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Abstract

This study focuses on developing a PMMA-GOX hybrid rocket engine. The engine with an
injector was equipped. First, we controlled the mass flow rate and the chamber pressure, measuring
the average mass flux of the oxidizer and the fuel regression rate, using those data to discuss the thrust,
specific impulse (Isp), and combustion property of the Skgf hybrid rocket engine.

After the Skgf axial-injection engine was successfully prepared, we turned to develop a 10kgf
swirl-injection hybrid rocket engine, using a swirling injector to apply swirl to the oxidizer flow in
order to improve the poor combustion property of the hybrid rocket engine. About the design, there
were three geometry swirling numbers of swirling injectors, 0, 3 and 5. Proved by experiment, the
thrust, thrust coefficient, characteristic velocity, fuel mass flow rate and fuel regression rate were
proportional to geometry swirling number.

We hope that after enlarging the size of the swirl-injection PMMA-GOX engine, it can serve as

the propulsion system in small-scale rockets, implementing sounding missions.
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M) E AT FE TR E LR E ER

R SR E 8RS Z 574 Bl SR E ERER SR E R

A LIS EIARE TS 2 S/ LRI EE
() PRRFEERR M
PRIEHFEER 2 (regression rate) > NARPARHRYER > FIPARIFR AR R BT FEEh

AR - EBUEES SRR A — SR - TSR GUNRHEARRIRY S ER T EEEE
AT - BUYERFEERRAYS [ZEAHEE - SRS 2 » PR aa T H B REK - it
BCHEHER 2 A2 5 ~ FADRE G EOKRETS [BEAE ~ BERE RS » ML RN e

HEW - (G. G. Zilliac et al., 2006)[4]
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PRRHRE AR Al SR S PO R S LD AR - JRAIRCRA AR
BRRATS > HAAAT

i = aGh, (13)

¥

Hepra -~ n HERE  a HERMEMEESE > HEMBKARPEHEHFERSEE
AR AYARHEEER » n RBlE B B 15E0F Bi(mass flux exponent constant) > 2T
B8 IR P S RS > B EEREET0.5 » FRoRIRIEE S e 22 2 TEOH -
H L LA E E AT A HHEH - (Susane R. G. et al., 2015)[8]
M Gox My LR B R - HAFAI(14) -

Gy = _ 4Moxidizer (14)

n(rpi+rpf)2Np
RAFEIEARIFEREE - JIRIPABEIRAVIARITTE - A& KGR - BECENEGTE
SRR EIMESE - B YA R P ER R

AM

Ar = Pheyer €

T[ —Ij (15)
AM B AR 2 EEBMER - p BRI > hpa MIPRIRFALEE » Acc IR FLIE
B r B RRITLIIOEAE - T TSR RN T/ R

_ 2(rg—r) _ AR
At At (16)
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— ~ WFREER
(—) BAEREEREGR

% 3-1 - FAEIBHE S IHEE

HIE AT HETIN) C* Ner Cf Isp 5B

10s-1 lost 4092.809 2479% lost lost lost

3s lost lost lost lost lost lost
15s-2 1.226 3220.535 19496 0.011 6.073 2.29%
5s-2 0.339 4910.052 2969 0.005 1.488 0.5%
5s-3 1.382 9156.258 553% 0.013 7.097 2.6%
10s-2 1.173 5933.033 358% 0.010 7.055 2.6%
20s-1 1.278 2670.563 161% 0.011 6.665 2.49%

af ¢ 3s Bl KO (bypass) 2 il

% 3-2 ~ FOAG IR AR R S (LIRS R

HER AT PRRHEER (mmY/s) E B (/s *em2)

10s-1 0.07 3.931

3s Eiia 1.184
15s-2 0.06 5.179
5s-2 0.07 6.652
5s-3 0.06 5.746
10s-2 0.04 4.750
20s-1 0.05 4.908

af ¢ 3s Byl KO (bypass) 2
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FIBI3- 10 » 5 [ SEPRIESTIIS » MRBEAERER Thar o §E 149751 508f Z5200gf ] - 1
FRZ AR 3FD 22 BE F B2, 3bar o K bypass BIFFTHSH 2 BE H7

Axial injector_14mm_5s

e ey e e e e '—-.-‘.»'I

Ignition

3-1 ~ FF (U5 12 5s-3 a7 AR 45 R

FlE3-27] &, - IEHE B 4ERT Toar » #ETJAIIF TR 100gf £ 150gf ] ©
" . Axial_ inject_or_1 4mm_1 Os_ :
‘ | L 1
E 'm: i 0 ® )
= —— Breinj = 0.5 : é
Z Thrust : E
E b Tgnition =

T in sec

3-2 ~ F ARG % 10s-2 HhETHE T HIEIES R
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FEE5R20s-100 > fEER{Y Ry Tbar » (HAEAICHET » JIRR #4052 T14) Ry100gf > 7
HETJIRE]L100gf £200gf ] -

Axial injector_14mm_20s

e Bt A s L S &
T
ey

Ignition | | =

3-3 ~ U515 20s-1 st #E B R

(Z) F=AEIRERGSR
% 3-3 ~ FAGREE S TSR

AEAATH HETIN) C* N Cf Isp  PARHEERR(mm/s) 5 [ZERER
SNg3-5s 42.12  2569.18 155% 0.54 142.57 1.69 66%
SNg5-5s testl 34.692 2685.38 162% 0.43 142.45 0.53 66%
SNg5-5stest2  53.4089 2352.29 1429 0.61 147.21 2.11 68%
SNg3-10s testl lost 2533.71 153% lost lost 1.48 lost
SNg3-10s test2  44.7093 2688.37 162% 0.53 146.08 1.47 68%
SNg5-10s 45.05629 254637 1629% 0.56 146.60 1.50 68%
axial-10s 19.84976 235345 142% 0.23 56.35 0.95 26%

AZR—H 5 B A d(swirling injector) 2 5 [ 55 HE J] A 15 8 [ 76 A 25
(axial injector) ZJRETOKETT [ » M =FFE AT =AE CHIVEUEAZR A K » HEEEH
s fE o 1M Isp DR HEE A28 25 [ H S - HAETIRPAYHE IS > SNg By5 25|
BHPVEHERERAVEE AR SNg R3 25 (% (BAEHIPRYNEA TP RS E AR R 2= 5
B HHE -
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[&3-4 K5 5 SNg5 7 fiieiE A s Z 55 =5 [ZESPOh I #E S AEGER - AERE
SULHIRE R24g/s - fElE TP a5 > FEEEROIHIHE 14053 2kgt £3.4kef > [I{E0.5F01%
FESIERRE - BATNE > MR E RS RIS BT 23 4ket > fEEREN TR
TRIE » 4EFF{E10bar £F -

Swirling injector_Sg5_5s_test1

100

......

A

3-4 ~ B SNg5 2t Ads Z 5 ={C5 12 5 ROl /7 HE aE A
FHE3-57] 5, » B SNg5S 7t A s 2 55 =5 %2 #E T s oA RS A8 b
Tt 1S kg SENEIS. Skef » =77 7 " RIRFEAGEIBREIT VAS - EHE 4T
5.44kgf o i SFHAARELYE11.09bar -

Swirling injector_Sg5_5s_test2

100 - - - - 10

——— Ignition

Time in sec

[ 3-5 + B SNg5 itk Ads 2 5 =5 1555 3K S Phihim i SR
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FefE3-60f > A1) Bl E A [BHET A _EFAVEEs - 11 .8kef LT 22.4kef - 1M
R E BB P 4ERARE > “FIIREBALY /5 10.77bar -

Axial injector_10s

3-6 ~ HuliiaE A5 256 =515 10 Fhith #E I HIEEE R
AT B R B3 Z i E AT UR B P UOKET S [ BBAE TR RY s HE s - HET
RIAREE » WARMERFREIARTEAL - TP 140 R4.55kef -

Swirling injector_Sg3_10s
e \

3-7 ~ B SNg3 7t A s Z =105 28 10 Phih e T HIEEE R
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SR ARECRS » B 1Oy T HE S HEASS R AN o - o] AT dkef 4%
e EFTEISkef - EERFIIARES) EFHRERCA - M-FF9H#ES] R4 .57kt -

Swirling injector_Sg5_10s

100

10

90 do

80

2 —— Prank

g o Ppretnj
] ———Thrust
¢ ———Ignition

10

10 15 20 25 30 35

3-8 ~ H SNg5 ZiifieiE Ags 256 =05 % 10 FhHhaHE T HEES R

(=) MRMHEEZE() « BimEEEEEE0)
e = FURIEEATUR & FUKFTS [ Z PR el R B S LR R s B T
1% > FTERE P RVBESGRIGH - AEERTY a (£50.0921 > n {£/50.6029 -
PREFEERR

(mm/s)
2.5

y = 0.0921x0-602% Il
R?=0.7523 o °
1.5 Q-

0.5

0 20 40 60 80 100 120 140 160 180
S LHIE I i (ke/s*mA2)

3-9 ~ AR FE R B LI 1 SR (R
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% 3-4 ~ AEZEAUEBHAR T a >~ n ZFRIR
PARHEE(mm) 28T (R EU(SNg) MEEE 2 () B i S TR Bl(n)

150 19.4 0.0596 0.641
150 9.7 0.0562 0.587
150 0 0.0276 0.581

5 ARFE BRI H Yuasa, S., Yamamoto, K., Hachiya, H. and Kitagawa, K.(2001).
Development of a Small Sounding Hybrid Rocket with a Swirling-Oxidizer-Type Engine.

FREE BN (Yuasa, S. et al.,, 2001)[11] » B E AR H AP IS HEE & 20KE

5 (R B ATIFEAE] » FLAS IR BRSO, THE a (H750.0562 » n {B£0.587 - i
ELSCRREL Y - FTHHATIZ Y n EESIRMEIT - 55 50.6%04 » Fora [SEIABR IEs:

a1

HTBHER TN - [EAHIIE a (F50.0021 5 KFASTRR20.0562 » Fomre 2 (ol il (s
ST » AWUE BRI AERE -
(19) BhEHEEEE
FHIEI3-10FT S » DUBRELRFME > B AT ST » ECHNEHEE GRS B A8 T HE (B 2
TR 2 AT TH  BRIHEEARRERF 40 2mms -

2.5
B2 e L
E 1.5 : --------- y =0.2273x +0.9034
B | T R>=0.9397
&l 1 @aeeess"""
o
<
_}05
=0

0 1 2 3 4 5 6

Sfmr e hE A B(SNg)

3-10 ~ 2%l e R EEL AR AR B (A ]

% 3-5 ~ PR RS (B RIS 8

HEAATE  DEEEE PAVRFEEER(mm/s)  PARHR S (mm) r'swi”/r-aml Isp
RN AT 5 2.1 150 2.2 147
SRk 19.4 0.8 500 2.7 245

5F 1 RFE SRR By Yuasa, S., Yamamoto, K., Hachiya, H. and Kitagawa, K.(2001).
Development of a Small Sounding Hybrid Rocket with a Swirling-Oxidizer-Type Engine.

H EFRA R AbT5ehass 2 5 RSB (A B NSO BUE - BPARHRTE

(A1 S0mm > {E75Wirl/  BUTEMEH » SRR R SURRAT2 6 -
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(f) HERERERE
TE I T B AR 14mm  FHEE Ry 10mm 1% > $ifiaE ABDRE G5 540 98 17t
TR SEHI150gf FFH2E2.4kef - IR EEB I BHEOBIEEAR 5 2B E
FERRRAE S BB AR 2 515 » (65 B MERS L > WIREAAG B IR
5.5kgf » (EHYERIEE ASS B2 2.4kef - (R Isp ZFHETJEE > HHRIUTREHE ML -
sy AT ISR - f556.35s » HERMIEZ ELEHE 111425 F147s Z[H] - BRI
% > REREEE ERGE/ N > BB EEARAGR TR FT 4 FEE MR » SRR
g BRBER [ T AR U IE » TR =515 R RR B AR E 457 1E 1 0bar
MAES TS EATEE RS EEEHREAS % CHEUEMENT - B {E23525 2688 2 [H] -
CrlhanE ASE EBEEISE > 55023 » HEREEE0.53520.61 7 o 5[ ZRERK
B TR ASS BT EET R ET0%ATREE > BB S e A5 322 26% -
(7%) SIEEEREERN

[&3-13 ~ 20s-1EARHABES [E3-14 ~ 20s-1 7 H#ESTHIE
Pl 3- 11 m] AR R R ] 2 Atk - TR g R AiR 52 > 4120s-1 - [E3RE
JRAT R S (BTG T353R - RN R HErr 4 18 NIk -
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I3-12 B kP4 MRt ~ 1313 520s- LREHERIEISTY o 7T bA b — B S B
PR B BRI = 5 o ELPSTLIERARES ELAC G -

[E3-15 ~ Sl FEE ARG [ 2 SR [E3-16 %E{ﬁiﬂiﬁiikﬂﬁ[‘%iﬂﬁﬁ%%%
ARG BRI & IR W B R o I SAE S IO T A3 - e
ARG [BAEE AAEE =R RE E RS AR -

[&]3-17 ~ ik ARG [BEMEUE R A (bybass)  [B]3-18 ~ it A RIS ISR I
FHE TR > 5 IR BRI ER S EREBE - HER AT - £
& ﬁ):‘ E=E YT G Ithfﬁivﬁfa

[&3-19 ~ #hErE ATIS[BENER AR [E(3-20 ~ ket AR S BRI IR

F BB A] R gl AR 2R E P OKET S (BN RR R AR B A SRR - 120
BEEAZURGZUOKRTS [ - HAEHRa R AR BB R AHAT - HP bRt e el R R
R AR AR Z R & FOKFTT 2 -
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=~ BfEm
(—) &I EEAEHE
LPAEERRIRE )
TESE AR B MR - RS HUE Z R EBE ] Ry 10bar » (HEREEE A, - EFEERE
R {8 FyToar o PRIFEAE 2 W B8 Ry Tmm -+ {H B PSR A 27 Mg gt Lt 00 458 g 14mim
ST HEHIEE A & 2 JRIR R IE R S aE A ~ R R - S B R BRIE IS RS
BRI B
=A% RfAERENRERE - BURCE —BEIE A EASSHT > A
SRIEA S < BABHE MR AR RE - & ERR TR - EREAg A ) B A2 E 0 10bar % 11bar -
2407 - HEEE
SR B FHIEHE S Ry Skef - RMEME SRR & 2 N TR » S8 DAMESD Fs 14mm 27 g
BEAE o JRLEEE 2 Ay38.5mm? B FTHIEE A 2 A, £5153.93mm” » Ry BAR(E Y
VU - SHES RN G o TELEE HHEIRGE - BRI A0TEI -
FHAGEPREREEAR - FEEES EAEEE R - SPARIELS
BRI e o3 S e > SOELHE TR » S K HE )75 44kef » ELIE{E R 147s
3.C* ~ Cf
RIBETE » AWFFTZ 515 CHER1655.27 ~ Cf F51.27 » T A5 BB IR EREE
Z CHP154997.21 ~ Cf J50.01 S5 ={U5 [ 2 C* P15 /2608.42 ~ Cf /50.49 - H-UEK
[EIREATA » C* EZEUATYARHAEE - 18 E A E S A H E AR BHRRUEE - S
HREEUATA SRS - RAGMEE - R RSN ST - F LARTAS AR BREE Rt ) 2 380
FHHAEE AR5 2R F 2 M e 3 B AR B AR E 2 W% > B AR5 % C*ivatEf >
e R B AR e Sy THRLE » AR B R EE AV » CHAY AR/ INEUA A e 0 I A5
AN » BOREAZ CHERTAERARE - CE A2 -
F=AGIEZ CHESERREAEE - RS EEIEREIN LTI EOER - & EAE
PRRIA S IR > WAERETE ST E - HL ProPEP 2 DUsfiarT AR [4E0E Bt sy
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i KR 1009% - 1 Cf ZIEWEIEAL Y 288 - (AT 5¢ 2 MR e 0 L1 Btz b B B
HEmEMTT - EHRE R AR R (L - # CE/NRETR(E -

& ENIAE SNg ([E 2t E AZ(s [EHREERRER > R EAREZEA
FRARFEE U (C*) B2 (T e (R B (SN g) 4 B pici e - 4rTB&(3-21 -

FHEFECRE (C*)
3500
3000 g ®

I R -
2000 y=155.97x +2353.45
1000 R2=0.941

1000
500
0

0 1 2 3 4 5 6
o) (%% (SNg)

3-21 ~ FHEHEBURE B AT R 8 2 SR M [T T RE =
TR EHARRBRME Ry FEARRRTR » AR R RS (C*) B A% mT s TR (A B (SN I B (%
I\ HBR AR
C* = 155.97SNg + 2353.45 (17)
M S BOREL T e B 2 IEAERE - AE(3-22 -

Jo 4 % #(Cf)
0.7

Z .o T ..................
5 .......... o

................... y: X+ 3
3 ......-........... : 5
0 ......
0.1

# 7 ff % 7 #e(SNg)

[E3-22 ~ BRI R B SRRl TR
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Tt EAHRATE Ry BEFHRR TR - IS ) 28U CHEL R MR A E(SN) HIRR A -
HEAGRI AT
C¢ = 0.0824SNg + 0.23 (18)
WA E BTN LT e A B 2 IR AR > A0fE(3-23 -

gl sk B N
el A T

(kg/s)
0.01
0.009 | e
0.008 | e
0.007 | o
o R g y =0.001x +0.004
0.004 @ R>=0.9985
0.003
0.002
0.001
0

0 1 2 3 4 5 6
% o i 7% 1 Hc(SNg)

[E[3-23 ~ PARNE B RS A B (R B SRR TR
HERE AR RETE Ry FEAHRA 1R > AIIS AR ETR (e BLE (T B B (SNg)H U
el HEAHRADT

I:Ill

Mgy = 0.001SNg + 0.004 (19)
M H =) AT H#EE=(20)
F=CixC*xm (20)
HIEC(20) AT 41 » HEST RHEI S BU(Cr) ~ FBRIURRE(CT) ~ EEBIRF(m) Z M - MM
PARKE BIRR (yyer) ~ FHEGHBERE(CT) ~ #ETI2BU(C)BLE {5 e (5 Bi(SNg) B 2 1E
MHRE - BEACEE SRR EM - SO 7R DR GBS E AR - K=X(17) ~ (18) -
(DA Q0 &% y fhEE 2l ARG [ HET) - "[R3=(21) :
F = 8.5786SNg + 19.8 (21)
HHEQD AR » HE BRI BB E IEAHRA - 177 SNg (E27£9.12 » J7 el EEI0A
Frafz #EDEER - RATRZEZ B AR DR (R RSmm - JE A C{ESE(n) Fod - B HER
EERRIEASENRE - V(1D AHL > %5 SNg BHETT2£9.12 » JEAZE AL (R H
0.76mm - HUFEAZEEA LT EEF1.52mm -
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4.5 %

RHFFLEE AR |85 S5 B 52,4596 » TRIS EEREREAF Tsp » BIAIEE —(X
SRS - SRR ATRE Ry — 05 13 Mg e BN AR TR PR R » LM g e B A (i
MRF - BA bybass 2 SRS - HEET5 ETEERASRI AT &1 1% E) - (A
BHERABER =0 2 —hg > X IREEE AZURIEOKET S [EERAMBERA R #5 —R5]
B A [ Py 5 -

R LR > AU ER =R [E T EREIEEALSS - BRI LU
EES] o HEIME Isp ThE - $2T15 [ZERR 2682 -

M2 =51 ZINE (L EhmDEASS - HHES R2.02kef » SIEERER F5220%6 - AHH5E
HERIEHET BRI B E A 2 B RS TEZFA R ¢ 1.5 =5[22 ies Ry P A
H ~ 2. 8(EAVE ER R23.5g/s » B MG BARIELLLE ~ 3B =58 ZET5E
ARS8 425 (1R -

SHEMEEZ () ~ BiAEESEHE Hn)

AWFEZ a {H70.0921 » n {E 550.6029 » AHEIA SRR - RiE n (EAHIT - (HAHFEZ a
BSOS © K a @ RIEHEB S8 > B a EB0X - RRIARIE SRR o BUERRHE R
RS IIE Flis 2 T ] S B AR TR R @ e A s 1] DLEERRRHE BRI A A
ZEFI S SRR AR -

6. 5% H(SNg)

HEEE T A - e AR SNg (HATE - HAE HELR R e R RS - AIHEHDE
PRI FLZ i AsE - SERIBARLZ K SEE o BUHEST ~ BRRHRERRES - JERIRL
IR 2 B ST 2 IEAHRE -
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() e Al e ah s 52
FEBREE IR AT - 55 MU0 AR RIFTEIARES - WRBEABIRE D&z NI - mTHEHl
HIFRR R AR Z SCRELN R 2 Sk ~ 15 R SR A SR e e B e 2E e e R &2

(Mg ERRE T PR A B BR B AN A RS R Z 1B -

(=) WIS IR RN
FESE GG [BA IR - EISREIE S AR - A16E3-24 > ATHERD RIS IR
KRR - NPABER Z SR e fEials b TR HITPRGE g - Q0ME3-25 » SUP R K -
M N FRHZEER ETRER > AT - NEIE N hmaaRes - (ks
TNhHZREEER -

ERE
PR 2
[3-24 ~ S R5 EEE R [#13-25 - At U T

[&13-26 ~ el ATLS SRR i (bybass)  [83-27 ~ TEEE ARG [ BEIETE R I

FE AR SRR N B CRIEEE - HERE A - NHERE IR
R&(fuel rich) » PABEEEZ CH & > BOKIEZ2ALE - ifE EREBERUE - S LB EES -
15 Ry EUHIRRE (fuel lean) » S35 OH A - HEEIEIRE® - HlE3-270] 7, - 15
TERELEMAG IR B R - SRR T R AR
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B~ SEndEfEH

B
é[l aff]

(—) FE=ASEEZSIEEERBAT
Ll m) ARLS [BEELC* [52353.45 ~ Cff%0.23 ~ g RHETS) By 2.4kef ~ EEET{E F556s ~ SIEERY
K269 -
2T AL B 7 S%mT e e (A B R 3 - HLC* f52688.37 ~ CER50.53 ~ S KHETT Ky
4.56kgf ~ LLEM{E Ry146s ~ SIEERR 56890
3BT ARG 2 S B R By SIS HLC* 552352.29 ~ CER50.61 ~ e AHET T
5.5kgf ~ LLEH R5147s ~ 5B 689% -
(=) FE=A51EEZafE 550.0921 » nfg/50.6029 - PARMFERLAR B2 1mm/s » 4REBLRREE¥1%
HIRD > AHFEER RV BEE A S o] AR B A R ] P S S S RO AL ERR
H R SRR Z 2,645 -
(=) KEWSE - EAMZET - I8 E A Z M0 AE (SN ELAR FE AR 2 TEAT
B BAGRRAT
7 = 0.2273SNg + 0.9034
(M9) FEARWZET - BARVE B - FHEERRRE ~ ) S B m e 48 2 EAHRE
WELNAF
Mg,e = 0.001SNg + 0.004
C* = 155.97SNg + 2353.45
Cr = 0.0824SNg + 0.23
(7)) HZE(S) ~ (6) ~ (7)F1SHIHE S B2 e A B (SNg) 2 IEAHRR - WA N AR
F = 8.57865Ng + 19.8
(X)) RARAF gt — SNg K9, 12208 E A RS » (H5EEFEI0OA TR 2T B L - MBI
SBEPNRHIRRER TS - BT UE A - PABERIREEHE I Z BifA - BAEI0A T4k

5 RIS » KBS — NEDKFT RS TR T Z ROl Bss -
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FEBRAER AT A ATt e E A S il A RER TR & T OKFT 5 BB 2 VB
BRI R ECEE - T 2& B R E(SNg) LA AL aoR S AR 1 RA 1 > HREAHET] =2
TEARRE o AR A[E BB R R AR BER TR » SRR el R Bl [ B IR S8

ERBIAEAEG 2 2 BfHR -
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