S43 FRee @Yoz AdAd

2.4.1 ASH ST AE W HE A
ot Al S

Test 3oA 48X Fo] AA FTIHHe AU
A%l fdl Al FES 2ASE Test 6,
7, 8 < FqGt 1A AE PMMASH 7)) 2k
49 o] & g}hh-g-& CEA(Chemical
Equilibrium with Applications)E %3} A4kgk
Az O/F HlE 1.920]t}. Test 6, 7, 8] O/F ¥l
= 223~2430|B %2 Az sjdl A4Nkg g ot
Fig. 8& ®W 4tshA| frfol| whef Aagt=Eol

e AL 2 5 1, A9 Fele 9

15 2 25 30
Time(s)

Fig. 8. P-t results with various Oxidizer
mass flow rate
a) Test 6 b) Test 7 ¢) Test 3
d) Test 8

Pressure(psi)
—~ X . s
NS I~ [=2] (o] o o) I~ (2] oo
£ E5 3 £ o S5 & S re

o

10 15 20
Time(s)

25 30

Fig. 9. P-t results in Test 9

20

15

800 4o

Time (sec
Frequency (Hz) (sec)

Fig. 10. FFT waterfall in Test 9

A BE o= Age] =W AT F=
e A FAY + Yok

ol -

e A, PMMA A3 ZaRt
Ut} HTPBE PMMASH ®listo]
574 wio] $E & (Regression rate
a7F YA 54 Al e

ol E o\ of
Hou 4 o
41 L ok o

>
Hir

o
9

o
il
[‘E
av)
it
&
1
&
5
rlo
—
3
Ne)
Lo
>
jaii)
il
(.-

oty ¢4HRAF FFo] AFEH= ANHIY 2
Ao A 10~30HzY] -9 *F& AF
L Aet A vEbdTh welbd d89 3
3} 9 O/F Hle} gHglo] A4
ol&) AFul EobgAlo]l el
242 HZE A wW3tel g4
AL7E JPFHAEA EHI AH|
AAol Yetyrz 4HRF FZo] AztE

ol
st
P.L
Jl;“ i
oL
(B O rlo o oM o R o Lo

T
T
olo

ot o

i

0
oo
>

J
on o ox 1% y
E
oty
=2

I

o e
(2
e
o ™
m e
B
o, mlo
T
>
!
38
o
]
a9
—_
—_
flo
g
0]
lo

2ol & o ) 2o

oo rp I 2 o Mt B ol

to i ¥ 2 do
i)

2 o2



34 WA - o] F3 AT 2 S B RS
20 a) 10
200- 160
180-
~160 " o
a0 ) 3
f120 il 100-
2400- il 3
«133 - 2 8
¢ 80 2l 0
60 0 | L 60-
40 | | 40
20 ! ® o 20
0 10 15 2 2
Time(s) 05

Fig. 11. P-t results in Test 8

Table 2. Instantaneous port
diameter at instability
Test No. =7t W& (mm)
3 254
6 —
7 25.2
8 24.7

-

—> Flow direction P=24 or 28mm

PMMA i —Ring

Fig. 12. Schematic of Post—-chamber
equipped with ring

AZtE e A8 WAe FASIFER dFHe=
28 4 Ao} Fig. 12+ test 39 AF xql

Z3o] 24mm, 28mm¢<] HE& AR 19 o]

ok

Figure 132 35 33 & A4 g
g ootk Fo] ulFo] 24mme B,
Wdel "o wolsh #ZopAl= X]%‘joﬂ/‘i i
SHo] AFEE AavE £ o 714
AE SRl At. uabA xwaxqoi 39
WA dxstes pPs 3%

e 98 WAL 24mmolth. EF o] )
o] 28mm¢Sl A% 13% E2oA A WA 4=
s SF ddo] dAstar, 23 FZoA A&

g o 7}

o

o

N
A
O o N M oox

=
% 3%o] dart

180
b) 5
i
10
Q
F10
J
7 g
0
o 60-
0
0

S 5 w0 5w %
Time(s)
Fig. 13. P-t results with rear ring (a) Inner
¢= 24mm (b) Inner ¢= 28mm

Aoty = Hg FFRI
2 FZFell A 10~30Hz
717v S 7Fek 400Hz O]—Fr d4d

AN B gEaE 2E age dze )
A% BAF BYo] Jonw FF Aw] I
Ggol AFAS YL FUAIE Fad



re

42 4 1 4R 2014, 1.

22 b Hglo] 93t slolrE s 29 AFug AAEGA 35

Magnitude

o0

200

400
600

800  1p

Time (sec)
Frequency (Hz)

b)

Magnitude

Time (sec)

Frequency (Hz)

Fig. 14. FFT waterfall results with rear ring
(a)inner ¢= 24mm (b)inner ¢= 28mm

m. z =
soluele 2Ae Axdd FAxde 4
W] e AFne 9z 548 wEAgn
Z1edy 4, 10~30Hz <

3«1 A
ol M%& Fohs 24 A 10~30Hz9)

o 508

7‘%’3]'74] BE5F AFgs EAdAAdC] YEWTH T
St g B Aol AlFE oo dE A
A 24mm, 28mm HF2AL 7HH A

1-

o
ofN Htl
o
Bl

o2 & _OI
3R
4 B
i

z
ifd
rO
ot
ox
rlo

WE
i3
o
Qﬂ
111
re
km
49 =

= rlo
o,
o,
At
o X
o
N,

N
i)
&
M
I-'O
ol
rlo
g
2w gy
1)

¥ =
tlo 2
Herg
[0
m)
L
It Hz
L
E
S
)
re

X
(g~ do mo

i)
o
Qﬂ
ok
ot
Ny £
in
lo
)
o ¢
u
A ok

A
)
S
=)
N

ne

¥ K
o
5L
olr
X,
o

o
0,
Lo
PL
H
o
offl ¥

~

X
9
o, &
O:-
BT E
M2 oy
[0
fU ok

H
il ot

e
By ol
(LY
2 (o
1

2
e}
9 4
B

ol
o
rE
o
R

o o ob Bl AT mo O &

o o
ot
o

o offl f2 Tl N oo 0 N X R Ho
L2

BoS b o o N 2

A AT AFAFE (2011
-0027980) =83k 9-]; FAzelS uh3

Z
LI °J6qu~
References

1) Changjin Lee, "Analysis of Non-Acoustic
Combustion Instability of Hybrid Rocket,"
KSAS Journal, Vol. 29, No.7, pp.96~102, 2001.

2) T. A. Boardman, R. L. Carpenter, and S.E.
Claflin, "A Comparative Study of the Effects of
Liquid-Versus Gaseous-Oxygen
Combustion  Stability in  1l-inch-Diameter
Hybrid Rocket," AIAA 97-2936, 1997.

3) K. K. Kuo, Y. C. Lu, M. ]J. Chiaverini, G.
D. K. Johnson,

Phenomena on Fuel

Injection on

C. Harting, and N. Serin,
"Fundamental
Decompositon and Boundary-Layer Combustion
Processes with Application to Hybrid Rocket
Motors," NASA-CR-199126, 1994.

4) P. A. O. G. Korting, H. F. R. Shoyer, and
C. W. M. van der Geld,
Ultrasonic Pulse-Echo Technique for Regression
rate Analysis," SFCC-publication, No. 24, 1987.

5) C. Carmicino, "Acoustic, Vortex Shedding,

"On the use of an

and Low-Frequency Dynamics Interaction in an
Unstable Hybrid Rocket," Journal of Propulsion
and Power, Vol. 25, No. 6, 2009.
6) G. P. "Rocket
Elements", A Wiley-Interscience publication, 7th

Sutton, Propulsion



36 W4 - ol 3 B T

ed., 2000. 8) Kyungsu Park, Kyung-Hoon Shin, and

7) B. Greiner, and R. A. Frederick, "Results Changjin Lee, "Vortex shedding and Pressure
of Labscale Hybrid Rocket Motor  Oscillations in Hybrid Rocket," KSAS journal,
Investigation," AIAA 92-3301, 1992. Vol. 41, No. 1, pp.40~47, 2013.



