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HEER DOFHIBAB N LE 2o T2l ThH B X HILD. Pegasus XL A FRU
T, 30 [EIPL EDFT EFERE A7 D PSLV X° Rocot DT L A2 M AMKL Z & 23bn
L. THIRELTHT RS L ar vy bV AT AL L TORMBEIZ X > TER
ENF-boL#EZS. Soyuz-2.1v O Vega LT Ea X FMEW. b oury
MIKRBESe Yy hov ) =X LTRHBINTZery N THY, BEroH
fiE R a oy PR TH D, M7 — A X OFEETH S LT &
OCHTEa X FEFGE L TWD, MU T Ea X 2 5 2 R TE T
HH0EFEZHND. Pegasus XL ([ZOWTHE, EHRFICEI > T L2 b %
M2 DT EDRFFFEIN TR, RHETHOIMEEOMERIEIZ L > T L2 X
r3E L Ipolz. XRUF v —EL L Tasr vy &% - EH D Rocket Lab £f:
@ Electron (Zf] L2 A N Cfhom v MZiENE E - TS, LivL, 2017 4F
OPFTH LT 6R2FEM T8O s> M&4TH BIFTEY, 7 [BhEE Tl
LTWh. E7z, 20194 8 HIZIZ 1 BB v v F ol » FREEH 247 5 G2
¥ Table &7z, ZAUTFT B X ORI TR LS, T EEEZR ESE5 B8
TIThID D, T EHEEOR EIZL > TH Ea X ORI D723 % ATaetElx

R,

Table 1.1 Rockets for small satellite in operation and in development.

Payload capacity Launch
Launch vehicle )
[kg] price  Propellants

Organization, count
(Org ) (altitude [km]) [$/kg]

Operational launch vehicle

Pegasus XL>
. LEO : 310 (700 km) 181,161- .
(Northrop Grumman Innovation Solid
SSO : 210 (700 km) 268,095
Systems, US)

Epsilon” LEO : 700 (500 km)  67,143-
(JAXA, Japan) SSO : 450 (500 km) 104,444




Long March-6 5

. SSO : 1,000 - Liquid
(CAST, China)
PSLV-XLY 14,285- Liquid/
SSO : 1,750 (700 km)
(ISRO, India) 20,000 Solid
Rokot” LEO : 1,580 (700 km) 16,304- o
' Liquid
(Eurockot, Europe and Russia) SSO : 1,350 (700 km) 25,926
Soyuz-2.1v" 12,353-
LEO : 1,400-1,700 Liquid
(TsSKB, Russia) 15,000
Vega® 24,476-
SSO : 1,330 (700 km) Solid
(Arianspace, Europe) 33,834
Minotaur 17
(Northrop Grumman Innovation LEO : 580 - Solid
Systems, US)
Minotaur IV®
LEO : 1,730
(Northrop Grumman Innovation - Solid
SSO : 331
Systems, US)
Minotaur C>)
LEO : 1,350 (400km)
(Northrop Grumman Innovation - Solid
SSO : 1,000 (400km)
Systems, US)
Shavit”
LEO : 250-300 - Solid
(TAI, Israel)
Electron® o
LEO : 150 49,000 Liquid
(Rocket Lab, US)
SS-520-51
LEO : 4 - Solid
(JAXA, Japan)
Hyperbola-1' Solid/
SSO : 225 (700 km) - o
(iSpace, China) Liquid
Launch vehicle in development
Alpha® o
LEO : 454 10,000 Liquid

(Firefly, US)




Bloostar”) Balloon/
SSO : 75 60,000
(Zero2Infinity, Spain) Liquid
Demi-Spite”
LEO : 160 22,500 Liquid
(Microcosm, US)
GO Launcher-2” Liquid/
. LEO : 40 62,500
(Generation Orbit, US) Solid
Launcher One®
_ _ SSO : 300 (500 km) 20,000 Liquid
(Virgen Orbit, US)
M-OV?
LEO : 363-454 - Hybrid
(Mishaal Aerospace, US)
SOARY
(Swiss Space Systems, LEO : 250 38,444 Liquid
Switzerland)
Super-Strypi”
P P 40,000-
(Univ. Hawai & Sndia and Aerojet, LEO : 250 (400 km) Solid
50,000
US)
Tronador”
LEO : 250 - Liquid
(CONAE, Argentina)
VLM-1?
(AEB and DLR, Brazil and LEO : 150 66,666 Solid
Germany)
Athena-1c and 2¢
. . LEO : 500, 1,450 48,276- .
rbita ana Lockhee artin, ol
(Orbital ATK and Lockheed M Solid
(700 km) 100,000
US)
Minotaur C LEO : 1,350 (400 km) Solid
- oli
(Orbital ATK, US) SSO : 1,000 (400 km)
Neutrino I'?
LEO : 50 Hybrid
(Open space orbital, Canada)
NEPTUNE N5'?
SSO : 200 (310 km) - Liquid

(Interorbital systems, US)




Sagitarius Space Arrow®

LEO : 16 - Solid
(Celestia Aerospace, Spain)
RS19 LEO : 1,200 (875 kg)  10,000- o
Liquid
(ABL Space Systems, US) SSO : 875 13,714
Helios®
LEO : 20 (400 km) 37,500 Liquid
(Aphelion Orbitals, 7 A U 77)
Bagaveev®
SSO : 10 - Liquid
(Bagaveev Corp., US)
Cab-3A9
LEO : 5 (400 km) 50,000 -
(CubeCab, US)
Eris®
(Gilmour Space Technologies, LEO : 380 (350 km) 23,000 Hybrid
Australia and Singapore)
LandSpace-1¢
' SSO : 200 (500 km) - Solid
(Land Space, China)
Rocket-1¢ LEO : 773 (200 km)
33,300 Liquid
(Launcher, US) SSO : 400 (400 km)
Chariot®
LEO : 681 - -
(LEO Launcher, US)
NewLine-1¢
(LinkSpace Aerospace Technology ~ SSO : 200 (500 km) 23,400 Liquid
Group, China)
0S-M19
‘ SSO : 143 (300 km) 15,500 Solid
(One Space Technology, China)
Orbex®
LEO : 220 (200 km) - Liquid
(Orbex, England)
Arion 29 o
. LEO : 150 (400 km) 47,100 Liquid
(PLD Space, Spain)
Intrepid-1¢
SSO : 376 (500 km) 23,900 Liquid

(Rocketcrafters, US)




Star-Lord®
(RocketStar, US)
Skyrora XL®

LEO : 300 (450 km) 20,000  Liquid

SSO : 320 (600 km) - Liquid
(Skyrora, England)
Prometheus-19
LEO : 250 - Liquid
(SpaceLS, England)
Boreas-Hermes® LEO - 250 20,000
(Stofiel Aerospace, US) ' ’
VALY SSO : 25 (500 km) 68,000
: m , -
(VALT Enterprises, US)
ZEROY -
) LEO : 100 (500 km) - Liquid
(Inter stellar technologies, Japan)
HAPITH V' LEO : 390 Hobrid
- ybri
(TiSPACE, Taiwan) SSO : 350

1.3 fLEHEE T o b DR S B

fbFHfEtE e & o MIX, AR & B LRI 2 $58 L, = DBRBE T R % i
LTEAERIZ K > THEN 245 5. #EERIOTZREIC L - TPt o o > T
Kesry M gRiEery b, A7V y Faly o3 FEICOIES LS. Figure
13— T A MERE A ry b= bongd 7Yy ey b=y
v, Bk a ry b= OBERERT. iR e o b U SRR & Rk
IR, BER a2y b — 2 I3IbH EBREIRERTH D, M7V v Fa by
b D AT IR AR IR R (LA & R DB 2 R o m Y FTHD.
FNENDOREW 72 FF#E A Table 1.2 1273 2 19 1D A - [E{R 0 7 MIEAER
Liegfhr e Zomntete)) - #EHZ2mRKROA Y v & LTHAFT DL 20
vy MEHAIN TS, ZeEa A MINM Ty Rery hEVELL
DD, FEROEFHEEIEOFEME CIHMEEME L SR THL T LR E
P S DM B 0 WFIE - BT ANERIATONTCE . "M 7V vy Fr sy b
X, L HES), iR VI EE T D T R M LT s WA AN K DMK =
ARNTHDZEPFFRE LTETONDN, AT 2L, —HoBHa 7>



FHEANERBICOMEA SN TV, Z ORI ERRE O BREH FE %2 7R
REHZIBHE MRV =0 TH D, L LESOR/NMNIEET LHe 7> hoE
O RE, vl y FOBEMEHS, RESHICEDHANFTHEORIEFIC
KoTRZEN R X NORFREATIHINAT7 Y vy Rady MR ER St
50« PR DNEFRIZ /5 TV D,

Pressurizing Gas Liquid Oxidizer Valve and Orifice

(®) O
e Nozzle

Regulator Liquid Fuel Injector, Igniter

Combustion Chamber

(a) Pressure-fed liquid rocket engine

Solid Oxidizer Combustion Chamber

Igniter ‘&‘ Q‘ A QO 5 Q'

LI AT )

Solid Fuel Metal Powder

Nozzle

(b) Solid rocket motor

Pressurizing Gas Liquid Oxidizer Valve and Orifice

Combustion Chamber

Q G | /
/
Nozzle
Regulator Injector, Igniter Solid Fuel
(c) Hybrid rocket engine
Figure 1.3 Schematic diagrams of chemical rocket propulsions.



Table 1.2

Characteristics of each rocket propulsions.

Liquid rocket

Solid rocket

Hybrid rocket

Middle

Low thrust density for

High

High propellant

load

Low

Low thrust due to low

Thrust small engines due to density and high thrust fuel regression rate,
density many engine components density low propellant load
density and low thrust
density
Specific High Low Middle
impulse
Low High Middle
] Low-density specific High-density specific A higher specific
Density
_ impulse owing low- impulse owing high- impulse density than
specific
] density propellant density propellant liquid rockets because
impulse
half of the propellant is
solid
Complexly Simple Normal
Requires  liquid fed Not require a propellant Liquid oxidizer fed
Structure
system for both oxidizer fed system system is required
and fuel
High Middle Low
Liquid propellants are Explosive due to the Propellants are stored
Explosive easy mixing and premixed propellant of separately and
explosion when the rocket oxidizer particles and different phase
crashed solid fuel
) Possible Impossible Possible
Throttling
o With O/F  shift
Re-1gnition
problem
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High

Middle

Low

A large number of High propellant handing A small number of
components and many cost for pyrogenic solid parts compared to
Cost pre-launch inspections propellant liquid rockets and
easier to handle solid
fuels due to inert-

material

Much Much little

Established technology It was establishedasaside A small number of
for the main engine for rocket booster for launch launch experiment is
Launch launch  vehicle and vehicle and main motor carried out for manned
number thruster for satellites for launch vehicle and wing aircraft and

sounding rockets motor

student rocket because
of focus on its low cost

and high safety

IINTERBOES B 17y MIRO HERIZUTOEY TH 5.

(a) EAilHs

(b) MY TIEARL/IIANTHEEF O 7> b
(c) RSEEE DT ik
(d) mksEE DORE R ARES)
() IEIMEE - AR

N m— RO IICSE D &, HERHHE DR T F—~ v ARESNR E
%. Table 1.1 |/ R UL7ZERH T O a7y MIZ b OERIZHEH U 72k & OVE

(LN =R/a AN

B L CWaA. LrL, —Hooas v M Table 1.2 1278 L

LBV, WENRGREEZR LD LIRS, BIREREV. ke 7y v M,
TV U ERERT DGR E R ey E D £, B ORE K OE R e
7y M ERIFEOMERIEZRE S ETHLEEma A META2HRAIICH S, BHiEk=
Ty MET U TNIRKEER RN G, REEHR TOAZ LA TE T, HENHIFEAFHET
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BDH I ENOHNERAREENRIE R 7y bl L TRV, E 72, ZOfREHE S
ZERE LT, @SN ORMEERERE L R DA H D, BRIET 2B KD
PRBESRNIEAR 7 > b LR L CRE W T 0 DIRBEIEEI S O A v — RIZh
25T EARINKE V. L, N7 Uy Kady hOBAIXEBENICIFER
PEDOHERE T IETH V ZaMENFE L, IEKIETH DL Z ENOREIOER, (RE, #
Wz 2 a2 MM D Z ENHKD. ke r v b LT 5 L
NV T NTHDLZ PO EOER 2 X MBMERENDS. £z, HEAHIEE
ARECH Y, EmVELEBRAR NG TEX L. T, Bifa sy b E TS
CEHHESITHY, I RITFRONEE AR ATRETH D, HK - FE K ATRE
ThHhoDH. N7V Fary ML, 715 B EATOEZTBILAI OO FE T H
D, RER Sy B EIER L T OEERE TR, — 5T, BbAEFTET S F
T, HEESR & LTRRSL L2V T, [k m 7y b & Bt L TR a2 R 5 AT 6E
Thbd. £, ¥ 7 OWBEECRLAI L REINR S o7 & LT HIEREBISRITE
VR BT, Ka A MEIZ X D EEOFT S ofRgtl, BT TR
W R 7 AU S IR A e 7 B E R L CTT R T —=U R HH D L
Ezbhnb. £, BEEANTHL LR ZEMETHLZ 1D, AAR
Ty ROT—AFZELTHLEEHRIND.

N6 e, "7 Uy Nary MIUMINTHEEZETD EFHe 7 v
FeHEANRT Y NOT—ZAZ L LTHFICTAELTH DL, RIFZEETIE, ~NA 7
Vy Rary MZIEB L. " 7Yy Falry hOBEIIRLIZEY Th
L0, ERLICESTHWRNZ LB HEFETH Y, ERBERITBEORIERE 2 7R
FTIREMZIBEE NS, vy FE L TR LEDZHAINELN W=D TH
L. LFOETIE, "7V y Ralry NOBEEORFI &AM T v e
7y N ORJEOFEM L RNZ kT D%K T 7' —F #5079 .

14 "7V y RFualy b

141 " 7Yy Fulry hORER

NAT Yy Raly NOFERTEIL 1930 FF R0 6ihE 721D A7 U v R
7oy MOSEERKIT E LT Y B MMhaEg M EERE = 7)) O K EHEET
%% 7 L — 7" (GIRD)® Sergei P. Korolev, Mikhail K.X> Tikhonravov © {Z & > T GIRD-
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091X 193348 H 17 BHIZHTH BiF b, MR 1,500[m]iZ 2l L7-. GIRD-9 i
ELAEAY 179[mm], & S#4J 2.4[m], #EJ7 S00[N], BRBEREMH] 15 b, HEMEHIL 7 Ik
DAYV v EEEBFLOX)DHW L NTZ. £D% BB bEeT b, 1937 412
(J1)I. G. Farben £ L. Andrussow, O.Lutz, W.Noeggerath 5|2 &> TH xR & Hifig
fE=ERZ W2 10N kDA 7 v Kby S OERPTOIIZN R HE
Hbolz. A Y@ H. Oberth & BB 7T 7 74 &AL THIEEZITo 72
B, 77774 FOEWFERO T O ERRIZRREMZ IR HE 215 5T BRI
Wr S 7.

1940 FR1Z1X(CK)Pacific Rocket Society (2 & - TARK, W, TLEHEEARELE L
TWFZEDN 72 S 4L, 1951 ARITERIEANT LOX, BRBHT = A— 2Bk 2 7oA
7 Uy Raky NETH RS, B IkmlIZEEE L7z, 1950 AR £ Tlaig,
(K) General Electric fH1Z & > TEALHNZ 90%im R LK, BREHZ ARV =F L %
HWTona 70y Ralry hBFSE S 1u7z(Figure 1.4). iBER{LAK 3Rtz K 2
SiE%, ERICH R S, RV mF L i Fa—7Reny NTHEREINS.
Z DTV AT HET) Isp=3,139 [N-s/kg] & % L, ZERIRBED R S 7=, H
—D/NTTAR Y MLVEERTELESOMAZK L. £72, 1952 i
ILCK)Applied Physics Laboratory (Z &> T#finng 7 U » Ry hOBFZER{TH
Mlz. T, BbAlE L CORIERED Y U L, MY =0 L, BEEET
VEZULANMERIN, BEELT, NUBY, Yy MREIRHWL L.
Thiokol(¥i Northrop Grumman Innovation Systems), United Technology Center %,
WHEFERE NI V=0 AR NEERB= Fe =y L2 HWeifing 7Y v Fe
7y gt LTc. S o —(BEEHEEE OBRIER) S LT v A —R o %
A L CRRBEEBR 21T o7, L L, 2RO DWHiNAg 7Y v Rury MIAAR
IRBEL TEMEIN RNEETH Y, BRI,
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> \\\\\_//4/

e 5 Nl ===
e e || b7 =

R\
Fuel tube
H,0, catalyst bed Fuel rod

Figure 1.4 H20:z-polyethylene hybrid rocket (General Electric Corp.)!”

1960 A% H4121Z, (K)United Technology Center 7% NASA D Xig &5 1), m—T
FINFWMETHDIVFILELZR AT )y Falry b2 B L
T BELE LT, VT UL EKRBILY T U LEREKEEIEARY 74 2= (HTPB)
(ZIRBH, FBRfbAl L LT, 7o FEELmELEAGL, K70%D 7 vFEEETe FLOX %
AWz, =X OB 1.07m] T LA UIIRIT 11 R—FDT IR A —
AREHA ST, ZOHES X7 NIEZEHET] 3,727[N-s/kg], 93%DIsp#h=
R L, BHEKEED BA5E R 427 U= (Figure 1.5). & OHEMER DA S /s
MolcBlmE LTE, VFULORFEESCEKEEDBRIEICLLZBDTHD
EEZLND. fch, BHim bEEIspl AV YV T AEHWANAT7 Uy KB
7y MbFsE IR, XU U T LAOR) FHWNROBHBEFICTEI D mHED
FRED 72 DEFFE A Ik S 7.
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Figure 1.5 High energy upper stage hybrid-fuel. (fuel: Li/LiH/PBAN, oxidizer:
F2/02)!"

1960 448 ~1980 AARIZNT TIEE L DA 7' U » Kar v b ORL TR
fThini=. 3—nra v /X TIL7 72 AD ONERA, A7 = —7F > ® Volvo-Flygmotor
DA TV Kary SOBRZ1T>7-. ONERA OBIFILMIERE A ¥ hLxm
CTITFTAuIPSRET T I VRB A R—RZ LA =T v 7 HE
EHZ W, A=Y 7 HEER & IXFR A & BB AR 5721 THE X
THHOEMEEGTHHERITH D, EFE, KEERFHE I 1 L OHEERC o
vToury hOHEERE LTI AV SNV, REMRMAADEILIE
KR AF e BT VUL —8FRTHSD. ONERA [INnAg X—FV v 7 H#
R ZRANTaNA T Uy Ry & 1964 4 4 AIZHHTH EF S, &8 EID
BT ORITIZAEH), 100[km]IZ2]E L7=. Volvo-Flygmotor | LKL & §h/ 5 FIET
VDA =T T HEER A T C D' — Z 1TEHES 23[kN]TH Y,
2 [BIOAATIZEE) L7=. (K)United Technology Center & (K)Beech Aircraft £1:(%
25%NO0 / 75%N204 Zffb A, 77 UV VEBHIE(PMMA)/~ 7 32> 0 Lzt e LT
fEH U7z, BREBERFRIIE 300 B CTH Y, mE 160[kmIIRIZE L7z, & W
Z—7y NHAST) ' m ¥ =7 N TIX, BRBEARERA 330[mm], JRIEREER/AR Y 7
FL T 7 VKR EHEER L L, JLA2T7 —X—E Uk TMEST.
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HAST (Z FZET R —7 v a— 2RI LZERTAY a7 2 — |2 X > TEIRE
i, b7 ey MbFERIZRA TH 575, MUk %= FC0R e O
TSGR TR T A HHED - T Y =7 i S b o L BETE
5.

1980 4R ~1990 FIHNZ 23T T/ NN TR T OILR T E AX—2 v b
NFx LoV —5DFEKEZIT T, BRHEEELHNLY A Fery 77—
AL =T BEMOENINAT Y v Faly MOEBT 5 Z &M s, MR-
BAFNEFRIZ 72 o 72, 5| LI=DIXCK)AMROC TH Y, LOX/HTPB % HEtkA| &
T HHES] 321[kN], BRBERERE 70 oD NA 7 U » Ku 4wk H-500 OBHFEIZ )
L 7z(Figure 1.6)'9. 1989 #EIZI3+T RERRZ FEh L7z, Z OBRILZLOX A A
VT DEFEDT=DRIL LT3, vy SRR L72% IS HIERE T, BEEOHE
5% 1,000 FAKRETH-72 . ZORMIINAT Y v Kby OB
& A & BIX 9 IEEE L 7= (Figure 1.7). &2 AMROC X LOX/HTPB % H Al
ETHHES1LIMN]Y 7 ADNA TV v Falry hE—4 H-250F ZBi5 L.
%72, AMROC [ Figure 1.8 {Z/”9" K 9 72 Aquila =7 > S OFHEIZEEd D5 &
B L7, Aquila =4 >~ FE LEO 1T 1,450kg DA 17— R&2HEET 572010
A S NIRRT TONA T Y v Relry NTHDH. 1996 4 F THIERFE
DTN, AR E PRI B4 1B D R E A 32 Z L R TE 7R
2o 7=. AMROC D ZENIRJH PE L (CK)Sierra Nevada Corporation D#FHT&H % Space
Dev DA L X —AR AR 7 CHLAI 24635107 Y » Ra v | Streaker D
TaY=r bEELUENEBICIIEDS 2o 72 (Figure 1.10)2Y.  Z g,
AMROC DI PE Ze BT [RIFE D HEMERA 22 FIVN T2 2 & T, RBEARZETEMECARR
BH B ORIEZ fRIR T E lepoTolod b HEE s b.
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- P

Figure 1.6 Test firing of the AMROC H-500 hybrid rocket motor.'®

19)

Figure 1.7 Launch experiment and failure of sounding rocket SET-1.
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Figure 1.8 Aquila rocket.??

| 11'
AL
| I{

Figure 1.9 Streaker rocket sireies.?!

1.1.1 "7V Ralry hoF|E L ifkE

NAT Uy Ralry bEAWENTHEEBR A2 7~ MME AMROC |2 X 5
72 BB LIEHAE E CEABIZE > TWWRW. N 7Y w Rarry hORFERZ
AU b, TAYw MITable 121 2F D78V 720, RETIIEFEMEZ T,
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AV v 1) EEet

NAT Yy Ralry MI—RATERBE DS E R, A 2 ik AR RE IR - i
T 5. BB BREANIRI OB IS TIRE SN TS 720, REEFLSMIRS D 2 &
X720, By b OREIS TREDNTZIGE TH, BERHEEIESCOKRE, 2 &0,
ra s S OFFMEIR IR S 132 0, BEERREHIRIEETH 2560134 <,
Feib il & BB D MG > 7o & L THIERICEL LTV, ooy Fo
P BT OFE R, HEMERICBET D — R b &<, REMITBRIED 220
WEHER A RINT 2 Z & TP —REPBRTE 2 2. AT Uy Frdy byl
T DHEFEANZ K o TIIHRETS - 1N — RBTFEET 523, 183 M 72 LOX/HTPB
HEMEAI(HTPB 13 D R FZ R AEHZ B HL RTRENC TSRS - A — ROMFELE
L7220,

AU MQ2) : SR

BRBE & BRLAI DS BREICIR A SN TV D EAHEEIR L 138220, ~A TV v
Resy MEEHIRNENETH 25 G0N L, 77 v 7R A NICKDBE R
AT 72 Fi, BERHEEIKITHEERNREEIZ X o TRRBEHE N E b3 2R E
JEEEFF o TN DD, RNEWER AL 7V v Ra sy MRENIIRERE 2 F5- 7,
BRIV ClEEEOm VT — X EEN RIAD D,

AU R3) : mfERENE

FRALAI DO BRNEE THRESND 2D, "7V y el y MiEikRe 7 v b
DA DOHEFE S AT A LWMAEL L., ISk Y, ERESIC L 28N
03 &7 0, ARG S L S AVERES M B 5. e, AU v FQR)TR
L7280, BREHUERRRIC I T 2 AMECRB PHEREE ) b OB 2 21T Wied
PO HE AL D .

AU b(4) - HEHIE, THR - 5 KME

FRALAIDOMEZRIET D5 2 IS0, HEDHIEATTRETH S, o, Mgt
Fa SNV THHLC D ETRBEAAFIET 22 & TE, BAEKLAIRETHD. Zh
(XY, NIEERAMNF2, 3BEAOHERE LTHMEMT 52 LARETH
2.
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AU hO) : ARBREE AT
LOX =° HTPB 20D 2 LARXR—ZREC PE D7 T A F v 7 BEZ WS A
7 U v Ry MI, REICHEEREAKESCEHRILT VI = A2 L.

AU N6) : mEERELHES)

HTPB %kt E L7enaA 7 U v Kus vy NI HTPB/APGEESRRE T »E=1
L) EHEER & 3 2 EAREESE X 0 @ ERReHE D Aok, Lav L, LOX/LH2(iR
AR HEER & T2 7> X DARWEHET) & 72D, Figure 1.10 128
% HTPB & L, kkx 72f(b&l % A T=8A O L BE A 29 17,
LOX/LH2 DEHETIIE 4022~4414[N-s/kg](410~450[s)FESE 9. HTPB/AI(T /LI =
7 L)/AP D M HE F11E 2,550~2,600[N-s/kg](260-265[s]) , & Lt H#E S0,
4,738~4,826[N-s/kg -g/cc](483-492[s-g/cc]) T 5. LOX/HTPB HEEHI D e 171X
LOX/Kerosene {&{k w7~ hotbH) L RI%ETHS. —JF, HTPB & 5o
Uy Rary MIEe ry REDEWEELRHEI L 70 2 EHAENITEA
ETH LD, BEFRHEEIROBEHHE S LV IHMEWVEE 22 5.

AUy M7 K= X b

NAT Uy Rl y MIERIEe 7 b & LR O R L2700,
Fi2, AUy MO)TRLEZED, "7 Uy Kaly MIEA ORI
ROEEE— RO, BER NEAO R TERZMA 5N TES. MAT,
PRBES KEETIT Az, s, R, EiRo 7 m e 2280 T, ) #nicE
THERERIBIZMAD ZENAREL D, BEINR T LT 7 AT v 7 #lIET
HY, ZTNHIFREM ke THAFRETHY, BERHEEERE TR, vry
R CIEAREED 79 FINHEERITH D Z Lo, BEtOMiRsIT e 7> kO
WZEARET D, ZNHOERNOANA T Yy Rusry MIthore sy b &g L
TIKaARNTHD.
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Figure 1.10 Correlation between specific impulse and mixture ratio for several

oxidizers with HTPB. Chamber pressure is 1,000 [psi] and 10:1 nozzle expansion

area ratio. a) vacuum specific impulse. b) density specific impulse.'”

T AU M) - AREREHR IR
NAT Uy Radry MR OREEE 2 B D BVEHME IR T LT o5
TREND.

= aGy," (1.1)

ZIT, a, niIHEEAICIRE D ER, Gop IMLAVE BHUR[kgm’s] TH 5. A
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KOBEH IR A ICFET. ARUTR SN D K 5 1ITBREHZ Bl B | XL A1V E &
FICOPMELFT DH. A=A L E LT, BEEREICER S DBRBEARND O
Bz RUbRE A2 B L TR Y, —MAYICEARHEESR &tk U T 1 HrRBER
FERE. Ko T, BERBEZESCTZOIRBR SVEI RV (FE—ZES
CER LD @< 72 %), vy MAEEEITT DHEERILS ORERE & O
BE 2R IEERENE < 25, fIRE LT, BEER 20Tt~ LT
BA— MER L Thid. AMROC TIHAEHERICD 2R A — LV BIZH L
7. Figure 1.11 129V 2 AR A — IR ZEH L7 AMROC # DM-01 £— % Z /R~
T ZORREHT 16 DR — FRFRT b, BEREEOIEKICLY, E—F K
XEMET D EITRBFIL TV D,
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Figure 1.11 AMROC DM-01 motor.'”
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TeHEERN DOWIR YA ADO A — v Tirbind. EHiEe 7y FTlidum %A XORE
{ERIDSREHZ BRI S SN TWD. A7 Uy Falry N T m BALo
REHR S LR A7 — )L OILECK S THEER DOIR G LIRBENS AL, TORA -
PO TN, Z DTz, PREE & BRALAI DIRBETERSTE 2 5 6D D 7o O IZIREME 77
(ZAZ A BEZE 2 5% LT 5 41 5 3 (Figure 1.12 H Post-combustion chamber), Z #UIZ & -
TR« A 7y b L TERREERD S SRS 2D, S 6, T4
Uy PR TRTARIBRE N IEK D 2 & CHRBAEEMNMETT 2. 17V v F
27y MIEROERIZLY, T=Z RN RE < 2D ENZV. HicET—4
RIS L TRAET DH N DA R THABEE R EER e 7y b & gd 5 &/
s<72%.

Flame zone
Precombustion Combustion port Post-combustion
chamber chamber

S
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Gas and/or
liquid injection

- Solid fuel grai

Boundary layer edge—/

Figure 1.12 Hybrid combustion boundary layer.!”

Q2B AR — M

T AU v M) TR LT TR A — VRRENI S B O RRRE R B A E &

2%, UALBRA = VEREL DG E, BREHAR D BREERIC X 2 R Epkbiez b <7z
B, PAR— NI EERTVLERNSD. 2O, BREEENICRROREINE Y ,
SR < 72V, (Figure 1.13) #EEREOE T2 7> FOWLER AR NIC
REBREELRITLAED D, iz, "7V v Fary hOBREHZIREEF X
7 =aG,"x™ (1.2)

THERTZENTE DEMII R AZSR). 22T, miZER, G, 3THEEAVE &
R [kg/m?s], xITREHE Sm]THDH. ARSI, BREHEINEL R
D EEHREML IR E MR T3 5. Zhu, BeERm E oL RUE O EIC
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o T, KRMDREER N D1ELS 72D 2 L NERTH % (Figure 1.12). HUIZH
i T 5 T (TR IR IR DN < 70 0, ELIBEAE S EE L & 5 £ TRBHR ST
M F T 2 SR PTR B % Bl L 1328 4 % . Figure 1.13 ORABER ORREFFITER AR — Tk
DRE SITERNELC TS, T, BH—A— - OREOSE & R Al
& PRIENR i D (R C R TR M IR B 8 72 D 723D, RIMREIRR OFRIR L 72,
SR NEHAR TR RN EM LT 5.

Forward

Figure 1.13 Pre and post test photos of wagon wheel fuel grain. (Left: Fuel face

before test, Center: Front end face after test, Right: Post end face after test*¥

TAY v h3): OF 7 b

ATV Rady NOYa, BREOE B &I ISR AVE 2R [kg/m?s)
[ZDOIMELFT D . BALAVE BRI A — FOBrmfEic k> T8 L, F— MY
BIREALT D720, BRLH & BB D LN A B 279, R— YL RIC X D8
EAVE EIRROEA &, ZAUTPE D BRBHE B B DA X — AT N T A
ST, BRLA & REI O TH D O/F WEETT 5. ZHUZ K - THHES Isp[s]
PR E C* [N-s/kg] bEENT 5 Z LICK D VAT LDO/RT —~< 0 ANK
TT 5. BEERMICHLREIND D, —IRIEEISRMITIE OF 02k XL 5
C*OEKIT 1%ARMTHDHZ ENHESINTEY P, KEARMEL TR0
2, T AV FQ)TR LY, OF OZALITHEMERFE B ICERS USSR
6T 52 ERMEE RS, £, BLANREL 2L S &5 2 & THEAHE 2170
B, BEHRSIZ—EDTD OF WRESEEFTL. ZHCL o TART p—~v
ABETFTHIEHMEE LTETOLN.
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TAY Yy MOEROERA TRLIEL SIS, "7V y Fady hoREH%IR
WX, BRBERENTTZ AR S 4L D EHURBE KR R D> BIRBE~ DO BMn I L » T
KBS 415, Ben-Arosh HIZ 85T, REEMRESR & REHHER 7 — /L DRI AL
ST A BEREHWT, BREREE R 7 — L SRR & 1R I BT RN &
IZ&N7229, F72, AlonGany (2L - T, xR fEEANCKIT AN 7Y v KR
7y R DA — VRN BRI OVFERAICHERR STz 2. fER, BT o
HIDOFAE ORIV TEREFR — MEOEEINT X > TREBHMZIEEE MK T L7z
(Figure 1.14). ZDORAT7—NVhRIZL T, "7V v Far vy FOREULIR
FEINTNS.
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Figure 1.14 Correlation between fuel regression rate and fuel port diameter for

hybrid rocket motors maintaining similarity of operation conditions.?”
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151 "M 7Yy Farly hoERL
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L 7z(Figure 1.15). Space Ship One (X R:if & 72 2 #2245 T 5K 14[km] % T E5-
L, a4y hZ2U0EEL sk, EF LA BREERRIZ 80 B TH Y, (KMREHMLIE
HWELZWETHTOIC 4 DOR— NaFfo7- HTPB BB ZEH L. £72, &
WAKIEA AT 5 HBIEERN0)ZHEHT 5 2 & TRALHI DML T A & 54
LABWHCNERANA 7 Uy Rulry MEELFEZBL L.

Figure 1.15 Space Ship One.?®

Space Dev f: & Scaled Composites £1:/% Space Ship One DR F: %521 F, 2007 HEE )
%, Space Ship Two D BRA%E % BAlh L 7= (Figure 1.16). L2>L, 2007 412, ER{LA|
B ~OHBLEROFTIHEPITIERE DAL, 3ADEL, 3ADEELZHE -
7o FTo, 2014 IS, RATRBRTICERVE L, 1 4200, 1 A EIEL R -T2,
LL, 2OFEBIINAT Yy Fary 2R E T H5HETIER <, Bt
THEa—v T T7—ThHIENWMEIN TS, ZIHOHFEMIZE Y Space
Ship Two FHEIZKIEICEN D Z L1272 - 7=, 2018 4E{21%, VSS Unity(Space Ship
Two : 2016 FEIZH 7212 4 )L R White Knight Two 7> B 23 Bl S U728 60 7D D%
BEZATVEEE 82.7[kmICEE L7-. 2 OFRAT CITRBER R II A L v < &h
TBY, SB%EMIFRET A2 LTIV EREICEETE LI EINTND.
Space Dev ff: & Scaled Composites fLiC &L B/ A 7 U » Fa 2y & HWZFEH
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REA~DERBEGLS IR0, F2, AAI v v a SEE VL O R EMENER X
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Th 5. NASA OV = v MEERFERT CIX, KBV Z—2 I v va il
BT, -50CZE MHEIZMEREE T T 1 FLU LRE S 72i TOIMENER S
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IZHITTWD 30 AT Uy Raby NBRAENREME SHDDIE, —&IIC
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Figure 1.16 Space Ship Two.?”
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D ERBMZIRHE 2 B = X ARPESI N 3D 3, —ofic, RFT7 40 _—2
PREFD I 9 7oKt SN T Figure 1.17 1R K 9 ZRER(LAI D T AT &K - T
RRBLR TR SN DML S, I OTER D B KRG IR ONA LUK 3
REIWZHEET LT P A AL MROTZD SRR 70 5 2 L D3R
STz, £, Figure 118 12T X 912, BEANZ GOX Z W T/NT 7 4 X —
AR DR Z IR L 23 SRR E S 41, HTPB JRKFD 3~4 fi5 DINEHZ IR EE
Ele D Z PRSI Y. Stanford KR, NASA = A A XL & —,
Space Propulsion Group(SPGfLEHIZ LA 207 vy =7 MIBUELHED HITE
0, RT 7 ¢ = 2PRE R V72 Peregrine LI 1 7~ b DBIR M T TV
% 3(Figure 1.19). £/ 24560 7 —71% Figure 1.20 (277§ & 5 7, KEHE
NHKEHIEIZEET 20N 7 U v Raly NOFEEZGL TS 3D Lo
L, X774 U _X—=A(WAX)BREHIBER A & L CEA S TW @y, £—4
=2 OEEEMEIZZ L. o, B EWEBRAOMMESELS, KT
Uy Fary NeE—F2~OEHIINETH 5.
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Figure 1.17 Schematic of the entrainment mechanism.**
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Figure 1.18 Correlation between space-time averaged regression rates and the

average oxidizer mass fluxes for the paraffin. 3%

Figure 1.19 A static firing test of Peregrine hybrid rocket motor.>®
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Figure 1.20 A concept design of Mars Ascent Vehicle using hybrid rocket

propulsion.?”

1.5.3 NF~DIR

PREEAR — M N OB EFITRAVSITHERI Ry 2Nz 5 2 &2 k0, BRBHZ IBE B
ZA ESELZENARETHL 2 EDRHERIN TS, ZOFERIE L L TE,
JE TRy DFRIEDPIEL 72 % Z & T, KRIEN BB~ D RHRBYR ZE D MEE S
OO THD. o, RIROERILAIT ZNTRREET A & g U THEENRKE W
W, FERIDE LI K> TREEmE TG O FIRE N & < 725 2 & bR EHZ R
HE DO EDOFFE LT 5 ¥, Figure 1.21 {Z(l)Orbital Technologies & ¥ $£52
STz, Vortex ™A 7V y Rury ORI ZZRT 390 B EANTRE b &
JANVAYD OOMORERRA Y7 Znbia S, JEGREERS D
72 BIABEAR — M RmEAIC PR D . AlmmE R ER, A — hHOE A BER] L 7R3
5 ZNAZIAD D TRAVCAT T 5. RIROERALAIT X & BEIROBREE AT A 1356
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[ZEPAD, BOFERNS KV @O0 5 72, WS S AU LA AT A D3 L

BTN T S AADBHT 5 2 &3, HTPB & H AREFE 2 7=k
BEEBRCIE, TERAUTIEER L TR T 7 5 DOBREHME IR E NS b=,
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Figure 1.21 Schematic of a vortex hybrid rocket engine.*”

Gtk O L, BRBFRTIGIE 7> O B L AN TR 2 4 5- U 72 B kA hE Bl iR B (SOFT)
ATV Ralry NVEBREL, BREHMZIREEIZHG 2 2B E L. 9. Bt
EBRIZHWON T —F NOSEREA > =7 # % Figure 1.22 ([Z~9. BAEHE
BHREITA Y =7 X DGR A U — L (Geometric Swirl number : Sy) TEH S,
BEE SR L Z R IR A U — VDS i WD ER i OBREHZ B & 70 2 Z L 3l &
7= *D(Figure 1.23). 2002 4E 3 21, ZORERFERANAL 7V v Fary hxyv
oMWy hOFT EEBRSERI L, AARIIBT DRI DONAT
Uy Raly MIE EFEF L7274,
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Figure 1.23
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NAT Uy Ralry NOFEO— 2R AR A TH DR, T A
Uy MOIZHRLIZEY, A7V v Fary MIBENIZ OF > 7 NMilE%
Mz TWab. £7o, MET, BRI EE 20 S SHEHIE 21T 5 B K & 7R
LT, HEDHIENZ X - TRILAIREN LT 5 2 & T, OF LLAERE AN S
S, CBMRTT 5. ZOMBEMRIT 572012, FERBREZHET 2 Z L2 X
D REMZ IR 2 L, O/F % — IR0 ] 28 g [l g [ A (A-SOFT)
NAT Yy Ralry hREEINTE Y. A-SOFT A 7V v Kua2 v b o
4 % Figure 1.24, Table 1.3 (Z7=3". FRALANTERIE & BEBITR D 2 J7 7 & Hlfa vl
RRTHY, ME~OR LA ELZFEST 2 2 & T, AR & hER 58 20
SEACHIEE S 5. —E O LAIR RS CHREETRE 225 % 5 2 & THRBHMZ IR H A
Z I L, OF % —EIZkD. /MNES T8I 77> M2 A-SOFT ZmM L, 7 1 —
RNy 7 NS & 0 HEERITR R 2B L 72858 O R 2 RIS Lz, £
7o, BRBEFEBR L FEM L, A-SOFT /~A 7 U v Rualry hOBREHZIRHEE ¢ Bifs L
7= 49,

FRALAIBEEI T K D BEHR IR IR EE O 1T, B2 AR N1 7Y
Re gy bE g U CEREAISE RBLE O OEENE X 5. FFIZ A-SOFT
A7V vy Falry MIHET VTN -0z, HIERNEREE /2D,

Low Thrust Tengentisl Iniect High Thrust

Oxidizer
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Tark ¥

Figure 1.24 The schematic of Altering-intensity Swirling Oxidizer Flow Type (A-
SOFT) hybrid rocket.*?
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Table 1.3 The working mode of Altering-intensity Swirling Oxidizer Flow Type
(A-SOFT) hybrid rocket.*®

Operation mode Low thrust mode High thrust mode
Oxidizer mass flow rate Low High
Input Oxidizer mass flow ratio )
o Low High
(swirl intensity)
Thrust Low High
Output o ‘
Specific impulse Maximum

EZRME RIS & 2 BV EIEE N R AEBAICRIA LA 7Y v Fasr v b
BAFE - MFFE STV DL K H B IEHESN 2 B 22 i (CAMUD RN 77 ) > R
Iy NEBRE L TV D.CAMUL BIANA 7Y v Ra sy hOBEEK % Figure
125 1T BEHIEBOMER 7 7 v 7 DO ESh, TN EFhoMETr v
A0 @ISR — R 2 @ T ORI 6N TWD. BV & 9O AR— MDA
MHUVMZ 90° T D K oIl Fmic7 ey 7 2%, W Sz B Al -
B vy 7 OFismEIZEmET 5. BELCBRET A XA — M@l L, RET
B2y 7 OFHEIZEET 5. ZNEIERED KT Z LT, 2 TORE 7 e v 7 )
[FIRFICHR T IR 5. &7 1y 7 ORI B BREEm & 72 503, A— b
WNEER K ORI b AMEIC%H 59 5. Kamps 5%, REHEIRA K& B D
NAT Yy Rl y MEOBREHE R 2 g3 2720, (REFRERERE LD
PERB I FERIREH AR TR TR EHR & % 5 2 2 SRk 1R B I H L C Lk
B35 PIEEFRELTWD. ZRUC LD &, CAMUI B TiE Vortex /A 7 U v
Re sy NEORERREFIAT 5 H e g BRI AEEERT S5 40, L
L, CAMUILBIANA T U Falry MIBREIZ v v 7 O " 2o0R— N BMREEIC
Ko TR, R 5 L 2 DOEPE LN/ 72D, BIZHERE U722 HiPH CRRE
EEIESEDZ LR D0, <~ /FR— MREE R KR E O RRBRE DS 7R
T2 Z LT X D REL O IRFE FE R S E
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— : Oxidizer flow

Figure 1.25 Basic concept of CAMUI combustion chamber.*>

1.5.4 &= RV FRRELOF A

NAT Uy Faly ORBREHZIREE R OHEN 2 WET 572012, mx
FNKWEZRELE L THWEFRELEATSH S, Y51, —ERM FTHARMK
EED, MEE, BERATHD Y UL T Y RAK Y < —(Glycidyl Azide
Polymer : GAP)IZIEH L, ™A 7V v Fury b~ Z 5 L7z 4. GAP 1%
FIRICBWTIHETH D0, ~FHAF LT A Y7 X — | (Hexamethylene
Diisocyanate : HMDI)% DAL 2 ¥ L TR OH 224G+ 52 ik =
AR DE AR & 72 5. AL GAP IXEFBFERLSOSITHE S BEENRKE L, AL
BSMRICE D BRMEEZ BT R H AR TLTHSD. AL > T, GAP OREE
AT = ALDFEI & T ANA T Y > Rady h~Oi AN FERIC I ®.
HANAT Y v Katry sOWEK % Figure 1.26 ([ZR-9. HANAT U v KA
7y MEERBRELOREEE 2 W CEEAIZINET 5720, fERkOE R
FALHIES S A7 ANAETH Y, Bfli7eE L 25, £, BEERREDGFA
T DRBIEC Sy & 2 < B TIRBET A L BRAL A A ZIRIRABERR CHEHL - 1RE LIRBET
HI-DEWREENREGD Z ENAHETH D, S DICHEEERICAREE FFOH
TRVXYEERNDZ LT, @t LD, Fio, WHEREZE E W HEEK
IR 5 2 & CIRREEAM OB R HEE S X7 AN EBLIND. BRBEET
5[MPa] F CPD GOX/GAP A 7V v Kar v sOigRWHEIT 2,784[N-s/kg] T
HY, [0 GOX/HTPB HEHERA| D 2,880[N-s/kg] & HE DHEMEFR] L 0 KV Vil &
BN, GAP [ XEEETH DI, HELHETIIT 3,591[N-skg -kg/m’] &
GOX/HTPB @ 2,875[N-s/kg -kg/m*] & il U THI 1.2 {5 & 725 . GAP % v 7=
HANAT Y v Kalry NTIHE, B&KT 98%DCh=wmEk L, Fiz, HEJHl
BRI L, 2RI vy v a VICHIGTE DAl e <R L7z, 61T,
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GOX/GAP D KILHESIE O/F=0.75 f12CTH VY, GOX/HTPB D O/F fi 1.7
LD EBRAEAIN D IR CRRHHEN L 70 D DT, RBEIC M B R
EHIER D72 T e, RAMOBBEIRELZ FTRIE L7256, GAP (3 HTPB
IZHARTBRER OB EZ LI T 2 Z ENAETHY, vy v R
TLLELTHFICHERTSHS. LirL, GAP ZiZ L L+ 5m= r L XWEIX
B Mg & BMAEL, VAT LAEEOE 2 A MEEHEL .

Solid Fuel (GG) Combustor

Liquid Oxidizer Tank Fuel Rich Gas

Figure 1.26 Schematic diagram of gas hybrid rocket.*®

1.6 {KplSEFTHEECT X b~

14 FR1S5FTETNHA 7 Uy Rarry MEORSR, ~f 7Yy ey o
ML ZN L E2WETH-OOTEDT Fa—F 2/~ L7z, Table 1.4 (2B A
EFDOXE  EOMEE LD D.
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Table 1.4 Problems of hybrid rockets and countermeasures.

Problems Countermeasures Problems of countermeasures

‘ ' Reduction of structure coefficient and
Multi-port grain ‘ ‘
fuel filling density

Low combustion efficiency and poor
Use of low melting point fuel adhesion and mechanical properties

of paraffin-based fuel

Low fuel : : —
. o o Increase in weight of oxidizer supply
regression Swirling oxidizer flow
system
rate
The decrease in structure coefficient
and difficulty of combustion
CAMUI ‘
completely due to its complex fuel
shape.
Use of high energetic fuel High cost
Difficult of measurement of
O/F shift A-SOFT instantaneously regression rate and
oxygen supply control
‘ _ The exhaust of chlorine compounds
Gas hybrid rocket using a .
) and the complexity of the propellant
Low solid propellant
' supply system
combustion

] ‘ ‘ ‘ The complexity of the propellant
efficiency Gas hybrid rocket using a high ) )
‘ supply system and weight increase
energetic fuel ‘
and high cost

Table 1.4 50050, AMEAIIKT 25 RIC L - THi 7= 72 B S 5
AL 22T, KRB OB RIC L D EmBEHEREEICE BT 5. 8T
7 4 = A (WAX)REF O R RE ST O e Ve — & r— A L DR
HTHD. ZHOORMEEMILT 57201, TEIERS, HE, Pl
MFEFT 51X HTPB £ /3T7 7 ¢ VY (WAX)SRIREI O ZNENOEFTTH D, BT
BEAR P REME & 8 OB IR G B 23 1A C & A IRES AR ME = T X b < (Low
melting point thermoplastics : LT(REBH 2015-010020)(Z7EH L7=.
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BRTYAMERS G & 1%, VT 5 Z LK THb L, A D EINZ D 2 & Tl &
HHZLENTE, BELZ NI 2 EBEELTO2HIETHD. ZOBII K DiiE —
AL DBIGII YT, ((E SRV IRTZ ENTEDLLOMIENES TH LS. £
72, RIELTZGATHAETHR0 B 2S0F AN H 5720, fliEa X M &%
MR 2 Z EWARETHD. BRIEMERIRIZBWELIESE L 0 59 30 4RI
FERb Sz, B EHBIARIZ R L CRGRTEMER R & MHEn T D, 20
787 V—"7"% Table 1.5 \ZRd. BFBMEMIEISHT 7 A F v 7 Lo o=
V77T AF v 7 RO, FEREIEICRBIS NG LT T ZF > 7 138,
AAPERHIE O T H M ZMH TN T LTV, = v=T V77T R
F o ZIIMHEVELE OMREZ L LT2BIIE TH 2. W2 A 3 2 8513366 i
PERSIAE & bele U C B AN 3R A PE 2 B, FERE SR PERHIR IX B AL IR D b
M. AEMEIRIZ T 7 AR Te LR Tm 243 2 23 IER MR 127
T AER R Tg DIHFIET 5.
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Table 1.5 Typical thermosetting resins and thermoplastic resins.
Phenol
HTPB

‘ ‘ Unsaturated polyester
Thermosetting resins
Epoxy
Polyurethane
Alkyd

PE

Crystalline plastics PP
Teflon
PVC
PS
ABS
PMMA

Commodity
plastic
Amorphous plastic

Thermoplastic

resins :
Polyamide

Polyolefin
Engineering Crystalline plastics PET
plastic PPE

Polyacetal

Amorphous plastic PC

LT F8Ek(Figure 1.27)1%, Z OMERME D& A &M E D728 X - T
RS 5. Figure 1.28 IR X 912, /3T 7 4 o _X—RJREE & [RIZEOBRE
BIBRHEEEAF L TWDZENGNoTND O 7=, BIIERERIC K > TS
FHAE A, 300%LL EOMOERLTEY, RT7 0 0 _X—2REL L g L TR
UWHOEEZ A LT D Z 3R E 72, Figure 1.29 (2 LT SBREH DO AFR O %
-NFRIS JI#R, Table 1.6 IZ5[3RARBRRE R 2R, /3T 7 4 = ZREHWAX)
D—>TH5, HABHEXSHR FT-0070 O KGN R OMHORIZENER,
%7 0.8[N/mm?], 1.5[%]F2E Td> 5 V. LTH#460 | K/ 0.58[N/mm?], fe KRN
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Figure 1.29 Nominal strain-stress of LT fuels.’”
Table 1.6 Tensile test results of LT fuels.>”
Fuel No. #421 #462  #464 #4060
Elastic modulus [N/mm?] 0.037 0.017 0.268 0.618
Max stress [N/mm?] 0.09 0.26 0.41 0.58
Max elongation [%] 378.8 3194 3440 300.2
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e — 2 ~#EHATRE7: LT BB OIREZIT O . WITHHE L S11D LT RREHT
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5.3 5

2.2.1 LT ZBREOERRBIAE & OVRe
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W35, £/, 20T A M BEKRTHE Figure 2.1 1277 X 912, 900[%]LL LD
R ZA L TW5. Table 2.2 IZAF L U REVEHIMET 5 2 |~ D 5| 1R ERRE
RamT. PRI 16.7[MPa], FEXERKRIGTIIE 12.3[MPa), FE R KD
FIT967[%] ThH - T-.

RT T 4 U FANKNT T T o F A TR AL S YA T L o SR EA ¥
T A R~OHALE BRI EN TS, T2 L UBHE R OT L~ R 138
FHEOW LR O S OFEZ BRWZIRMS N TWD. A7 7 U UERITIARUERE
OHEHZ HZIRMEN TS, 4 DOBRIZENEN AT L U REF AT 5
AR R OATT U UBARBEBRNENTEY, KElstWETH L7 7 4
YHAN, FTITTUHA N, ROEMEM EBIETH DX LRI, Ty
B OF N /NT X — & & 785 T 5 (Table 2.3).

Table 2.1 Constituent resin and content of four LT fuels.
Fuel No. #460 #673 #674 #675
Base polymer Styrene thermoplastic elastomer  13.1 13.1 13.1 13.1
Low melting Paraftin-oil 494 566 494 5.6
agent Naphthene-oil - 438 - 438
Adhesive resin Xylene resin 31.3  31.3 - -
Terpene resin - - 313 313
Melting aid agent Stearic acid 6.3 6.3 6.3 6.3
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Figure 2.1 Nominal strain-stress of styrene thermoplastic elastomer.
Table 2.2 Tensile test results of styrene thermoplastic elastomer.
Test No. 1 2 3 4 Ave.
Elastic modulus [MPa] 17.1 15.7 18.8 15.4 16.7
Max stress [MPa] 10.7 12.1 14.0 12.4 12.3

Max elongation [%] 1,109 903 901 955 967

Table 2.3 Parameter resin of four LT fuels.
Adhesive resin . )
) Xylene resin Terpene resin
Low melting agent
Paraffin-oil #460 #674
Naphthene-oil #673 #675

2.2.2 KBTI ERER T 1E L &
ARRETCIEERER, A MRMmRER, ENEEZITo7. AEICBITHR
Br AR 1B W T3 B ISR,

(1) 5lIEAER
51 #EER 1L A&D Corporation $4¢ RTG-1250 2 T3 L7=. Figure 2.2 (Z
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Figure 2.2 Specimen for tensile tests.

(2) BAEMERHM AR

MR RBRIT A > A b 1 4B INSTRONS967 51 3ERERIE T1T- 72, ARk
B2 ClL, EPDM = AOEEIE NI T 7 A ~ % AW T LT #4#2% L, EPDM
A G > ik o72. Figure 2.3 [IZHEMRHMEEER A 27~ 7. EPDM = AX[EE
HEEDOWER & L TLS<HVWLBNTEY, "7 Uy Faly MZEBWNTYH
PREHE D OWrEEs & L CRHW B A . 3Bk 2R 1X 100[mm], #AEH 231X 75[mm],
g 25[mm], E X 10[mm] TH 5. 5l-5E D B TX 1000£50[mm/min] & L7z, Zil
X, ATV Radry MRENZ & o> T b BN UK EFO R EZ4E L, R
HWCHRLFE WS SR AL LTz,
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Fuel sample (#460)

EPDM rubber

Figure 2.3 Specimen for adhesive tests.

(3) HHEEHIE

LT SRIRELD I 9 2RI SRBHIRE EE AN R B IR IC R & ST 2 3 9,
HE LT S EE R ERT B CFT-500D % VW CHIE L 7=, 3REBRIEE X 60[°C] M O 100[°C]
ThD.

223 RAEFERLEEBER

2.2.3.1 55ERER

Figure 2.4 IZ5IRRBRIC L > TR LN, & LT BELORAFROT H-AFRE TIHk
X% /~9. F7z, Table2.4 (Z5BRAE R 2 /RT. & TOMRE TSR COREED
WINT. IV UBIRE B T#460 L UH6T3 TRLOPREL & bhi U CRv i
DRER SN, ZORERNO XV VBB RO RIZHF 5 L Tnbd 2 &
Wb, £, TAXUEIRIT LT BRELO RIS K OO A EE L T 5.
I BIZ L » THRE SN2/ 8T 7 ¢ = ZPREH H AREBEL FT-0070) D OV
X 1.5[%]TH 25 V. 4 2O LT BELO R R OHIL 377[%]LL ETH Y, T 7 ¢
R ZPREE T L TRV ONREZ A/ LTV D,
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Figure 2.4 Nominal strain-stress of four LT fuels.
Table 2.4 Tensile test results of four LT fuels.

Fuel#  Elastic modulus [MPa] Max stress [MPa] Max elongation [%]
#460 0.26 0.227 499.8
#673 0.61 0.212 377.3
#674 0.06 0.121 812.2
#675 0.04 0.205 1,534.5

LT BBt OR—=AR Y v THHAF L REGF[HMET T X F < 1% Figure 2.5 IZ
RTEIREETHD. RUVAF LT ay I Bo— K7 A hELTHN
TW5., LTREM SO 7 Ly RR U ~ 3l s, FAEERSE £ - e EsE 2 f
LTCW5. LT BREIDOSA, Figure 2.6 (79 K 9 7ot ALEFE & (CAEE) T H
LT ENBEZOND. N— ARG OMER S A A L, R BhANC B AT B8R
NIRRT D, LT BREFOM ORI AT LV REVATIEE T T A R~ D&
R OVEFE(Figure 2. DIZ DN T WD B X HBLD. AF L U REFEMET T X |k
<IIETOBREHZE TN TEY, 2O X450 LT BREFOMORE LEL L T
WHEEZ NS, — 5 THPERIZOWTIIHERBIIEIC X - THIHEZREV D E
LINTo. MAE#EEZ AT 5 LT BRED G| ok b 7- 56 OBEE& X % Figure
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270 F. BIEVICR YV =T A M~ETOTT X h~7 vy 7 PEH L TE
DAFLURAFBET T X N~ FAEOHORMEL R T ZENEBE2LND.
Table 2.2 D AF LV REA[HEME T T X k< O3 & Table 2.4 D% LT BRED
BPERZ T 5 & LT BBIOBMERME 2o T D, ZHIC kY, KFESA
ANVEOTIMBIBIZ LV =T A h~Tay 7 BHIELTHWDZ ERESND.
FERRSEENBIET LTS, Z Ly RR Y ~ OSSR BIIEDFREE M
W N2 K92 Z EREZ B, LT REIOEE, Figure 2.8 [k T X ) 1T,
PEAEVEM HRIE & O R EIZB T 2 HBENBAET H 2 ENE DI, BEEE X
FHEMORERN P LR TH L EEZ BND.

Polystyrene block

Elastomer block

Figure 2.5 Structure of styrene thermoplastic elastomer.

Adhesive resin

Base polymer
Low melting agent

Melting aid agent

Figure 2.6 Two-phase structure of LT fuels.
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Elastomer structure

@ Elongation

Figure 2.7 Schematic diagram of elongated a LT fuel.

»

Figure 2.8 Peeling between constituent resins.
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2.2.3.2 HEEMHETFMEER

KB I L CHIERBR & 4 [014T > 7=. Figure 2.9 (251 3ERBR T ORBR &
/9. Table 2.5 ([CHEEMERHMARER DG F 2 7~ 7. Table 2.5 OF5HRIL 4 [HDFER D
EEETH D, #674 K UH6T5 O LT BREHE EPDM = AR CO R MEAEIZ BT 5
BEISTIWN T o727, KRB TITAEN TE o7, LT BREHE R
DI 2 BRI T Figure 2.10 IZ78 9 K 9 1T#460 TOABIEZ ST, DR
BHZFBWTIZA T EPDM =4 & LT SRAEHH TO R mEMEE L BlEi S iz e -
7= (Figure 2.11). LT#460 J UH673 1ZML DY > 7L & Il L TRV R KIS S &Y
K2 R L7, L L, #673 IREERAREE D MR S 4172 > 7. Figure 2.12 [Z#460
K OHOT3 ORERFIZ I 2 HEIC 1 %2 ~T . #460 K UW6T3 OHEEISTIIX 0.5~
0.7[MPa] Td 1V, LTH#673 Id#460 LV mWEEEIC 2~ L. ZOM LT BREHT
FULVUBIRRIRIMSVTEREL TH Y, BB IZHWTEINR 7 Z A ~ OF AN
LbXFULURHNLNTEY, FLLUBIERTITA IR SN TV Ao
BB & BOG UBRE 22 BB ISR oo 2 EMB 2 b D.

(a) Experimental setup of a test piece. (b) Test piece during a tensile test.

Figure 2.9 During an adhesive test photographs.
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Table 2.5 Results of adhesive test.

Fuel # Max stress Elongation at cohesive or Stress at cohesive or
ue
[MPa] interfacial failure [%] interfacial failure [MPa]
#460 0.54 379.2 0.531
#673 0.72 241.1 0.680
#674 0.07 - -
#675 0.17 - -
~ LT#460
EPDM rubber
Figure 2.10 Observation of cohesive failure mode at LT#460.

Figure 2.11

EPDM rubber

LT#460

Interfacial failure mode between rubber and fuel.
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Figure 2.12 Test piece number and stress at cohesive or interfacial failure in

LT#460 and #673.

2.2.3.3 KEERIERER

Table 2.6 & X Figure 2.13 (TR EERAIER SR 2R3, HED ERIZHEWNETOR
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HERE B i b 22BN BIER STz, 60[°C]TIX, #673 OREEIIH#A60 D 2.6 [FTH
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FEEEVL, RT T 4 A ANRT T T A A VI E O F O KT & Mg
EEZBND. 100[°CHZH T DREDIE B E X, 60[°CIEREE F COXLE L Lhlik
LTI/ E < e o=, 100[°C]TlE, #460 DRLEEII#674 DFEED 1.1 5T
BV, #673 DREEIIHETS DRFED 1.1 5 Tho7=. Table 2.7 [T $ XK H1Z, F
L UB LT AU BIIREOBILIRE X, £ 115 BLV05[°CITH D
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s]B LN 1.6Xx102[Pas] TH ¥, 60[°CITDFT 7T L A A NDREIT T 7 4 o F
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TO LT BREFOXEE L, £ 100[°CI TDF T L B L OT LAt DAV IRE
LEERDTIZD S BT T 5 & B % HiL5(Table 2.6).

Table 2.6 Results of viscosity measurement test.

Fuel # Test temp. [°C]  Viscosity [Pa-s]

#460 24.62
#673 65.16
60

4674 8.86

#675 18.91

#460 2.85

#673 2.57

100

4674 2.59

#675 2.33

100¢ - ! : : .

C o ]

) | i

. [ o -
A& ® 60C
O,
> 10k ° . O 100C

R% - ;

S 5k .

A i T

> - O 1

i O O o |

1 ] ! ] ! ] ! ]
460 673 674 675
LT fuel #

Figure 2.13 Viscosity of four LT fuels at 60 and 100 degree Celsius.
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Table 2.7 Physical properties of low melting agent and adhesive resin.

Viscosity at 40[°C] Softening

(100 [°C]) [Pa-s] temperature [°C]
2.6x102

Paraffin-oil -
(0.46x107?)
40x107

Naphthene-oil -
(1.6x10?)

Xylene resin - 105~125

Terpene resin - 100~110
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RER T OIRE %-40, -30, -20, -10, 0, 22.7, 30, 40[°C]& L7z, Zhix, —f%ic
7y ME—ZIZER SN S EMAREIRE S 2-40~60[°C]D 7O TH 5 9,
50[°C1LA L& S50 L7aWERE & LI, &BR i o b sisiz <, etk X
D, SloRVRBEDOT ¥ v V7 ITTRFFZIT O Z ERRETEREMN 2T —X O
ﬁ%ﬁﬁ%f%ott@f%é.Kﬁﬁfﬁﬁﬁﬁ%ﬁ%&W3%%Kﬁﬂb
B L7z, RBRAEIIL SIimm]TH D, FIEUINOEEICBT 23Rz W T
m;ﬁﬁ%ﬁ@®ﬁ&%ﬁmﬁﬁﬁ%kh,ﬁ%ﬁmﬁﬂ%m@mf Aeba oyl
& a e Uik A4 S0 L7=. Figure 2.14 |[ZTEIRFE N IR E S ilBr F &2 R,
F7z, KEEICBWTHIEREZ 5, 30, 100, 300, 500[mm/min]& L7=.
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Table 2.8 Tensile rate and ambient temperature conditions.
Temperature [°C] -40, -30, -20, -10, 0, 22.7, 30, 40
Tensile rate [mm/min] 5, 30, 100, 300, 500

Chuck

Specimen

Thermocouple

Aluminum tape

Figure 2.14 Tensile test setup with a thermostatic oven.

2.3.2 BT — % LT FiE
KEBRTIE. UFOF—X %#HE L.

« 5| 9An;
SR BB BRRBAR I 2 T b Cnd r— READLGEMI L. AG-
100kNXplus TiZ, KT 500[N], mifiEk Tl 50[Nj=— FEe/v2 M L7z,
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- A2 PR R

PRI ORIE D72, MR OERELZBBY, TAIT—7 %0k
DA T2, B 20[mm] TH D . RERF, ©F AN AT &V CEE
iR LEhE ) S S EEREO R ONVEFHAI L 72, AG-100kNXplus TIIH A Z
OEGES BB T VI T — 7 28 IN THE L, BT —2 & LTS
L.

- TR O ER) F e
ﬁﬁ%ﬁi@%@ﬁ%ﬁ%ﬁﬁkﬁ%ﬁ@ﬁ%ﬁﬁﬁ%ﬂk%<£&é
Z DT, IE LW DT IZATRIG T Tlde < EIS I B3I
5. & ZCEIS o, DFE DTS, LERZNC %5ﬁﬁﬁﬁ%&ﬁﬁﬁ%
ERFENTIC o THUAG L7z, B S H W U T ARBREHE = AR 72 B
ZHLTED, OTHREOEREZ LTI &35 2, B S HmOZER &I3iED
ELELWE L., ZHICX Y, [EEDORZIZEBIT HiE & é@@iz’p%Lﬁﬁ
FENRED, BIEREBR L5 DR &2 Wi S CHEIIVUTEIS 13K D 5
BEHEOT e 3 XQDICE VRO D, 22 T i3 AHMOTHATH 5.
BFEMER E13Q2)XTROBND. AHOT e, T3 TROBEND .2
Z Tl I W O A BREE, LXAEWRE O S ERRE, tol 3P OB E ST
H5b.

& =In(1l+¢,) (2.1)
E =2 (2.2)

&t
g, = (2.3)

ABFFETIE LT BREF MO @B E R U<, TEVL A e o —aHiflivE ) %
HT 5 LatRT 5700, BERMEMERE, ORFFHKFMEIZ DWW T, A2 X
®E 7 77T m Yy N5 FORE, KR 5 SRR — 7 & KR E O
FEIFM B — T ICE 2 5 F VTR E L2 B ZlogaT C Table 3. 2D & ZaTlx
BENREL & PRI D IR D SRR D B4R S & 72 » WLF UK Y logaTlZ
KQRAHDEY RO HINDH D, WLFRUZVA VT LK - F0 70 72 —DK
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THY, Z< OEERE S TN T 2 REIRE ERE DY OJFEICEET 5
BERATHD. oL ETIXEE, TIXREEEETHY, AT TIZ-30[°C]E L
7o G, GIIEETH Y, FEFkef], FEHEIRE, EBREEALRAT L2 & TKRD
%.

C1 (T_Tr)

logal = — =7 2.4)
FWft 2 aT TEI D & LA T O AR KM, 235 5 5.
t, = a—tT or logt, =logt —logaT (2.5)

PSR R R G A B e, 2 D CREEIR FE L, K 0 @ WRE O 7 — 713 B REE NS
RVNRE D I — 713Ny 7 MEC~ A X — I —T %215 5.

Fo, TLOHENIRLIBNEZFLBT H7OICRRAE L TEI<HmbNT
Mooney-Rivlin 3 d 5. B T), EOT AxF9 % Mooney-Rivlin 2 H(2.6)12 7R~
T2, MEKA=6 41, Cpy, CplIERICEIVRED T A—FTHD.

o =2 (22 = 2) (Cma +22) (2.6)

QROXEEETHLEXQRNDLH T/ D.

“E =2(Cm1+ﬁﬂ) 2.7)

QN XY, fthhico,/ (/12 ——) il |2 %E&O 7= Mooney plot DEFRE ST LV
Coi>» Cop @ RDD Z ENRHIFRD 9.
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2.3.3 RBRER

Figure 2.15, Figure 2.16 (Z3RER & 0 15 B L7 SRR EE X O 100[mm/min] D 5|4
W CTOINS)-OF HBRIX % 7~ 3. Figure 2.15, Figure2.16 2> HAFRIN ) & BT
TIEHRES D =T NRRRDZENnHD. ZOFERKE LTI, LTHA60 73 = A00R
MEFTH Y, 22 2.9 (RT18 0 AT O BT AIS AFHME & B TR E < B 57
DTHD., O, RWSETIEEIS ) 2 5.

0.5
£0.41 ]
2
% 0.3 _
= |
Té 0.2+ -
= Temperature: 22.7 [C]
> 0.1 Tensile rate: 100 [mm/min]
L | L | L | L | L
% 1 2 3 4 5

Nominal strain
Figure 2.15 Nominal strain-stress of LT#460.
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[MPa]
N

(O8]

\O)

Ture stress
[ ]

[E—
I

[ ]
o
|

P
o
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Figure 2.16 True strain-stress of LT#460.

Table 2.9 Comparison in nominal and true value from tensile tests.

Tensile stress [MPa] | Max strain | Area at break [mm?]
Nominal value 0.43 4.65 24.5
True value 3.23 1.73 3.28

Figure 2.17 (ZEEHEIRFE 22.7[°ClITHIT 245 R D #E TOEHEIE op-H O
FrefrIX & 779, Figure 2.18 (25 HRHEFE 100[mm/min]iZ 331} 5 KR TOEIS S
SO AR & R
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Figure 2.17 True strain-stress at each tensile rate.
25 ' o~ | . | ' | T,
- © 40 C Tensile rate: 100 mm/min |
20 s 30 °C @jﬂ
=+ 227 °C © h
% T v 0 OC @EI ]
:'15— S 210 C ©©|:| .
5 L X 20C o0 X i
1oL 0 -30°C og X |
% e -40 °C o> O >?<>< |
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Figure 2.18 True strain-stress at each temperature.

Figure2.17 /b5l ok W MKEEZ BT D & v o ZRBEINL, WIS 3 m £ 5
LW, BIREEZE T D WIS MRS 2D Z N gD, Fik,
Figure 2.18 7> & IREEDMEWME EREWTIS /1235 <, D3 < 72 D803 TG
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Figure 2.19 (ZAEFHM RO REMMKFIE 2 IBEICE X CTRUG Liclixi$ 7 7 7
W7a sy LR ERT

2.5
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<
% 030°C
=N - 22.7°C
= 1 X0 °C
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o} |
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Figure 2.19 Temperature dependence of relaxation modulus in LT#460.

BEZEZTROEZZNOOIMBEEOWN, 30[°ClOh—T7 2 UL L, B D
BEDOH —T R — 7 \CER D E CTREAMICHITICBE#S S -b0 %
Figure 2.20 (2779, -30[°C]Z& &L L=k, FEREHANZ BT 0.1 B ofEFn
RFH 2 et LoD, FIREZRIR 0 RAPFHAI ORISR ZFR T 272D TH 5.
Figure 2.20 XV EHRAEDLHIZBBLREL Th VD #ERENFBO b5 . Figure
221 WWRE LT N7 7 7 2 OFREZRT. ZORELKTXQ24)EY, LTH60
2B D WLE XOEHC,, CIIFNZEN 113, 1127 L72o7-.
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Figure 2.20 The master curve of LT#460.
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Figure 2.21 Temperature and shift factor.




2.3.5 Mooney-Rivlin 22 L 2 BJ5 1 OHEE

Mooney-Rivlin iF T LD X D IZKREFENAIEERM BB IS N 22T TRATE L
X, P52 NI RN XEZOTHTZRAF LN BT LR OFIC
IS NARELX L THBY, TOOTHTRLFEOTHEHE L TELHEAT
RKLTEBONOLROTELEDOTHS. EREREZ1/AE o/(X2 —1/H)DFEKE L
T7'a v b9 % Mooney 7' &2 v h CIEQNTERR E 725, Lo L Figure 2.22
2759 Mooney plot [ LB LNERUZ R RN Z LD DND . Cpi & Cra &
RIETDHZELNTELDIET 0y FREMRERDHEHTHL Z b, Try
R ANELRR & 7 D AP OB A HEPH & 72 5

0.6 T , S
go.sl ) i
=04} . )
§0.3 ! Y i
«' 02f ~"-.._, PR G
Soal T i

02 0.4 0.6 0.8 1

/2

Figure 2.22 Mooney plot and approximately line.
FEED2.6), QN BChy, CpaDENZEILOEN 0.016, 0.117 L7257z,
Figure 2.16 O 5 % Mooney-Rivlin ZUZEH L, (27 ¢ v b S W7o #E R % Figure
2231 F RIS L8R TIIERE LI L T D 2 EBbnd. £z,

fth DOIRE(40[°C], -40[CCHIZF N TFEIEEIZ Mooney-Rivlin =2 L7 X% Z
¥, Figure 2.24, Figure 2.25 |27
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- Tensile rate: 100 [mm/min] [ )
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Q
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F

Elongation ratio

Figure 2.23 Elongation ratio-true stress and Mooney-Rivlin value at 22.7 [°C] and

100 [mm/min].

30 ' T ' T ' T
- ® Experimental value °® 1
25—0— Mooney-Rivlin o .
20k Temperature: -40 [°C] ® ]
L Tensile rate: 100 [mm/min] () i

True stress [MPa]
S
T T

p

Elongation ratio

Figure 2.24 Elongation ratio-true stress and Mooney-Rivlin value at -40 [°C] and

100 [mm/min].
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Figure 2.25 Elongation ratio-true stress and Mooney-Rivlin value at 40 [°C] and

100 [mm/min].

Figure 2.23, Figure2.24, Figure2.25 7> G HE L 1.8 F2 8 THRERE & Tl L T
B ENGY, FIERIATRE RSP TIRE IR LR 2 & B3I B w2 B
b, L, MERDN 1.8 L0 K& 725 LRI 7 < 720 P & 3B
THEUCZE L TWD Z L3000, @ ORE 21T > T H 51RO KRBT
EMQEE mﬁ“é_kﬁf“%iﬁb\.

2.3.6 BEMEGEIR

A A b u ARG e BRI A VT, LT#460 RO BPEREBH Y & DR D
R L 72> TWDE N EFHE L=, Figure 226 DX O ICHB T 2 F v v 7 |Z[H
i, BT O EEEEZ 20[mm] & L, 519E Y EEE 100[mm/min], ZEiE 23[°C]
’%wfﬁ%ﬁﬁ@ﬁmiﬂl1@1&18&L%212i27i?%%0
TEOMEIEICE L%, SPHRBRAIZZOEEHELTSB®E, Frvr
ZAIIE £ TR U TR OBMATEHERZHE L. 2 eI LI
B2 7o 7.
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Scale

Specimen
Chuck < 4 Thermocouple
Figure 2.26 Experimental setup of a test piece.

Figure 2.27 (2Rt 1.2 12386817 2 Sl ikaBRAT#% OFBR 7, Figure 2.28 IZff &
b 2.5 1281 B 5 iERBRATZ OB A &2~ T.
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Figure 2.27 Specimen before and after tensile test at elongation ratio 1.2.

Figure 2.28 Specimen before and after tensile test at elongation ratio 2.5.
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Figure 2.27 7> bR E L 1.2 123517 2 308 7 OFERR R BREE 3R AT & e~ TED
75> 59, Figure 2.28 7 SR F 2.5 (23 1) 2 5Bk B O 43 R FERE 1 2 3R BR AT & L
AN THEREAY 4[mm )RR OV

Figure 2.29 |2 &R HIC T 5 S5 IRRBRATE OL R &2~ 1. 5E% O R H
R 2 A O S I BEEEQQ0[mm]) TR L 72 B & EA & L, FhEICEB T 5Bk
ERETey NLT.
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1.4 O Experimental value
1.3
1.2
1.1}
i
0.9
0.8
0.7
0.6

[ . | . | . |
0% 1.5 2 2.5

Elongation ratio

Figure 2.29 R EHICH T 5 BRAT% OLTE &

n

T
®
)
%
@)
O

Stra

w 1 I 1 I 1 I 1 I 1

Figure 229 705, R A=18 FREE THMEAE THY, =18 RELBZ D
EVAMEREICH D Z L MERER S 7=, £ 72, Mooney-Rivlin ORI 5RO H 7=
HELOMEE T D ENZOERNS -T2,

=18 BREAHA D EMMEEIRTH L Z &R SN H & LT, Figure
230 IZART RO T LTS FHIE—RMEEZKT 52 E %, TL0OMEIX
BEBIZ L > THED LD . BEBO &L —E Tldle <, Hix 2 b E 03 A
Ihb. £70, BRMRETRIET 271 DBEAIRETI LOMELE 2 256, &
BRI — IV AT OIZREETH Y, 2RI —IZAK TE T, #H OffE
IO THHEEL W2 D, £, MEDRARE —ThoiHbnaEA TSI &, T
RTCOFTHRIBPZEER T, BRERGEFFON TP FET 54,
EREMAT-BE, a8, BlE L, ZREAR0 RO THHOICOMEBEIZE 720
7o, KAERNEED.
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Figure 2.30 Schematic diagram of the network structure of rubber formed by

polymer chains.’”

Molecular chain entangles

Elongation

Figure 2.31 Schematic diagram of the fuel elongation.

ZD1= LT REFOHA S, Figure 2.31 IR T X 5 ITBRELO D5y T8O 5
FON, SIEVRBRICEBWTEM LT, ~EORMEEBZ 5 &0 THNPTITES
R BRI E LT B R b D.

Figure 2.32 |2 LT B O Wr el /& HR X &2 7R 3. A Mr e i iR X el i i 2 B i &
T 2WNAIDOHEFENZE OB NET HEA D P X X a2 L TEY, il
BLHENEIEERE L TEE LIZMEE 72 5. Figure 2.32 K VR0
=T EleoTWD Z EngAE, AMOERIZHE 5 X 9 IcE—¥ 25
T2 ETRRELE L TEEDMRT-ND Z R Tz.
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Figure 2.32 The failure envelope of LT#460.

2.4 FEM 4T % Fl\ 7= SkN #&E — & 1 F e D g SR

2.4.1 MEHEZE

A BREEBIE(FEM) THREBRMER B2 R BT 5 7o 011X, IRERAANE & il R 71
LR T AMNENRND D, IREERFEMIC OV T, 234 FETRD7-V7 FEET
FH L, WLF KOEHKC,=11.3, C,=112.7 ZH\ 5. BERIFHIZ- SV TlE Prony
W WTRILT S, KR O X 5 RIS TEMe 7 UV — TRt 259 58
Bha H2ppic €450 L LT Figure 233 12T X978~ 7 AT 2 )LET /LN
HMBENLTWD, w7 AT 2 )LETFIVE, RNREF U NDEINCERN TS,
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o
Figure 2.33 Maxwell model.

LL, 27 A7 =/LET /L CIMBEIHEIRD ¥R 28 2 552 KB T 5 2
EIXTERV. 22T, Figure234 IR T L9~ 7 AT = VBT NV EZWHIIZE
W b~ 7 AT = VET IV TRIT 5.

o
Grl GrZ Gr3
Gro o0 0
trl | tr2 |
} ) )

tr3

O |

Figure 2.34 Generalized Maxwell model.

Bl [RRBRICE VST, 5lo5R D B © 100 [mm/min], BABHEEE : -40
[°C] COfEREM R [MPa] % X(2.8) L 0, AWM RICA#HT 5.

E. =2G, X (1+v)

Er
Gr = 2(1+v) (2.8)

Z 2 CE, : $RFNHIEZ[MPa), G, : EAWBERIHEMESRE[MPa], v: A7 Y TH
%. ~ AH—H—7 (Figure 2.20)% 3(2.8) % N TH AR FnirE =R & f5 Fn b )
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(A U T HE SR % Figure 2.35 1279 SEBRAE R O B OFEFIRER] ClE, 9 10%[s]F
T LTS TE RV, RIZFEER T 5 fif S F(Table 2.8)D 1 T & #E FNIRFA] 23
BEWb DX, IRE 40[°CIT 1 W HOHII T L. Z O 2 ET 27290121%
10'[s] £ CTOFEMBFMAMETH D, T 2T, TS Tdh 5 SkN ft— % OBR
BE & [FIEE DAL, WEEDBRELZ 40[°CIEREL T TIRE L, FEEROET & & s R
NAEET D X 9512 10'[s]F TOREFE AWEIER 2 4 L 7=. Figure 2.36 (Z4#H]
% OFEFNIREIA] & ARFNE AWRPEROBAMR 2 7737, 40[°CIEREE T2 1T D RE K
B AWHEFEIE R OIS HOWT, EEMIETE ClIoRT.
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Figure 2.35 Correlation between relaxation time and relaxation shear stress.
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Figure 2.36 Relaxation time and relaxation shear stress after value interpolation.

Figure 2.36 % FEM Y 7 MZAS L, (2.9)D Prony #&#xiZ K 0 A WrkE Fnsiid:
FOWIPEMRZ KD D,

Gr(t) = Gren + X1y Griexp (— ) (2.9)

Tt

T, G(t) : EAWTRER M R[MPa], G; @ IO AWIIYERG, & DI
FHRRE), Go : Ge»DFEGE BNz, BFIIC & &P —E D& AWiEFIbH
PEFR[MPa], t : KFE[s], t,; : SRFNRFREI[S] CTH 5.

2.42 SKN#ENA 7V v Fa 2y bE—#% O LT BREMEL MR

SKNANA 7V Ralry ME—XITH T 5 LTHA60 BREHT X L CHEE T
9N L7e. BREMMEIE 172[mm], %8 60[mm], £ & 600[mm] T 5. SkN #k
AT Yy Fary ME—ZEMIC OV T 5.4 FIZELT.

ARETCHE LI ES A %2 Table 2.10 127”3, &ff 1~4 13EED LI
40[°CIEREE F T 1 A HRM, #ie LUIMEE TRETLHZEZBEL TS, &
15, 6 1T BEFERRZA8E L, B OWEE = L72ABHT 0.5 B[ T 3[MPa] 2> Afif
SNIREEEZRETT 5. &F7, 81%, WKLV 40[PCIERE FIZBWT 7 74 b
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ZHE L, 0.5 7T 3[MPa]DOBRBERIT ) K TN 10G DA =48 E L.

Table 2.10 Analysis case parameters.
Temp. Pressure Gravity Duration
Case Accel. [m/s?] S -

[°C] [MPa] direction times
1 22.7 9.81 0 Radial 720 [h]
2 22.7 9.81 0 Axial 720 [h]
3 40 9.81 0 Radial 720 [h]
4 40 9.81 0 Axial 720 [h]
5 22.7 9.81 3 Radial 0.5 [s]
6 22.7 9.81 3 Axial 0.5 [s]
7 22.7 98.1 3 Axial 0.5 [s]
8 40 98.1 3 Axial 0.5 [s]

ENTE T /L% Figure 2.37 12”3, A » ¥ =2 ZMEARAmm]) TH D, A v =
SHEEA v v o SHEICK T DT R OETE A4 R L, #2572 10[mm]& L
o PRSI AN 2 7R EE & Lie, SRSt % Table2.11 1R 4
T ATy FIIEERIC T RV R ORI A ST L O TH D, WESIE() % B
2R3 &, 720[h]iE 2592000[s] TdH v, HIHIH 7 X7 » 71X 1000000 72D T,
2.592[s/[El] & 72 %L D E Y, FHEBRAGE 1L 2.592 EICHE AT 2 L 2T
A ¥asPER, RS OFEMIL R C IR,

Constraint surface

:
i IJ\ "

Figure 2.37 Analysis model of fuel garin.
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Table 2.11 Analysis conditions setup.

Analysis case 1~4 4~8
Grid mesh Tetrahedron (10[mm)])
Initial sub step 1,000,000 100
Minimum sub step 10 10
Maximum sub step 1,000,000 1,000,000

2.42.1 FEM fEM#EHE

(1) ; IRE £ 22.7[°C), EANLEEE : 9.81[m/s?], BABESRIE /] : O[MPa], E /)
Jrmc EEE, AERHE 0 720[h]

Figure 2.38 (ZAENEH O 22 B [mm] 2~ 3. BREHR— b E F ok i ko
TR L ol I REREIL 3. 1[mm] TH 5. Figure 2.39 [ZBRBHET IR il )7 ()
Eogzr~t. RREREL, BemmoR— bk EEIIZEWT 29[mm] TH 5.
AU, BRBHR SR LT 048[%| DA & TH 5. Figure 2.40 (ZBREHHET I D48
FHEEEEZRT. AL 1.7[mm] &, REREEOK 20[%] THDH. 2 b
ZE0D, FIRNOMEZ, 1| HOREIZBWT, B— bk OfRLLEREHEZR D
BRI E 2 B2 E 2 5D, Figure 2.41 ([ZIREHNIHO AR E% 5 1%
IZ LR R 2R BROME L LTE, A— N T omEA B EICLHERT
SMANZIR Y 9. — 5T, A— F B OBREHINEIIZ A U iATe & HLICE ) Wi
TN TS, A— FORNRIT EICMOB 20 OER LS.
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Figure 2.38 Total deformation of fuel end face at case (1).

]

uuuuu 20000 (rore)

000 150.00

Figure 2.39 Axial deformation of fuel cross section at case (1).
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]

Figure 2.40 Radial deformation of fuel cross section in case (1).

JJJJJJ

Figure 2.41 Five times the total deformation of the fuel cross-section at case (1).

Figure 2.42, Figure 2.43 (ZIG /I RO OT HpAi o md . WL s i KA IR
HEDOIETH-T-. THENIRKRMEIX 7.3x104MPa], 0.19 THD. \WTid,
22.7[°C], S[mm/min]® 5| 3EERER D> B 15 O AV ARG /T 1.6[MPa] K& O ONF A%
1.6 LT 2 LHUNTH Y, BEIZCK DB OMEITIRAEL N EBX BN,
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]

Figure 2.42 Stress distribution of fuel cross section at case (1).

]

Figure 2.43 Strain distribution of fuel cross section in case (1).

S(2) ; TR 1 22.7[°C), ESINEE : 9.81[m/s?], KRBE=RE ] : O[MPa], &/
J7ra) c i, ABERER : 720(h]

Figure 2.44 (2B I 1T DM T M AT &2 7R B — MR RE KD
BRE L IhoT-. I REREIL7.6mm] THDH. ZDEFEITREE X 600[mm]
IZX LT 13[%|TH Y, N ToH 5. Figure 2.45 [ZHREHNTIE IZ 31T D WA
B2, REREITREIR— MEICB T 5 1.8[mm] ThH 5. SfE(1) & ik
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5 ERISI%NIEM LT, 2D &b, HiRNOHEE X, 1 1A OREIZBWT,
R— R OROSCBRETAIROERIIHE & 72 bl B2 6 b. £, BT
BT L DB — R OROLEIIHIT 51203, i X TORE TIERd, MEx
TORENHE L TWD Z & NERMITR 72, Figure 2.46 (BT O 225
BAE S ELEREREZ TR, BROMmE LTI, BER— NNERETF I
TU N5, ZAUTHEW Esmmm 3 M e,

aaaaaaaaaaaa

Figure 2.44 Axial deformation of fuel cross section in case (2).
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Figure 2.45 Radial deformation of fuel cross section in case (2).
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Figure 2.46 Five times the total deformation of fuel cross section in case (2).

Figure 2.47, Figure 2.48 (Z)S ) R OO B3 A 7”47 WAL S S RAETEREL
W OFME Th > 72, TN EAMEIL 10.5%104[MPa], 026 THDH. HI
A 28 2 BB & SR AN E OB R X 2 TV D 728, s E BT D671 &
VOTHRRKRE RS2 EZOND. KRR, SIERBRE R & i LT
TN RSN R OCOTHETH Y, BEICKDREIOMEE TR AE LN
EWGyinoTo. Fiz, BREFO B EITK 1I0IN]TH VD, BREMNE Z EPDM =4 &
DR CTHREEFLT2GE, 5 HICEAT DI IFHRK TR 8.1x104MPa] Th 5.
2232 EMDHE B LT#HA60 & EPDM = A DRSS /13K 0.5[MPa] TH
FIRNOHEE X, 1 7 A OREITBWT, BB OFIBEIRAE L 2N EHREIND.

84



nnnnnnnnnnnn

Figure 2.47 Stress distribution of fuel cross section in case (2).
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Figure 2.48 Strain distribution of fuel cross section in case (2).

SR (3) ; IREE < 40[°C], ENEE : 9.81[m/s?], BREE=/ET] : O[MPa], &/
Jim c EEE, ARERFHE : 720[h]

Figure 2.49 |ZIRENIH O 2E &[mm] & /~T. RE)FEEE, BEHR—KFET
DFPIRKRDOEGE L p oo, HREFEIL 49mm] Th 5. K1) & KT 2
&, BRELETERDK 58[%]HENN L 7=. Figure 2.50 (ZBREHITE 12 381 D il )5 a1 28
WEEFT. BREREIT, BRENEEOR— N EEIZB T 4.6(mm] TH 5. =
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U, BBHRSICR LT 0.77[%DEEETHDH. ST D L, 58[%]
L 7=. Figure 2.51 ([ZAEHTIH OB S MAFR &% 7~7. RREEEIL, BRE
A= MFADIZB T 5 2.6[mm] TdH 5. (DR, BT RO EITIRER —
PERITH LT/ E <, 40PCI B S, 1 W HOREICBN TS, K-
N DARCCIREHIGAR DZETE IR & 72 & 72 2 & 343 hr o 7=, Figure 2.52 (28K
Wrimi D REEELY SHEICLIEERE T, BROMER b EMD)EREKETHS.

Figure 2.49 Total deformation of fuel end face in case (3).
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Figure 2.50 Axial deformation of fuel cross section in case (3).
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Figure 2.51 Radial deformation of fuel cross section in case (3).
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Figure 2.52 Five times the total deformation of fuel cross section in case (3).

Figure 2.53, Figure 2.54 (ZIG /] RO OT B A e md . WL S i KA ITIRR
AROFTH -T2, TNEIHKMEIL 6.8x104MPa], 026 THD. \WThd,
40[°C], S[mm/min]® 5 [3RFRER D H15F S TZHEHENS 7T 0.16[MPa] K& OV O3~ A
21 SHHET 2 EMUNTH Y, 40[°CEREEIZIH VTS HEIT K 2K O3
AEL7pNEBZ BN,
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Figure 2.53 Stress distribution of fuel cross section in case (3).
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Figure 2.54 Strain distribution of fuel cross section in case (3).

SAH(4) ; R 1 40[°C), ENEEE : 9.81[m/s?], RBEERIES) : O[MPa], #E
J7ra) c i, ABERER : 720(h]

Figure 2.55 |ZABHET I O il 7 M 25T & 2 /R 3. B AR — NN IR RO LT &
ot BRAEFET 12Imm]TH 5. ZOEEEITREERE & 600[mm]iZxt L
T 2[%]THY, WuNTHD. Figure 2.56 ([ZREHI OB F M AR EE2 T, i
REFEITIEE FIHOR— Mg TH Y, 29[mm] TH 5. FHEQ)E TS L8
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61[%EM L7, Q) LT 5L, FI3T[%UETF Lz, 2D &5 40[°C)
DOfEEE, 1 7 HOREIZBNTY, R— FORLSCBREH IR O ZE I X I
RBEBRNEEZOND. £, FMFEQODOFERERNS LIRENTZIEY, 40[°C]DIRE
IZBWTH, BE X TIER<MEZOTBNBREIR— NOEEEZMHI TE 52 &
D3 hyo 7o, Figure 2.57 (IZBREHE O 2A T &% SEIZ LR E2 7. BEO
fEENISREQ)RETH .
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Figure 2.55 Axial deformation of fuel cross section in case (4).
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Figure 2.56 Radial deformation of fuel cross section in case (4).
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Figure 2.57 Five times the total deformation of fuel cross section in case (4).

Figure 2.58, Figure 2.59 (ZJS ) R ONOT B3 A 27”4 WAL S S RAATERE
NETH o7z TRENRCKMEIL 10x104[MPa)], 0.39 TH 5. FHQG)FER, 5l
ABRAE R & i U TR N RIS T MO T AETH Y, HEIZ K DB
WEEIIRAEL2NWEBEZOND.
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Figure 2.58 Stress distribution of fuel cross section in case (4).
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Figure 2.59 Strain distribution of fuel cross section in case (4).

SMH(5) 5 TRFE 1 22.7[°C], EESINEEE : 9.81[m/s?], BREE=RE ) : 3[MPa], /]
Jrm o EEE, AEERH 0 0.5[s]

Figure 2.60 (ZRENGH O 2EEEZ2 7T, BER— N ORI KA & &7
D, EKREFEIL5.5[mm]TH 5. Figure2.61 [ZEREHTIENIC IS 1T D)7 AT &
Y. RREREIL 5.5mm] TH Y, W¥HHE K 11 [mm]PBRERR— R S 035
DI ZAE, BREHRE 2 LT 1.8[%] D TH D . Figure 2.62 (ZHREHET I
IZBIT 2R FMERREE ~T. RREBEITBEHOEHA— b TRz nT
1.9[mm]CTH 5. K— b AL 1.7[mm] & 7eo7=. ZOEBRITEC K DB
EEZEZOLND. A— MEEHOKTIX, 8 1[mm|OEFETH O, BB 5B
o EERENNS L 2D BREHHLDEIZEB W T, FEK 5.5[mm]DREZEL ) e
WENTZ. PR — R 60[mm]IZ %t L CTHI 8.4[%|DEALTH 5. REHHLEIZ
BWT, RFTHINC BEDOBLAIE &R L VI 20[% )R TT5Z BB L.
Figure 2.63 |ZAEIIRI O RETE &2 5 f5IC LR a2 md. RO L LT
VX, TS A3 E SIS o TRREFH UL T A~ 2, BRBEAR — M XL SR 1)~
ERL, Bl OERERD.

91



ANSYS

R19.0
Academic

0.00 50.00 100.00 rmrm)
I ]

25.00 75.00

Figure 2.60 Total deformation of fuel end face in case (5).
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Figure 2.61 Axial deformation of fuel cross section in case (5).
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Figure 2.62 Radial deformation of fuel cross section in case (5).
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Figure 2.63 Five times the total deformation of fuel cross section in case (5).
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Figure 2.64, Figure 2.65 (20 RO OT HpAi 2 md . WL s i KA IR
HFOEOR— FE TH 7. ZNE R KIEIL 68x10°[MPa], 0.1 TH5.
22.7[°C], 500[mm/min] 5|8EFERDY B 15 5 AV AEETIES 7T 4.4[MPa] S UMW ONF™ A2
1.7 LS 2 EMUNTH D, BEm & BREEFEBRRF O BREE T 35U CTRRB ORI 1356
EL7pNEBZ BN,
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Figure 2.64 Stress distribution of fuel cross section in case (5).
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Figure 2.65 Strain distribution of fuel cross section in case (5).

SHE:(6) ; IRE 1 22.7[°C], EANLEE : 9.81[m/s?], BRBESRIE ] : 3[MPa], E 7
J7ra) c i, ARGERER ;0 0.5[s]

Figure 2.66 (ZABHTIEIZ I 1T D87 AR &4 R BN — F Ok e K2
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LR, HREFEILS.SImm] THD. Figure 2.66 [ZEREHETIE 25515 2805
MEEEZRT. JRAKER i%ﬂqﬂ'wﬁ MZEIT D 1.8[mm]TH 5. #il K
OB G AT REITISRMEG) & 1F DERTH Y, $Hajim«®;ﬁjjf\o>ﬂf’%
W THDZENBEZHND. Figure 2.68 [ZREHI O 2L EEL 5 fFIC LT
ERERT. BROMEML, FEG)ERBETH-T.

0.00 200.00 400,00 (mrm)
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Figure 2.66 Axial deformation of fuel cross section in case (6).

-

Figure 2.67 Radial deformation of fuel cross section in case (6).
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Figure 2.68 Five times the total deformation of fuel cross section in case (6).
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Figure 2.69, Figure 2.70 (ZJG /) R O OT B AT 2 - T . WL S i KAEIIRE
HOEBOR— FHE Th o7z, ENE IR AMEIL 68x10°MPa], 0.11 THDH. 5
)RR, SRR OEONFER & T2 LB/ TH Y, e S REEFE
BRI OBRBEICH VT HREIOMEIIRAE Lt E2 6N 5.

ANSYS

R19.0
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Figure 2.69 Stress distribution of fuel cross section in case (6).
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Figure 2.70 Strain distribution of fuel cross section in case (6).

Sf(T) 5 RFE £ 22.7[°C], EESIIMEEE : 98.1[m/s?], BREE=SE ) : 3[MPa], /]
J7ra) c g, ARGERER : 0.5[s]

Figure 2.71 (ZHAEHETHEN IC 31T D & &% R T . REHR — F OB R KA TE &
720, BREHFROEBIZ AN WA &N NS oo lz. KA &L 5.8[mm] Th
%. Figure 2.72 |[ZHREHETIENZ BT DA &4~ T. RREEIL, BREHE
OB R — MEIZBIT D, 5.8[mm]THDH. FEOR— ME T 5.2[mm]DO%E
ETH Y, ML M ~OEBEITEEL TND I ENnnd. ZOEFIC
Ko T, BB — FRERITA 1L8[%HDT 572D, 774 N ABREERGORRIC
IR 2 B8 UGS BT 72 5 £ B 2 HALD. Figure 2.73 IZBREHST I
IZBTHRETMEREZRT. RRERETRETLHAR— FHEICEBNT
1.8[mm] TdH 5. AN— MamEOZF T, £ 0.1[mm]OEEETH D, BRBFH.L)
LRI D EERED/ NS 2D BREFRLEIZEB W T, B 3.6[mm]DAEZL,
R SN T, FIHIAR— MR 60[mm]IZxf L THI 5.6[%]DELTHD. Tl X
v, BT BEOMBILAIERERRL VN RW/IETFTT2ZE08EZLND.
Figure 2.74 2RI O 2L &L 5 FIC LR ERT. BFEoMEm e LT
X, &G ERETH S.
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Figure 2.71 Total deformation of fuel cross section in case (7).
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Figure 2.72 Axial deformation of fuel cross section in case (7).

0.00 200.00 400,00 (mm)

100.00 300.00

98



ANSYS

R19.0
Academic

0.00 200.00 400.00 (mrm)
L I ]
100.00 300.00

Figure 2.73 Radial deformation of fuel cross section in case (7).
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Figure 2.74 Five times the total deformation of fuel cross section in case (7).
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Figure 2.75, Figure 2.76 [ZJ0 /IR YO G AM 2~ W LS S KB IR
HOLEIOR— MHETH 7. ENENARKMEIX 68x10°[MPa], 0.11 THh 5.
22.7[°C], 500[mm/min] 5|8EFERDY B 15 5 AV AEETIES 7T 4.4[MPa] S UMW ONF™ A2
1.7 EHBT 2 EMNTH Y, 22.7[°C17H> 10G D7 T A FEREEICH W TREND
IEIIRAE LN EB X LND. ZOMBIIERMOG)EIFFERKRTHDL. 2D
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EING, AR ORE A ZIZBW T, BEHIE 2 51 2 4B A BE = 1)
MXERITH Y, IEEDREIOETAZ G2 2 B3I N THLHLEZALNS.
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Figure 2.75 Stress distribution of fuel cross section in case (7).
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Figure 2.76 Strain distribution of fuel cross section in case (7).
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SfH(8) ; IREE : 40[°C], FEFINEE : 98.1[m/s?], BREERE ) : 3[MPa], &/
J7ra) c i, ARERERE : 0.5[s]

Figure 2.77 ([ZAEHSTHIC B 1T 2 2E R EE =~ REIR — N OBRP R KL &
720, BREHHRLEIZRDWETEEDN /NS S o Te. i REEIT 6.5[mm] Th
%. Figure 2.78 |ZAEHTIENZ BT 2l T MATE &2 R T . AREEIL, BEHE
OB R — MEICBIT S, 6.5[mm]THDH. FEOAR— Mg Tl 5.5[mm]D%E
ETHY, I REFEENSFM(T)E i L TR [%BEMN L=, ZOEFRIZL - T,
PREHR — DRI 2% 45728, 40[°CIEREEICR TS 7 74 b AE
AT OBRIZIIREFER D 2B LRGN b5 B2 bivd. Figure2.79
(ZEREHETE S B T 2R A IMAE &2 7. RREREITBEHHLEAR— N HE
IZBWT L7[mm]ToH 0, REFLGEEN D & BTEEDN/NS 72D, BB L
BT D, BGMEREILSMT) S IRIEFREETH > 7-. Figure 2.80 [ZHREHET
HDOEEREE 5B LIEERE RS, BROMER L EM6), (T)ERETH-

0.00 200.00 400.00 {rarm)

I I ]
100.00 300.00

Figure 2.77 Total deformation of fuel cross section in case (8).
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Figure 2.78 Axial deformation of fuel cross section in case (8).
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Figure 2.79 Radial deformation of fuel cross section in case (8).
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Figure 2.80 Five times the total deformation of fuel cross section in case (8).

Figure 2.81, Figure 2.82 (ZJS ) K ONOT B3 A 27”4 WAL S S RAATERE)
HOEOR— FHE ThH o7z, ZNENHEKEIX 49%10°[MPa], 0.10 ThH 5.
40[°C], 500[mm/min] 5|9RFERD> &5 OV AEWTIS T) 0.66[MPa] K& UMW O 7
20 LHEET D EBUNTH D, 40[°C)102 10G D7 T A FEREEIZE W TRELOH
BlagAELRANWEEZLND.

ANSYS
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Figure 2.81 Stress distribution of fuel cross section in case (8).
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Figure 2.82 Strain distribution of fuel cross section in case (8).

2.42.2 FEM fENTRER F & O

Table 2.12 |Z FEM fEMT#E S A2 7R 3. $£ 72, Figure 2.83 (254 5~8 I2 BT D
KIETT-F R OT B Z M e R X IR Uiz, FREICIRAE RS, BREEFHEBREE, —
TA MNFRICBITLHEROE LDEFT.

RE R (R 1~4)

B2 AE L2 1~4 12BWT, WTFROLHICBWTHEF B DR K
ER&EIT3mm]LL FTH Y, dhimoRgRERED R2mm|LL FTHLH. EE
L, RFESNZH LT 34[%], 2[%]THD. BIFROEREEZ R/NIT 5729
2, WIRBREE N OME X CRET2OBHERIND Z En ot iz, H
[ E DOREIZENT S, FIRLL T DB ARE B A B0 Sk S 7220, BREE & i 1]
AR S %, O TIRT, BAGME O G AR EEZIZ 5 Z ENAETH
%. Table 2.12 725, &IV TIESIRRE(SA: 2, 4D FFHIES e O 7
MRENZ ERGND. UL, WS IZS L T 1100 4 —4 —, MEErO§ 7
IZ LT 110 A—F—28uNTh v, RERITIW TRRERDME T 5 Al et
Bz &Rz,

104



PRIEFEBRIF (SRS, 6) :

PRBE BRI 2 F0E L7540 5, 6 I2BW T, BT MOR KA EIE 1.9, 1.8[mm]
THY, M ORKEFELS5Smm] TH 5. FHGITBWT, (AFERE ST
LTHI2.2[%), 1.8[%]ToHD. MG THFMAEREL NEKIES), OFTHTTE
[FEECH Y, BBEFERICB N T, T—FBEEFANZ L DZRN/2NT &R X
ND. G, REFR— hJLERICE W T, BT BEOBREAIE &HRR LY
FIB[%IE T35 2 ENEZBID. Figure 2.83 5, WTFNLOSMAIZEB W T,
e RIS R O ROVE A%, BRS 11256 LC 1/10 A —2—, T O 202 %F
LT V0 A—=F =, BUNTH Y, PRBEFERIZI VD TRREMEEE S 2 TReME LK
WZ EDIRS L.

774 NG, 8):

754 NEBELESEMT, 8BV, BAMORKEREIT 1.8, 1.7[mm)]
THY, wHRORKEREIL 5.8[mm], 6.5[mm]THD. FHEMNITHBNT, &
FE TR L TR 2.1[%], 1.9[%]TH 5. BREIAR— FHLEIZB W T, R
HIEOREAVE &R E VK R[%IET T2 ER8EZI6ND. KIS LTV(6)
ENEWLIET S L, RREREOZERIT IImm]EAFTHY, 774 MZLD
B DRENEARIC 5 2 D BIIM/ N CTH D Z L Eniz. £, &G &4
&S5 L, 106G LLFTOT7 74 MIBWTIE, BREHEIRDSIRBEFZEREE
CIZIEFRERTH Y, BEHEIRZEL A ER & 3 DB 7 +—~ L A~DEET
WNTHDEEBEZLND. MEMHFIZBWTYH, AR ORKOT AL, ik
JETNTHRE LT 110 =4 —, WO I LT 110 A—F— & MuhTH Y,
10G LA T OFT EFEBRIZIB W TERRBIDMBEE 3 2 FTREME IR VW 2 &R STz,
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Table 2.12 FEM analysis results.

Maximum deformation Maximum deformation in  Max. stress  Max.

Case
in radial direction [mm] axial direction [mm] [MPa] strain
1 1.7 2.9 0.73x107 0.19
2 1.8 7.6 1.1x1073 0.26
3 2.6 4.6 0.68x107 0.26
4 2.9 12 1.0x1073 0.39
5 1.9 5.5 68x107 0.11
6 1.8 55 68x1073 0.11
7 1.8 5.8 68x1073 0.11
8 1.7 6.5 49x1073 0.10
L00F e )
o 40C
& [+ 30C
] |o 22.7C
g |v 0C
10 I~ <> —IOOC
- + 20C
Q,
% x -30C
= g o -40C
o 1F 4® Case5
> % A Caseb
— o | @ Case7
© oY Case8
0.1 i
1 |
v
0.01 1 [ 1 T B | 1
1 5 10 50 100 300
True strain [%]
Figure 2.83 FEM analysis results of case 5 to 8 on the failure envelope.
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25 F2EDE LD

2.5.1 LT RRBIOERMHE & SEYHEICET 2HR LB

1.

LT ZREOR—ZA LT AN THDLIAF LU RAFHEMET T X b=
900[%] LA EDOREZF L TV S.

MR 2N 872 5 4 D LT BREIOR KM OERIL 377[%| L ETH Y, T
T = ZREFO TR 1.5[%] & i L TREVWVHONSRZ A/ LT 5.
KA A A VEOUIBIRIC L D AF LU R T 2 h~D =T R
F~7 vy 7 REIEL TS Z ERNBESND.

LT BREIO L 5727 L v RN U ~ OG- RBIE O 2 ik ) 3 lr)s /) 2 3 i
T 52 EMEZ LI, BEVEMNGEE L OREIZB T HHEEDNIEAE L, M
JEINIA BRI OREED N LB THD EEZLND.
BEAERBRIZCBWT, NTT7 400 FANVKERF T L UBIETHEERIND
LT#460 O A EFEERIE DR S 7=, #460 OH235)5 1113 0.5~0.7[MPa] CTH >
7=

BEEICHWEIR T 7 A4 ~OFPRENC b LB sTEY, v
VHIRE R T T A < IR S TWD DM ORIIER & OGS LIRIE 72825 1278 o
el ENEBEZLND.

60[°CNNZ I T DREEIT T 7 1 A A NVEDIRFE AL A A VOGRS,
100[°CNIZ 31T D HEEE 1L & U U BHIE % OB AT 5-8HE D 52803 5 < Rk
Iha.

PEAE MEAT 5BHAE O b R & B 5 EEROWAHRE IV T, MEICRE 7
FEENINZ ENTREEND.

EREHZ IR X O, AT e S OS5 2 R L, RN 7Y
FeZry =2 ~EHPRFTE 5RBHINT 7 4 VANV K DF T b
RS CHERL S U7z LT#HA60 REF CTH 5.

2.5.2 LT#460 BRE OXEHRFIEICEET AR L EBE
10. LT#460 PREHIKEHMA B TH Y, ~ A X — 1 —T7 )5 WLF RO EHITIZ 1
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11.

12.

ZhC,=113, C,=112.7 TH 5.

EBEID, MEK =18 EBEE CTHELAE THY, =18 BELHX DL LW
M CTH D Z LR S L7e. ZulE, Mooney-Rivlin O 53K D B4
TEROEE B Lz, ZOHEKE LT, BREOF OO G E 0 A3,
IRV RBRICEB W TIE LT, —EDEMEEBE X D &0 TN TICRE S 2 <
7R EMESEIICE L B BN,

FIRFRER VD LTH460 DREKTeIiEHR AN DAL, LTHA60 23H1E & L TRNET D
il AN g W

2.5.3 LT#460 RED FEM fEATICEE T AR & &8

13.

14.

15.

RERZAE LTIERIFIZB DT, WTHLOFRMEIZE N T H ARG MO R KA
FHIL 3mm]LLFTHY, #iFmORRKEEEDS 2mmUL FThHDH. ENE
F, RFEEIITH LT 3.4[%], 20[%]CTHD. BAFROEREE F/NIT
LoD, WIREEP OHMESRECRET 200 NDL Z &0
oTo. RIS ORROT HIZENZEI, WIS 2x LT 1/100 4 —
H—, ERTOT BITHKT LT 1/10 =X — LU THh Y, RERHZBW TR
BRI T 2 ATREME IRV 2 RS T,

PRIGE BRI 2 A0 0E L 7= A I BT, BT M OR KA &1E 1.9, 1.8[mm]T
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BRICEBWT, BE—FREEFMICEDERNRNZ EDRHERIND. F&IE©5),
BREFR — R LBV T, BT BEOREAIE R L 0 #9 13[%]
TT2Z2EMEZILND. WTNORMFIZENTY, RIS LOTERKOT
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EWUNTH D, RBEFEBRIC W TREE D IR EE 3 2 FIREME IRV 2 & VR &
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10G TO7 74 MEMEELEFMHITEBNT, BEMORKEREIL 1.8,
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Wris 7312 %F LT 1/10 A—4 —, O3 A1oxt LT 1/10 A— & — LU T
&V, 10G LA OFT EEBRIC IS W TERERS IR 2 rIREMEIR VN 2 & 29R &
.
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FIE (KRR T R b~ ORREEFER

3.1 IXLBHIZ

ARETIE, LT RREIOREILIRRERSGZ B E L, BEAIC GOX &1 ]
L 72 100N ARIRBEFEER K ORI AN N2O Z 1 L7 S00N FRPRIESESR 2 St L
Too R E LT LT RN 7 M CTH 0 2k 24 L7z LT SRIREHI R L
T 100N RBRBERERZ FEhE L, FOREFRZILIT 500N #RABE IR 2 5k L 7-.
500N FRARBERERAGE RN 5 WIORT 7 74 ME—F ZXEl L. ek, A&
28T D LT RREL O AL 7 138k B3, EBRT — & i Tk ORI LA 6% D
Y. F T, AREICHIT D ERIEE OFEMII TS E IR

3.2 GOX/LT RBEEER

3.2.1 LT Z8REH

Table 3.1 IZAFE CHWD LT ZBREIOFERE - DOy % ~9. Nz T, Table
2.1 IR LT-#673, #674, #675 12O\ T HIRBEFERR 2 FhE L7-.

Table 3.1 Constituent resin and content of four LT fuels.
LT fuel No. #421 #462 #464 #460
Styrene thermoplastic elastomer 9% 9% 11% 13%
Paraffin-oil 75% 57% 53% 49%
Xylene resin 13% 33% 32% 31%
Stearic acid 4% 0% 3% 6%
Specific gravity 0.89 0.92 0.92 0.92

3.2.2 EREE

Figure 3.1 (2 100N #RABERR DM X 27”9~ BRBERITEICA V=0 7, |
KABREE, BREBES, B, 2 A —X, ) AV THERRE TV S, IR AL
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ARG, RBET AL, A s LKA T ICHER S S . BBEA 2 I
BB S AT eSS & Figure 3.2 24, MefbAlid GOX 2/ L7z, B kA=
$F a3 —27 4V 7 4 AEHWTHIFEI Lz, Sk ORI T E =Lt %2 2 X
SR U SUK FREHC B, Joliie 28— S8 5 LV BO T ABHE & it
T o2 L TIToTe. RARRERLAILE L 7 % OfiIlE & OFEER T — 2 ORIE
IZ(CK)National Instruments £1:0> LabVIEW Z FU 2. RBERE T2 1300 No &
fitfe LBk L7z,

Ignition fuel LT fuel ~ Nozzle case
i |

GOX I - » , = Exhaust

Injector Chamber Nozzle

Figure 3.1 Cross-section view of a small static firing test motor.

Oxidizer feed line Chamber

Ignition

wire

Figure 3.2 Experimental setup of the test motor.
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323 ERER - B

LT#421 O EERAE B3] %4 Table 3.2 IZR”7. £,
IZB W TENZENOBREMEZ 1B I E % S50 L 7=

e A LAV B T R D ARG\ VIR
L REREFETEIETSH 5.

Table 3.2 Example of static firing test results.
Experiment No. 1 2 3
Burning time [s] 5.9 5.1 4.4
Oxidizer pressure [MPa] 0.43 0.56 0.76
Chamber pressure [MPa] 0.28 0.36 0.50
Oxidizer mass flux [kg/m?s] 4.93 6.31 8.56
Characteristic velocity [m/s] 1,638.8 1,682.3 1,726.4
Fuel regression rate [mm/s] 0.29 0.35 0.45
O/F 0.97 1.08 1.23

K EERORBEREITA 4~6.5 B TH U, REHE 3R E o TV D 7 DR EHA IR
B OV VREHE EBRBERFRI N < 22 DL BRBEIE I3 X T 0.2[MPalll ETH
D, s AN A — MEIZBWTTF a —27 FEE2T L TW o, B A & Rix
5~20[kg/m’s] T v, HEIVKWEIR TOERTH S, ZHUTFEBRBG 4] LT
RIBEL DR IBEENRHTH Y, BRICEE LIKTE ), (KEERE CERE
AH— K LI Tdh 5. Figure 3.3 [CRBEEBRFFOEH 4 /R~
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Figure 3.3 Photographs of during combustion.

AR FEER C O AVE i R CIRBRBE S = /1 038 B B B (T 5 28 % T L
TWD Z EDyino Tz, Figure 3.4 ([ EHVAVE mpT R, FHEIREETE T &Y
PREL 1B B DBAfR 2R T

[mm/s]
2
.7 180
[kg/m?2s]
[MPal
Figure 3.4 Relationship between fuel regression rate, chamber pressure and

oxidizer mass flux of LT#421
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ZORER IV, #421 DO FHREME IEERE L R b AVE BT R, PREERITE ) O BRIT
G.HXTRENS.

F=029G,. B (3.1)

(3.3, Figure 34 o z2RET LK TH Y, RERE (R2fH) 130.8T
bbb, ZDOZ LD, BLAVE TR A5~20[kg/m’s], BREEEIE 770.2~0.6[MPa]
DEMETITHBIT D #4221 OBREMZIBHEZ THIT 5 Z BB THL. N7
Uy Ruady N OBREHE B BT IOk RIZ K D BB T~ D BV 2728 SRR Y
R DTDBEAVE BIRARITIKFE L, BBEEENC X2 ETTENE SN
TVDN, K LAVE ER BV T, KRICE DN OFENRRL 725720
JENZRET DARAFENE LD Z E PRI TEBY, RERGERERLS —ET
558)'

AT, WREHE IR O RS V) AHSkT-729, BRLAIE B RG,,~100[kg/m’s]
DO CTHEER A Fhn U=, PRBEEIE ST 1.5~2[MPa] & L7=. F£7=, BEHI#421
(2R X, #462, #464, #460 b [FIERIZIFEERZ Fki L 7. Figure 3.5 [ZBRBEFEBR) 5
B ONTBRLHIE S & BRBERIEHIBRE DO —B %2 ~d. £7=, BS L7k B
FE & WAL AE AR & O BAfR % Figure 3.6 (27”79,

10
8
S Oxidizer pressure
= i
E -t 4
S 4 -
N
L 4
(a9
2F |
I Chamber pressure -\ |
0 | ! | ! | . | .
0 1 2 3 4
Time [s]
Figure 3.5 Example of pressure history.
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@ 3 T T T T T T
g
g O #421
2 O #462
g vV #464
g A #460
2 ——#421
o I o —m-—" vV Q- #460
éo Paraftin
= (Stanford univ.)
B e e Bttt HTPB
%)0,5 (Sutton)
5
E 0.3 | | | | | |
30 40 50 60 70 80 90100
Average oxidizer mass flux [kg/m 2s]
Figure 3.6 Relationship between oxidizer mass flux and fuel regression rate of LT

fuels, Paraffin-based fuel*¥ and HTPB?.

Figure 3.55 0, BRBEENITRAKIZLDESE— 7 R32[MPal& 72, £ D1,
2[MPa] CZE LTZRBENITHON TWD Z L DNHERTE 5. LA EFRE 135
K & [RIIRFIC5.8[MPa] & Tl L, #HFOHIMER 2 RAETWD 23, AREBRTHWY
TWHBBEL X2 L—FORMETH Y, T OBRICITEARHE Z & I8 T 5
MerEsBE L, FHBLAEEREZ AWV COEmRIEAIE &R 2 R E LT
W5, #421~#464DLTREAEHZ, Karabeyoglu & (2 & 5 Paraffin-based#AfF D S5k
i RV & e LT, e K T59.3[%] DRREHZIBIREE & 72 > 72, HTPBEAEL & bhik
D&, RRTR2EDBREMZIREEZ R L, ERONA TV v Raly NRE
&L U TR WREMR IR E 2 7R 9 2 & SRR S uTe. #4421 E#460 DR EHZ 1B
W & R b AVE B R O BRI E 2 EhG.2)X, 3.3)HirT.

075G, " (3.2)

r =0.
7 =0.073G,, " (3.3)

NG T4V FANDERHS L, AF LU REFEET T 2 v~ O EE O
T & TERBIOMMERE & I 5 L IREMZ IR E DK T ABIE L=, UL, &
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HEEVWHA60 TH HTPB DF) 2 fEOMREHEZIRREZ AL TWD Z LR LN E
Tpolo. Fio, BBRE 2 A S5 T L BLAVE B AR S B e
BRI b bMNE T,

Figure 3.7 |Z#673, #674 OBRBEEBREREZ RS, 2O DOBREHIRB W TH X
Lo R 72 K OV TE LT IR BED MR STz, 0 FPLLRT D /7 A XX kI Wz
AN—=7 TAXIZLDHEXN7: ) A AT DH. Figure3.8 (2 LT ¥, HTPB, -
T 7 4 B OBREME IR 2R3, LT B O % IRIERE 1T 75[kg/m?s] T 1.18~
1.36[mm/s] T H AL, LT BB IBERE O 38, 2 bHIE &R T
0.24[mm/s]LANTdH 5. LT BB O FEJREHZIBEEE L, HTPB OF) 2 5 Th -
7o, W HIZE o THREINTVD KL HIZ, LTH60 OBREFR 2T\ flidfE o
IEFE IR 330[°C1 TH 5 . REMZIBEE L A T U > Kary MREFOXEE D
FHEARS4RIE Kobald 5 K ORI S 12 X » THE ST\ 5 0 60 223 3R
L7 L 91T, 100[°CITD 4 D LT BREFOAREEEITMED ATV . BRIGE - OB b
JEIRE X 100[°C]%:E7LZ>7‘:&> MEOMITEWEEESND. LIeRn->T, 4D
O LT BRELOREHZ BRI A BEEZDBE SN NPT b DEEBEZBINLD.

Oxidizer pressure I-‘

Pressure[MPa]

Chamber pressure

L P L L
05 1 15 2 25 3 35 4
Time[s]

(a) #673(T,=2.5, P,,=4.5, P.=1.7, G,,=54, 0/F=3.3)
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D O 93 &©

Q? Oxidizer pressure i

)

o4l .

‘é i

83 ]

£50 ;
1 B /(;mber pressure&“‘ ]
O n P

- | I I B 1
1-050 05 1 15 2 25 3 35 4
Time[s]

(b) #674 (T,=2.2, P,,=4.6, P.=1.8, G,,—86, 0O/F=3.3)
Figure 3.7 Pressure history of LT#673 and #674.

e #460
A A ® #673
A #674
A #675
+——HTPB
1 (Sutton)
T ---Paraffin
1(Stanford univ.)

Fuel regression rate [mm/s]
I
|

] ] ]
0'%0 60 70 80 90 100
Oxidizer mass flux [kg/m 2s]

Figure 3.8 Fuel regression rates of LT fuels, Paraffin-based fuel*¥ and HTPB?.

Figure 3.9 {2, LT BB}, HTPB, #3777 ¢, #iF 77 o ORMEPEREE %
1. HIPB, /XT 7 4, 777 ORI EEIL, NASA-CEA 71
7T DX o TREAE Lz 90 3HESME, 7 AVOBGSD, BREEEE T 2[MPa),
R LA GOX & L7z, LT BBt ReEPESGEE L, O/F=32 T 1,392.8 5
1,494.5[m/s] & 72 o 7=, LT BRELORFEHERHEDIX S D &1L, & TD OF &£ T
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283.4[m/s]LANTH -T2, T 7 o F 77 0%, BAHTZ 0 ICRFESATW
HIRFE L IKFEDOE, BIOEMRENELIL THBY, Figure 3.9 (2~ T Lo,
AR 1T VMIE & 72 5. LT2d o €, BB 1 LT BB 0 Bk G

JEICREREEBEEZWEEZOND. 4 DO LT BREIORHEPEXGERE 1,

HTPB, /X7 7 1 ', 777 » OB EHE RS & g L TR 80~90[%] Td -

7.

,;,2000 T T T T T T T T T T T T T T

g O #460

= ® #673

81500 7 A #674

2 f A Al A #675

o - oC® o —HTPB

z ot A r---PARAFFIN

g 1000f 1—-—NAPHTHENE
S I

S i

5 i

L | L | L | L | L | L | L | L
5001 1.5 2 25 3 35 4 45 5
Ave. O/F
Figure 3.9 Characteristic velocity of LT fuels, HTPB?, pure paraffin and pure
Naphthene.

3.3 N>O/LT BREE 28R

ARFEBRITHETT 100N FRABEFER ORE R 2 KU, FREANZ N2O, JABHZ LT#421
PREE 2 FHVNTHES) 500N Ak DPABESER 2 i L 7=, #421 2% E L7 & LT
1%, S00N DA T Uy Ralry NE—X TRE L 72 H0EHOE 1% 300[g]f2
EThy, BESENTE > TBREHERNBFICE(LT 2 Z LITAE S
& T, LT RRE O Hh THA21 23 b w%ﬂﬁ< HEZRLTWNEZNHTHD.
ARSEBR TIL IR BHME IR, HET), FrtEPEREE S, 7 74 M E— 2 EhHaK
DOENDHNRTA—XDOREEZBHE L.
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3.3.1 EBREE

Figure 3.10 (2R BEss OWrE X 2~ 3. BREESRIT, 1Y =0 2709, F
74 A, 2BEME(T T AT LY, THEWRE, RBESE, BB — Y v,
BREN ) Zv, ) AN — A TR STV DL BRAEANTX R[S, REEH
21X AV EEE UAANCHEH S b, BREEA ¥ v RICERE SR Eiss %
Figure 3.11 (/" 7. F£72, SREHAW 4 FEEHOMREES % Figure 3.12 (27, 72
B, ESENBEO GBI NTE L TWABEATIZIR—2 T4 FTHrELL 7=, Ak
FHEIL 322 TR LI FIEEREETH B.

LT fuel Fuel cartridge =~ Nozzle

>
Orifice

Double pipe seal plate

N20

Exhaust

Injector flange

2

Nozzle case

Insulator Chamber

Figure 3.10 Cross-section view of a 500N thrust class test motor.
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Oxidizer tank

i Launch stem

(Double pipe)

T S — —

Py | O\l

al

Figure 3.11 Experimental setup of a SO0N thrust class test motor.

Initial port diameter: 25 [mm)]

LT#421

PMMA fuel cartridge

l

Fuel length: 130[mm]

Chamber length 200 260 300 [mm]

Figure 3.12 Schematic diagram of each fuel cartridge length.
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3.3.2 EBRHER - BE
Table 3.3 |Z BTG R p 2~

Table 3.3 Example of N2O/LT#421 static firing test results.
Experiment No. 1 2 3
Burning time [sec] 1.7 1.4 1.3
Fuel length [mm)] 122.3 127.1 124.0
Chamber length [mm] 200 260 300
Max thrust [N] 4714  668.2  705.1
Average thrust [N] 284.8 332.4 341.4
Total impulse [N-s] 477.1 449.7 458.1
Max oxidizer pressure [MPa] 3.52 4.62 4.93
Average oxidizer pressure [MPa] 2.81 3.51 3.72
Max chamber pressure [MPa] 3.39 5.00 5.15
Average chamber pressure [MPa] 1.84 2.11 2.29
Average oxidizer mass flow rate [g/s] 160 182 182
Average fuel mass flow rate [g/s] 28 33 41
Average oxidizer mass flux [kg/m?s] 231.1 270.7 254.2
Characteristic velocity [m/s] 1,170.0 1,172.9 1,226.0
O/F 5.7 5.6 4.5
Average fuel regression rate [mm/s] 2.77 3.14 3.90
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Figure 3.13 (ZABERF O B E A 7R BREF OKRITLE LTI, BHEREE
IREh 72 1T R S 72y o 7=, Figure 3.14 [ZBRBE=EE /1B, Figure 3.15 (ZHES1)E
JiE %79, Figure3.15, 3.16 H, BREEE DK D 130[mm]D#EF: % FHE, 200[mm]
DFEF A B, 260[mm]OFE R Z 34, 300[mm] DR R 2 Trd.

Oxidizer tank

Figure 3.13 Photograph of during a working hybrid rocket motor.

Chamber pressure [MPa]

Time [s]

Figure 3.14 Chamber pressure history of N2O/LT#421 as firing test results.
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Figure 3.15 Thrust history of N2O/LT#421 as firing test results.

RKIZBIFTH Y, NoO Oftks & RIRRZEVRBER NI EHESIDOSES B D
MBI, UL, 2 BEMEOEEL YL ETOM, mAkTA XY DA/R—
I L0 &AL LT & SR O GOX & 23REE L, BREREZ OBREE T A DNTIE
KEJEDIRE TRBEENICTT T 5. £ 212, B{LAIZ v 7 ERBEEN O 7%
IR EUVVIRFET NoO DNRBEENICIEA L, 8D N20O & NEROBRENE 2 DIk EE
HAEDRE L —EIRBET D12 RERANSNL I PNBEISN-EEZ LS.
LL, ZOENE—Z7ITEEFHE LD HIRVMETH 0 BREEER O LM RE
TN EHW Lz, E2, Ne Y O, #iEFIEEICFLTCrr Y RO
MEEENELS, BMERKE 28RN S L. TOX 27 lr vy NOYE, &
WIS O =227 U F ¥y BHEEZED, Zokhe sy NORMCTHET
L. PRBEFE N R S R, BTRBEE ORI O E, 1R 2 12N
R d 5. HEJBEE S [FERICERBEE K S OHINC X > THAMEMIZH 5 723,
260[mm] & 300[mm]DEAITIEIEFREROHES) & 72> TV 5. Figure3.16 [Z#EHE
RS R A3, BLAIZ N2O I L2 &2k GOX LA AV 7=
A & Ll U CRRBHE IR B O DR S 4L72. LTHA21 & N2O ORREHE IRIHFE
THXAGBAHATRT. UL, B bAVE &3 Ra 8 B e Al Isd S e
odz. ZHUE, ARELEREL O REMZIREEE R = b LA v A v N BLB (Figure
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LIOIZHE DN TS Z ERERKE LTEZLND. KSRt O F LA v
AV MBS L DA IR 13 NG SHITR T X 518, BRI ) R O LA
B O TR & EERREOREEE - KR OREHRHEIC O BKAFET H 2 &
MHE I TS 3D Bz, BEAIOREIC X > CTEREAVE & R iE 3281t
LRNZ ENRBZHND. BEHMEZIREHEDRK 8[% KN L-Z R & LTI, Bt
FNZ L > THIEAVKRIBENZLTHZ L ThHDH EEZOLND. BRILAIZ GOX &
L7236, i O/F, BRBESEIE ) 2[MPa] Dk, BREGITEVAK JIRE 1L 3,554[K] TH
B, RS CTEEAIZ N2O & L7ZBRIE 3284[K]THD. Z DO &b, BRE
F IR SN D KKHD D OB DI X o THREHMZIRIEE E 5N A
fbL7-LHEZEIND.

“ 5 7

g _

£ | o #421/GOX
> A #460/GOX
g - —#421/GOX
S - O #460/GOX
@ Paraffin/GOX
e (Stanford univ.)
& 1 H ----- HTPB/GOX
= . (Sutton)

& 1 ® #421/N,0
o | —-—#421/N,0
305 - 2

£ i

= .

I
wL»J
S

1 o 1 1 1
50 100 500

Average oxidizer mass flux [kg/m 2s]

Figure 3.16 Fuel regression rates of LT fuels, Paraffin-based fuel*¥ and HTPB?.

7 =0.065G,, % (3.4)

Operational parameters

/ (Pressure, Oxidizer flux)
. PShP
Ment X~

e (3.5)
l — . .
Material properties

(Viscosity, Surface tension)
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Figure 3.17 (2R EABE S & & & FpPEHESOEE O BAGR, Figure 3.18 (ZHLZERERY
720 ORBER R & & FrEPERGRE O BIfR 2 R T, HARERY 7o o EE R XL
113%(3.6) Tk 7~

Le=Ly
Ly

L= (3.6)

Ln 1oL &, BRI LR SOGBBREERS THLH I LARLTND. LT D
S RAN AV Y S S e %ﬁ”&*ﬂri‘%@@?ﬁﬁﬂgﬁiﬂﬁi}%%%ﬁ ik S LD Z LA
SICE TR SN TND D IS, WEkERs ) Xz idisd 5 £ Ticadk
TORPERTF RN HE & 22 5 B EE R R S L m]IEGB.7)TROHN 5.

=2 (3.7)

Z 2 TCVITRBESRARFEIM®], A% AWM THDH. LD PRIE S
NEBKRE L,  ZVEEED /NS WG, DF Y kﬁz*ﬁr?ﬁﬁﬁ”ﬁﬁﬁ% J Z)VETD
PREEDS WS TH mEL & 72 D ARRELSBRE Tl EHMZ iR 22 & /) AV E TOR
HE ) ORI N BB T D728, ARBFFETIIL & IIZLTHRHET 5. Figure
3.17, 3.18 /75, L*=0.8, L=0.4 T TIZRMEHELGEE DOEAS 324[m/s] & FEFHIC
INEW, LL, L*=2.0, L=0.5~1 (2725 & Rt PERGHE N2 B L=,
L>3.5, L>2.5 £7020 ERREPERGEE MZITRUZ VN & 720, BREBESERETEN B -
TmEEZBND. M5 BETHRT, LTH21 ZHWT=7 7 A hE—X% TIZLH 2 LA
FiZ72 5 XD IEREH R e LT-.
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Figure 3.17 Relationship between characteristic chamber length and characteristic
velocity.
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Figure 3.18 Relationship between chamber length rate and characteristic velocity.
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34 BEI3IEDELED

3.4.1 LT RIRELOBREL BB E K ORFEHEREE BT AR &
g2y

1. BRLAVE EFERDY 5~20[kg/m?s] D & FH CIIBRIGE S [T J1 N EREHZ Bl FE 1252
BERKIELTWDZ ENGghnolz. "A T Yy Ralry hOBREHME IR E X
IR LA BIR AW T, KRIC K DIEF ORENR L 72 D 72O %t
TORGEMENEL D Z ENRIBINTEY, RERGERERS —E L.

2. #421, #460, #462, #464DLTHREREHZ, Paraffin-basedEE0D FERHE IR & bhig
LC, IKTS3[%]|DRREMEIRRE L 72~ 7=, HTPBRAEL L i35 &, %
RTHRI2SEDOBEHZIBEEZ R L, ERONAT Uy Kl y MREE I
1 LT O EMZ IRIEE 2R 2 L SRR S T

3. NI T4FANDEERD L, AT L RAFMPENETT A v ORI
T L TRREIOBIRE &2 TS L REME I BRE DR T ABIE LN, L)
L, IbAV#460 TH HIPB OF) 2 fFDOMREHEIBEREEZ A L TW\DH Z &0
BB E 720, BEAOTRE 2 A S 7-356 T LB LAVE B R Fe 4 3 Ba

IRRCEENTRNZ E BB E IR o7,

4. #460, #673, #674, #675 PREI O FLIBREMZ IBH 1L, HTPB DK 2 5 TH Y,
PREHE B ATIE DIE MT L 2 BREHE IR O PR 728 W IR S e o 7.
LT#460 OB TV AR E OIR L I35 330[°CITH 1, BREME B &
AT Yy Ry MRELORE OGRS HE ST 5. 100[°ClIZ
BIFD 4 DO LT BREFOREEIIME DSV, BRIGET O BREF 0D il ikt Jeg Ve B 1
wwq%ﬁiék@ MEOMEITEWEBESND. LI ->T, 4 OO LT
PRELDRE IR I BADBIE SN R oo b D EE X bID.

5.#%0#@3#@4#&5%ﬂ@%$wx M ICPRE TR E BT S e o
T NTG T 4 e F 7T UL, L H T D ITRFF STV D ERFE L KFE D,
BEROVERBMARLIL TR Y, HimfrtEeREE IV MEE 72 5. Liehio
T, BROBHEIE LT BB O R HERGEEEIC R E g B2 5 2 7o E X b
5.
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6.

FR{bAIZ N2O & F % & GOX AR LANC W 2356 & bl U CRRBHZ IR FE
DD DTS ST DS, B EAVE B R RSB R 2 bITfER S e o
7o KRB O EMZ B E RN = M LA A 2 FERRIZHE SN TND Z
ENERE L TEZOND. KERBREI O h LA A2 FBIRIZ X DR
FIZ 1B 1 IIRIGE =8 T 77 o OV AL AIVE B R 00 FEBRSAF & B Bt O R -
REES OB EICOIMELFT D Z ENME SN TWD. Bic, BILANC
Lo TRLAVE ERMAEEITZIL LW\ E 3B 2 D, ML IREFE 3
I 20[%ME N U722/ & LT, ERfbANS K - THWrBVKRIBE DN ZLT 25 2
EThDHEEBEZLND. BLAIEZ GOX & Lizia, BRmETEVKRIEE X
3,554[K]TH D03, LA 2 NoO & L72BRIZ3,284[K] CTHD. 2D Z &b,
PREFRIENZTE R S 5 KR D O OEJR R D 2 HIT L o TERBHEZ 1B E
BNBAL U= SRR S5,

L*>3.5, L>25 L7250 EREESGHEE DIFIFARIT N E 72 0, BREESERETEDS &
FoltbExbhb.

128



HAE  ORHRIBEEE K Ot EE D 1) b

4.1 XTI

AREETIX, LT RREIOBREMZIREE & O GEEE oM L2 By & L, B2
EANZ GOX A U 7o B b i Rl i Bk e SR K OV (B AT GOX, N20 %A
HLU, BRBEERNIC NNy 7T L— N EikiE LT BRBEER A e L=, k5L L
LT ZREHI 2 I CTH Y, GOX MEEIFiAARE SR Tld#d60, Ny 7 L7 L— |k
TRk LTI Cld#d2l A L7, REOEEEZRLIEZ ANy 7T L—
;& O TEAEANZ N2O & W/ e ey TS BITRIEEZR 500N RBRIGE E
Braiii L, Ny 77 L— ML BRI E OSE R L. 2B, K
BT D LT RIREIO AT 1E Ak B.3, EBRT — & T L O G 8%
DIZ/RT. Fio, REIZRIT 2 FEFIEE OFEMIT R E IR T.

4.2 GOX JE[EFiTIE— & PRIFESEBR

AEITIE, LTH#60 BB A2 KA — 2 |25 U 7= BB B A 1) 45
7212, BRLAIBERIE 2 T2 R BE 52k 2 55 hE L, BR(LAIBERI 2 LT#460 D -
PR 1B IR E N VR PTREHS IRE 2 5- 2 D B A RE LT,

4.2.1 HEEREE - &5

IRBERs M QAR A U — )L (Geometric Swirl number : S;)7s 37.3 DEElFEA >
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2D 77 VORRHFR» LM LIEEINA > ¥ = 7 XL > THERIMB 7
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RIZEFE[M] Vypy, 1TA Y =27 ZH OB D7 R L A [m/s] TH 5.
AT ZEFOBRITIAT v PRI RS /X7 A —F L Lvgg X Dy &
PEE, TPIRA T — VA IRE LT, RFZETOIRIR AT — VS, 1% 9.7, 194,
373 Tho. ERPEHEBIZAY 7 4 2 LR CHIET), BREEEET), #HE,
WHBHTH 5. K ITTIEKRNERO > — 7 o R e O TR 5 7E1T 3.2.2
HEFEKTHD.

Chamber pressure and
Swirl injector PMMA fuel cartridge temperature pick up port

Tangential feed

Insulator P, T
N
S = i Exhaust
s T
A
\ Optional value N
330
IS 7~
| 475 Unit: mm |
Figure 4.1 Cross-section view of a swirling oxidizer flow type hybrid rocket
motor.

Figure 4.2 Swirling oxidizer injector. (S3=37.3)
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Table 4.1 Experimental conditions.

Oxidizer mass  Chamber pressure  Fuel length Burning time

Sg 2
flux [kg/m?’s] [MPa] [mm] [s]
0
9.7 80, 200,
30~90 2~3 5
19.4 320
373
_ Angular momentum flux MoxUgoxR Ugox
S, = — — = = (4.1)
Axial momentum fluxXRadius MoxUxox'R Uxox

4.2.2 EBFER - BE

(1) IR AR

Figure 4.3 I[ZJZIR A U —/10,37.3 IZ81F 5 LT KO PP OB IRHEE 4 7~
PP DIREHMEIRE I 2 Z IR 64)70 B I L72 b O TRl U BERS T8 L 72|
T 5. LT REOREHMRIRE T ZERATR OB SN ORDTZ. §5=0 1281 %
#460 DIREHMZIRHEEILS,=37.312351F 2 PP OBREHZIRIRE L RS TH 5. £z,
S,=37.3 123\F H#460 DIREMLIEE L 1TS,=0 DA L L+ 2 &, K129 fFTh -
7=. %Sg BT H#460 DPREMZ IR E U2 LU TR

Pls,—0 = 0.048G,, (4.2)

——0.786
Fls, =373 = 0.103Goy (4.3)

B AVE B R O n 1321 0.709 K21 0.786 TH - 7=, T UIRERBRE
@#ﬁ@z 0.8 12T <, IEBHEEBE UBIABEIC SV T e e B2 Hid 19, 5,=373
BT % PP ORREHZ IR EILS,=0 OBBHZIBHRE DK 2 f5TH Y, §,=37.3 I
X DIREHL IR FE DB INZR 13#460 D7 @ T2, BREAIERERANA 7Y
Ra 7y MZEBWT, FERED 207 17 O b AE FE 23 B b KOs 2 iR
AU Ko TERBFRTRRER OPRBHMZ 1B EE 3 ) B3 5. Z AT bl o)mmznﬁﬁ
B2 S8, BBREL< ORI ARELZHENSE 2 2 & TRV
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END. BALAREREGE R ANA 7Y v Fu by MBI D ERSENT, WIRE
PAJE T NSk S D WTREMEDNE . LD, Figure 4.4 128,=0, 37.3 (Z81T D4
BEt% OB R 27, Figure 4.4 [3MABER ORELZ PMMA BAEH T — R U o
PHHRAL, HELE 1 2ErCOl UPEIRICIZT IR Lz, BRALANTEE L5
172 & EAL72. Figure 4.4 7225 8,=0 (28T, BREER, It O AR ER IR S N
N=DIZ Lo T E N, FIRMOBEHC OBIENME LI EZbND. £z,
FRALAI A &R TRE T T TER S L7, $,=37.3 12V TIiE, MbH DifiiL
TN AT 25RO DS TERL S A, BRALAIRERIR AN A LB Ok J O, PRBER H
FEDPRZMHE L TN D Z L2535, £z, 200[mm]DRREHR: S BIRIZHE - T
FOTGEOWBEE SN TE Y, RREIFEAREHE T ETEEL TWD Z &M
N7z,

. 5 | 1 r T T T
g I = 0.103G279
.._E_, I 9\/(@/0
8
e I 6/./. E
S u ]
S r y
20,5 ]
v [ O LT Sg=373 A ‘
= | @ LTSg=0 * = 0.048G27°
T[4 PP Sg=37.3 T e
LL‘O. A PP Sg:() | | | | |
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Oxidizer mass flux[kg/m 2s]
Figure 4.3 Averaged fuel regression rate of LT#460 and PP® at S,=0, 37.3.
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/

Figure 4.4 Fuel surface observations after firing tests. (Left: S;,=0, Right:
§4=37.3)

Figure 4.5 |2 S;=0, 9.7, 19.4, 37.3 (ZH1F DREHE IR E 2R T. §,=9.7, 19.4
DERALHIE Bt R 60~80[kg/m?s] T Dt Bl G,,=30~50 DRI 1B 3E B DfEH ) 2>
Sl LR W R E o7, ZOHERE LT, KRBT TIT 2 72Goe= 30~
50[kg/m?s] T1T > 7= R TIL, BREHE X 80~170[mm]IZ%f L G,y= 60~90[kg/m>s]#t
FH O FR CIIREHE: 205, 323[mm] TH D728, REMEZEIZIT < IZ 2R LAl
FEEIRE D BN L, FHOBRBZIBEENMET LI D EEZOND.
Figure 4.6 (ZS,=19.4, JAEHE & 323[mm]DIABER ORREIE i 4 7~ 3. Figure 4.6 7>
S RRBFRITRE 2> 59 200[mm] F COBREIRENZIZMMAAT D, LA MM 2 e
ARV, BRBRER i O MM X ER L AIBERIEIC K D Z & 28 Figure 4.4 22553 o
TEY, FEEVEOZEDNREEZBIZIM D D IZEWHE L TV HHENER T
L. P T, BREHR DY 200[mm] LA D FEERFE RAZ I\ TR O RREHZ 1B EE MK
{TgolzeZBZ2 5. BURSHTIC KV RDIEIR A T — VLS, HEMERIE BT
WGy, REHR S L 2 B8 LT RB R IBE 1 2 A (4.4) I 7R 9 (FEIRE I R2=0.92).
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Figure 4.5 Averaged fuel regression rate of LT#460 with S,=0, 9.7, 19.4, 37.3.
Cradizer floww
/N
Jnﬂ-‘mnem form
Figure 4.6 Fuel surface observation after firing test; S;=19.4, Ly=323[mm].
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Figure 4.7 Time-averaged local fuel regression rate at S,=0.
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Figure 4.8 Time-averaged local fuel regression rate at S;=37.3.
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Figure 4.9 Example of local regression rate of head and rear regions.
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Figure 4.10 The relationship between the local oxygen mass flux and the local

averaged fuel regression rate.

Figure 4.11 (2855=0, 9.7, 19.4 (Z31) 5 RFTAEHE BEE 2 7R3, X (LA
HETTHR Gy [kg/m’s] L O P [MPa]iZ M TH 5. Figure 4.11 72 58,=0 & Lk L
T855=9.7, 19.4 DRERHEITZB1T D RFTEEHE IR EE DS T8 - TV 2 & H3H
REND. ZOFERE L TUIEMERABORENSEZEL D EEXLNS. Gl
MBESE NI E L & D L ERE R ERBER R & OFEREN —E LR, BT
BHEIBEE N —E L 725 . Table 4.2 ([ZBREHR & 349 320[mm] T D EXJREHA
TS DSREHR MR (G90[mm) T2 L 7= EABE LI OE R A U — iz BT 5
AR B A Lol L7z, §,=9.7, 19.4 IZ3U\NTS,=0 & i L TRREHR 23D 72 <
S,=9.7 IZBWVWTIE, FEEEEITH LT 22[%]DBREIEREERIG L 8D, 20
ENDIREHE SITRHE L2l 2Rk A U — V5 2 8IS 5 2 & TEkEHZ R
HWENDRERED DI A 7V Falry N P U OEBINFRETH 5D
ZEDRBENTE.
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Figure 4.11 Time-averaged local fuel regression rate at S,=0, 9.7, 19.4.
Table 4.2 Comparison of unburned fuel amount for each S; when fuel length is

approximately 320 [mm)].

Volume of unburned ~ Weight of unburned ~ Weight of unburned

fuel [cm?] fuel [g] fuel [%]
Sg=0 113.86 105.62 7.5
Sq=9.7 34.01 31.56 2.2
$,=19.4 71.91 66.73 4.7

4.3 FetEdFRUERE DA L

RS ELE W Tong 7Y Ka sy hOYE, 332 BCORLZEY,
L UTEBRBI D RIR D F E ) XA~ S0, RFREPEROEEIC 72 2 2 & 3R
BThoD. 22T, Ry TANTL— N EMTINDEEO R AT 2RO %
PRBHME FICRET 5 Z & T, / AVE COHEERIGERE 2 051F, BB BB =
R 2 95 2 & THRMEHFREE 2 BT 5 2 LR ARETH 5. AWFFE T
DI, GOX ZHWTAy 7T L— MR BFHEEROE I 52 5 228D
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— X %79, Table 4.4 IZFEBREMZ AT, Ei#l Iy 77— a2 AT
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Figure 4.12 Cross-section view of a test motor with a baftle plate.
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Figure 4.13 Photograph of the test motor set up on the test stand.
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Figure 4.14 Four types of baftle plates.
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Table 4.3 Specifications of baffle plates.

Diameter at each

Baffle plate Area of all holes
No. Number of holes Initial port area of fuel holes
[mm]
#A 3 0.94 14
#B 6 0.96 10
#C 18 1.04 6
#D 1 1.00 25
Table 4.4 Experimental conditions.
Experiment No. 1 2 3 4 5
Baffle plate # (No. of holes) - A(3) B(6) C(18) D(1)
Chamber pressure [MPa] 2.0
Initial fuel port diameter [mm] 25
Burning time [s] 10

Initial nozzle throat diameter [mm] 5,07 506 510 5.06 5.06

43.1.2 ERIEE - EE

Figure 4.15 |[ZZ IV EN D FEREMC I T DI ENEREZ =3, K BRECIT A
TEFRBEEENZRL TS, WTNOFMFIZBN TS EFRBEEENITK
X IR FE R IHERR S 72 o 72, Figure 4.15 HO(b), (c), (AT CTHRBERIAAH
S BN OIRBEEIE O TR SN, 20 3 DT TRy 7L L—
FaRELEZERTHD., ZOFERKRIT Avdzo—Va  All3250THD.
—J, Ny TNV TL— AW oT, b L ITRER — MR E R LD RN
BV TN D T30 L 7= (a) L DN ) B TITRBE SR T /) OB N2 fesd S 7=,
Figure 4.16 |ZHERFIHE D O ROTRBEEE ) BIE 2777, RBEIC L 2 BB
FEOYLKR &, BLFIVE BRI OBD DMEIE Tty & 72 0, BREESEE I ITAE0 N 728
DEME 72D, ZDOZ LD, EBREM 1 KO 5 TIHEEREL LIRS ) v
ESZ LI Lo TRBEEIE DI LT B 26 5.
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Figure 4.15 Time histories of the oxidizer pressure and bottom chamber pressure.
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Figure 4.16 Theoretical chamber pressure history using the averaged regression
rate.
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2, J A A — NSRRI BT 5 Z & TAr— MEDRERS R, BRESE
JENBEMLTEb D EEZZ b5, RFERIZEBNT, 7 A 2e— MRITK
Smm]TH YV, Ar— hOILRKPRBEREIENICIREICEET S, ZO/RENG,
LT REID X 9 72 KR SR e %2 7 AV ORINCELE T 52 & C, /A vzr—Us
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Immediately before
combustion end

<

Immediately after T+9.9 [sec]
combustion start
T+0.1 [s]
Flame containing the
unburned fuel
Figure 4.17 Exhaust flame of test No. 1. (Left: Immediately after combustion start,

Right: Immediately before combustion end)

@ «—— LT fuel —>

Fuel is
Liquefied fuel = i «— Baffle plate
—a accumulated

/ AN
The nozzle covered
with liquefied fuel

Unburned fuel

#1 (without baftle plate) #5 (with baffle plate #D(1))

Figure 4.18 Schematic of nozzle blocking by the liquefied fuel.

Table 4.5 Average nozzle throat diameter before and after the static firing test,

and nozzle erosion rate.

Experiment # 1 2 3 4 5
5.060 5.104 5.057 5.058

Nozzle throat diameter after test [mm)] 5.181 5.969 5490 5.064 5.063
0.005 0.045 0.019 0.040 0.000

Nozzle throat diameter before test [mm] 5.071

Nozzle erosion rate [mm/s]
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Figure 4.19 Relationship between the number of holes on the baffle plate and the

characteristic velocity.

145



6 7 8 9EN

#A3) | #B(6) #C(18)

Figure 4.20 Photographs of the baffle plates after the firing test.

Table 4.6 Holes diameter and erosion rate of each baffle plate after combustion.
Baffle plate # A B C
Hole diameter after Hole of inside 8.283
) ‘ 14.30 10.44
combustion [mm] Hole of outside 6.042
Hole of inside 0.11
Erosion rate [mm/s] 0.02 0.02
Hole of outside 0.00

Qutside holes

| Melted LT fuel

Inside holes

Figure 4.21 Picture of baffle plate #C(18), which has just been taken out after

combustion.

Figure 422 |2 PMMA BUREL D — N U » P OBRBERE AT OVRBEE &% R T .
Figure 4.22 DEE I Z NI/ Ny 7V T L — MAQB), #B(6)DEERIZMHEH L7724
Bt —F Uy PoBImEm TH D, BEt— U v PoEREREIZ Ny 7V
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|

Baffle plate #A(3)  Baffle plate #B(6)
Figure 4.22 Photographs of the firing test using baftle plate #A and #B on the

downstream side of the PMMA fuel cartridge after combustion.
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Figure 4.23 Schematic of fuel and oxidizer flow at baffle plates #A, #B and #C.
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MUTSE, BELE Ny TN T L— NETTRBEN 2B T 5 2 ERB b1,
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Figure 4.24 Relationship between the number of holes on the baffle plate and the

averaged fuel regression rate.
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Figure 4.25 Concept of the hybrid rocket system of high regression rate, high

characteristic velocity, and low nozzle erosion rate.
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ARETCHH LTRSS L 33 E TR LB DO ZFEI L TH D, Figure4.26 |2
Ny 7V T b— K, Figure 427 12— MU v DIy 7V 7 b— N iiE LT BR
DEE A7 REBRIT 6 [B1FhE L=, TNENDOFIERSEM% Table 4.7 1T/~
(AL N2O, PAEHE LT#421 TH D, BRBE=R S 120, 200, 260[mm]D 3 D%
HEL, ZnZEh Ny 7LV T b — MABEOERZEM LT, V74, /AL
BEDO/NRT A—=FXF—Thd. BEHRE SOV TITRE REO ik FREEN
AT DB FRERIRV ELL L.
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Figure 4.26 Shape of baftle plate.

LT#421

Fuel cartridge

P ?‘m

Baftle plate

Figure 4.27 LT#421 filled in PMMA fuel cartridge with baffle plate and without.
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Table 4.7 Experimental conditions.

Experiment No. 1 2 3 4 5 6

Baffle plate Without  With ~ Without  With  Without  With
Orifice diameter [mm] 4.112 4.112 4.112 4.112 4.112 4.112
Nozzle diameter [mm] 15.626  15.585 15.562  15.620 15.576  15.713

Fuel length [mm) 87.50 90.39 96.21 91.89 97.08 91.83
Chamber length [mm] 120 120 200 200 260 260
L [m] 0.81 0.79 1.32 1.34 1.92 1.93
L 0.37 0.33 1.08 1.18 1.68 1.83

43.2.2 EBRER

Figure 4.28 (ZFBRAE R 2 =T, B35 £ DT A L— X7 UK D3RS
Nz, RKEZITRBERIE ), HESIOANSAL 7 PSR-, Zhig, AKX
oS TERBESRNIZ T AUIRBI I L, & 22 A A OR{EAITH D NoO DA
ENDZ L TEENRRENE Z o722 B2 BND. Z ORI, Vil -
> NIRZERENZERT DD ITHREZG L 2 ENTE L. RS
JES DI RIESNTHK 4.5[MPa] T o 7. FEHREERE SJ1% 2.3[MPa], fx KHES
1% 600[N], F¥JHES11E 300[N]Td > 7=. Figure 4.29 (23 77 L— NFHEIC
X DRBER R DI Z RS, —ODEBOKMEDE NIy 7L T L — DA
OB THD. KD, BREKRIZITIAMZENDRHY, Ny 7L T L— MK
o THRBEEE T K O E GRS R 2 M) LS H T D L HEETE 5. Figure
430 (ZPRBERS BN CHUS L7 BRBEEIE I A~ d . JABEE THE DAY B2
B 02[MPallRWVE R E7e o7, TNy 7T L— MK BENEELTH
BHAREMEDN B WD, EHIESITH D 1.5~2.0[MPa] & Lhifid 2 & 43/ S UMl & 7
o7z, Table4.8 IZFERF KA RT. HOFERBEER INELS, Ry 77—
REFRA L TV R0 No.l 1IZBI LTI, SEXIREEEIE 2% 0.4[MPa] &K<,
Ny T NVT b— R ERA L7258k No.2 & Bl T 5 & IRBESSRETE MRV 2 & 23
N5,
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Figure 4.28 Example of time histories for the pressure and thrust.

(b) With baffle plate (Experiment No.2)

Figure 4.29 Comparison of exhaust flame shape.
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Figure 4.30 Comparison of upper chamber pressure and after chamber pressure.
Table 4.8 Static firing test results.
1 2 3 4 5 6
Burning time [s] 366 363 221 214 218 220
Fuel length [mm] 875 904 962 919 971 918
Chamber length [mm] 120 120 200 200 260 260
Max thrust [N] 245 581 347 526 438 466
Average thrust [N] 87.9 340 206 326 269 358
Total impulse [N-s] 322 1234 454 697 588 788
Max oxidizer pressure [MPa] 3.0 33 2.5 2.5 2.6 2.5
Ave. oxidizer pressure [MPa] 2.5 2.6 2.3 2.2 2.3 2.3
Max chamber pressure [MPa] 1.0 3.5 1.5 2.0 1.7 1.7
Ave. chamber pressure [MPa] 0.4 1.4 1.0 1.4 1.2 1.5
Ave. oxidizer mass flow rate [kg/s] 0.2 0.2 0.2 0.2 0.2 0.2
Ave. fuel mass flow rate [kg/s] 0.01 0.01 0.01 0.01 0.02  0.01
Total mass flow rate [kg/s] 0.2 0.2 0.2 0.2 0.2 0.2
Ave. oxidizer mass flux [kg/m?s] 359 280 320 293 291 308
Characteristic velocity [m/s] 321 1052 864 1190 1005 1263
O/F 40.6 151 19.5 13.6 122 175
Ave. fuel regression rate [mm/s] 079 1.83 1.34 192 2.03 1.53

154
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Figure 4.31 Fuel regression rate of tests using the baffle plate and each fuel

regression rate.> 3%
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Figure 4.33 Relationship between chamber length rate and characteristic velocity.
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A FRBR A FENE L7z, BREHTIZ LT#21 28 Lz, ZHhud 33 EChak~7=im
D, IR N OE — XTI E L e HEIT NS <, EIREHZIREE Th B
#4121 ZIRTHZ TRV EHEIOE—2EHE L.

4.1.1 &3+

Table 5.1 |27 74 M E—F OFFHEREZRT. THE TOERIERN O HK
B DA NSA ZAROBRBEEI NIRRT LIROBILAENREETTHDHZ &
NIRBRICIH S N TeoTatzndd, 774 hE—X TIE I E TOEBRTER X
NIl KRIETH D 49MPalll 2 1.2 T, iFHE % 59[MPal& L7-.
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Table 5.1 500N class flight motor design requirements.

Required parameter Value
Burning time [s] 1.5
Average thrust [N] 450
Total impulse [N-s] 675
Overall length [m] % L* <3 340<
Diameter [mm] 85<

Table 52 |27 74 ME—FOMEZRT. BEEIITEW SRR 2 F LigE
72 AR024(HHY 2 TNV I N EBH L. %ﬂ‘s*ﬂrﬁ— MU oI LTI INET
PMMA %R LT\, &E{bd7=% GFRP £ L7=. Figure 5.1 I27 7
A M E—ZOWmXEZRT. A ¥ =7 X — AT 82[mm], K 339[mm],
PRBERNEE 65[mm], BRBESEIME 71.7[mm] & 72 o 7=, AKF&REFTIE, 3.3.2 EOHER
ML, L[=2.0(L*=2.6) & 72D X O WCE%GFH LTz, 7, M ERBR A1 ) A —

ZENZRBEIE I OR— M2 HE L, BREEENZREST 5 2 & T, H LERBEFRR
HELEOT — X2 DT> 72,

Table 5.2 Material of S00N class flight motor.
Parts No. Parts name Material

1 Chamber Al2024

2 Fuel cartridge GFRP

3 Injector case Al2024

4 Injector Al2024

5 Nozzle case Al2024

6 Nozzle Graphite
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5. Nozzle

|__ A 3. Injector case || 4. Injector 1. Chamber

2. Fuel cartridge LT#421 6. Nozzle

Figure 5.1 Cross-section view of a 500N class flight motor.

5.2.1 BRBEEBRFE R - BE

FBRIL T 7 A ~E—# (Flight Motor : FM) & 3 & T/ L 72 #f_-5U5% (Experimental
Motor : EM)D#E 5% bhiig L7z, EM IZIEIE UL, BRBEIE T & 72 5587 — 2 & Lt
WG RITEIR L7z, FM (T 2 Bl 3R & 32 L, PERED FREIMEA #ERR L7-. Table
5.3 \ZEBRRE RO A R,
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Table 5.3 Comparison of FM and EM static firing test results.

Experiment No. EM FM-1 FM-2
Burning time [s] 1.49 1.54 1.46
Max thrust [N] 8533 11053  848.5
Average thrust [N] 463.2 424.6 422.0
Total impulse [N-s] 691.2 653.4 6153
Max oxidizer pressure [MPa] 4.79 4.46 4.24
Average oxidizer pressure [MPa] 3.38 3.17 3.03
Max chamber pressure [MPa] 4.48 3.87 3.76
Average chamber pressure [MPa] 2.22 1.99 1.98
Average oxidizer mass flow rate [g/s] 237 234 258
Average fuel mass flow rate [g/s] 27 26 25
Average oxidizer mass flux [kg/m?s] 2934  297.8 338.0
Characteristic velocity [m/s] 1,314.8 1,233.3 1,137.3
O/F 8.62 9.09 10.5
Average fuel regression rate [mm/s] 4.73 4.21 4.24

Figure 5.2 I[CRBERED BEEAZTRT. 774 M E—Z HIRBEH O KRIXELE L
TEY, BHERBRBEREZ 3R 5 72h 7. Figure 5.3 |2 FM BRBEFEHR
THROLNTET), HESIEREZ 7T, $£7-, Figure5.4 (Z FM-1 & FM-2 2515
DIV RBEE T DB A o~
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Figure 5.2 Photograph of 500N class flight motor during combustion.
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Figure 5.3 Time history of pressure and thrust of FM-2 firing test.
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Figure 5.4 Chamber pressure time history between FM-1 and FM-2.
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ITIZIERI UERETH D Z L 23 Figure 5.4 Ot A D Z ENA[RETH D, L,
PURMERE & i35 &, SEHHE) D 2 BV TR 423[N] & ZRIED 94[%] T
b5, Flz, F—F AL VA E FM EBRETIX 634[N-s]TH Y ZH 5 HEK
ED 94[%] T 5. DT MTERMREZG T2 S22 - 121K & LTI, EM TiX
BREF — R U DAL EIRBE AT & LT PMMA Z W T 223, FM Tl
BE LA JHVGFRP & L7z Z &% o5, £9, GFRP(ANEEFIAR Y =27 /L
IR DBME SR 3K 5.8[W/mK], PMMA OZEMRERIL 0.19[W/mK]TH Y, K
3l 5 CTHD. ZOTDBRBERN MBI 2@ L CTE—F 7 — AT Z LI L
HEGEIINE Z b D, £72, GFRP & PMMA OBEE&E % 95 &, GFRP 28
17[g]DEERDTH Y, PMMA DA 30[g]DE &I MR S 7=, PMMA
DN BHE L TNDZ R0 n5d. fEo THIE LT AL L7 PMMA &Rk
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Figure 5.5 Flight simulation results of hybrid rocket using SO0N class flight
motor. (Launcher elevation angle is 70 [°], wind speed is 10 [m/s])
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Figure 5.6 Relationship of N2O temperature and vapor pressure.’?
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KREROTDFFHEUELIoNA T U v Kby MEI2ELS5[m], BEAA152[mm],
HE6.4[kg] ThDH. vy N OBIKIZITKHE RESEHEE o & — & LR TR L
72D0.5[mm]EDOCFRPF = —7 #fEH L7z, £7=, /NT T =2 — FOMHIZITHE X
A DB - BAEARERE 2 IV, vy MR Z R A% . Figure 5. 71 IAAE
91 L <1, Table 5.41CHS IR OB 274,
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* Acceleration sensor
+ Geomagnetic sensor
* Barometric altimeter
Figure 5.7 Schematic view of the small hybrid rocket with SOON thrust level

hybrid rocket motor using LT fuel.
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Table 5.4 Specifications of small rocket.

Overall length [mm] 1,554
Diameter [mm] 152
Dry mass [kg] 6.4

Motor 500N class N2O/LT#421 hybrid rocket motor
Calculation altitude [m] 168

Parachute release near the orbit top.
Recovery method Identify and recover the position of the rocket
by visually tracking and receiving beacons.

* Powderless separation mechanism

* Parachute

+ Digital beacons

* Gyro sensor

Payload Y
+ Acceleration sensor

+ Geomagnetic sensor
« Barometric altimeter

+ Camera

5222 FMERERUOEE

17y MEEERRAREIZ Ko TR RN 340[m]BEn 7o s b sk S 1,
A LWLV BHFEEHEN, TR 2%, ¥4 ~—FE o DEFE%
i, SEERERENEEN L, /N7 v a— POJH - BIRRICERT) L=, D%, IR
NIV a— MIEoTRE S, % F T EHANICHE ~ L7z, Figure 5.8 ITH4S
By hEnu v hOET, Figure 5.9 25 _EiF Ok, Figure 5.10 |2
[N IRE DRE 2 7R
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Launcher

Rocket

Figure 5.8 The hybrid rocket launcher setup.

High pressure gas cylinder

and

Ground support equipment

Figure 5.9 Photograph of rocket take off.
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.'I J Shroud Line

Figure 5.10 The rocket after soft landing.

774 PE—FAOFKIAL=ZTHY, / Zh bk LR & Rk
TV VD KRPBIEE ST, RBERE TIRFIZIL , ANV D KRBTE 2, HR0
IRTEKIZE S TR 723 ERE T & 7=, Table 5.5 I EBRFERZ R~

Table 5.5 Summary of a flight test result.
Static firing test and flight
simulation results Flight test results
Burning time [s] 1.46 1.4
Combustion LT fuel mass [g] 35.89 25.59
Max speed [m/s] 55.0 -
Max altitude [m] 174 160
Fuel regression rate [m/s] 4.2 33

PREBEFFRIZ e 77y FOWNEICHEE LI ET A D AT OFNLHM L-. BiE
EEFREEEFNC LT =4 TH 5. mRIEEOFRNZITR L=7-0,
JElr DT — R BB A T LN TEX o, 20, BEEEOT — X 2 ZHE L,
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BIHEZWET 2 &, H EERBRIE & g LT 30[%] b OB EN R LW, E&E
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%H%%wki%mﬁm#y%%aﬁ’%%bk BREHZIZ LT#460 23V B
TWD., BEEIZIINNYy 7LV L — a2 ANDLZ TRy 707 L— |k Eid
J?j‘ﬂ@%kﬁim MrEmodTWnDd., £, 4 Y =7 ZIi2i%, (JN)Cesaroni
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5.3.1 &3

Table 5.6 (2 1.5kN #k 7 7 A hE—X O&FIERZ/RT. FHHES) 1.5kN % H
AL, R =X A UL RIL 7,500[N-s] & 72 > 7=, BREHEITEREHIE LT
W2 N0 OFHETITH S 5.0[MPalL L7z, #EHE [JIS B 8265 [ERAD
i ICHI > 72,
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Table 5.6 1.5kN class flight motor design requirements.

Required parameter Value
Burning time [s] 5
Average thrust [N] 1,500
Total impulse [N-s] 7,500
Diameter [mm] 100<

Table 5.7 \Z 1.5kKN#k 7 7 A M E—X OME 2T . BRESITIZIATFHEOR X
M OME = 2 MeA BRYIZ A15056 Z 8 Lo, BB — R U » IZiEm ALY
R—7 F4 FEBALEZ. ZiuL, S00N#%~ 7 A hE—4 T GFRP %1{#
LTV, BMREIC X ABMEIRDRIE ST, KE—F TIEEVRER
DIENR—T T4 L LTe. R=7 T4 NEO AT T 7 7 A N&fE
M L7z. Figure5.11 |2 1.5kKN #7714 M E—X OWrmX z 9. £—& Ko+
21X 95[mm], &k 522.6[mm], BABEENEL 61[mm], BABEEIME 68[mm] &
polo. RREFTIE, 351 EOFMRERKMRL, Ny 7T L — D TRICH
LT BB A58 L, BERBNTREREZ OBRBENT 2 % 7 X)L Bt TRAESI Y,
J AT a— g xR,

Table 5.7 Material of 1.5kN class flight motor.
Parts No. Parts name Material

1 Chamber Al5056

2 Nozzle case Al5056

3 Fuel cartridge Bakelite

4 Baftle plate Graphite

5 Nozzle Graphite
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M type injector bell LT#460 2. Chamber 1. Nozzle case

\ i I
3 Q2 | 1| o 7o} N o~
|| & —— B <Y ST A - I — 1118

-

L i | |
524.6
7 A\Y
3. Fuel cartridge Unit: mm 4. Baffle plate 5. Nozzle
Figure 5.11 Cross-section view of a 1.5kN class flight motor.

5.3.2 MPERBUGR - B8

Figure 5.12 (ZRBEEBRFF O G H 2783, SUKITA D — RI2FE i S, #9571
BREE L 7. BRERBRBEIRENIBE ST, &RHES 1,630.9 [N], FHJHET
1,290.5[N], h—% /LA 7L A% 6,452.5[N-s] & 72> 7=. Table 5.8 |ZFEBRAE R,
Figure 5.13 |ZIRBEREIRE 2 7k -, BRVERE & Lbile 92 &, SEBHE S ST RAL D 86[%],
N—=F A 7V A BERIED 86[%| TdH 5. FHIHETI LN N —F A /LA
INELRAE L VAR 72 o 72 B & LT, FrtEPESGHEE DY 1,084[m/s] & A8E L 0 K
Mol EEZLZD. ZhUE, Ny 7L L— FMEERIZRE LT/ A/L=T
a— g VEIEA LT EREIRRUL T 5 2 & 72 SBRBESESMCHEH S vz 72 b HESS
T& 5. — 5T, BREERTH O 7 AV Am— M 0.02[mm] & FEFIT/NE L,
JANVER—a &I EMITERTEL D EE X L. HilERE LT
PRI 72 S22 o 1208, ATV R 2 b— 3 U OFER, mEER 411[m/s]
&, vy NOHBTH D HIHRICEIET S 2 & 03RRIk 72 72 O (Figure 5.14),
ARE—XEAWTHBEERAAONA TV v Kary Naii L.
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Oxidizer cylinder

Figure 5.12 1.5kN class flight motor during combustion.

Table 5.8 Static firing test results of 1.5kN class flight motor.
Parameters Results
Burning time [s] 5.01
Max oxidizer pressure [MPa] 3.26
Average oxidizer pressure [MPa] 2.74
Max thrust [N] 1,630.9
Average thrust [N] 1,290.5
Total impulse [N-s] 6,452.5
Average oxidizer flow rate [kg/s] 0.699
Average fuel flow rate [kg/s] 0.173
Average oxidizer mass flux [kg/m?s] 382.1
Characteristics velocity [m/s] 1,084.8
O/F 4.0
Fuel regression rate of front fuel [mm/s] 3.76
Fuel regression rate of bottom fuel [mm/s] 2.77
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Figure 5.13 Pressure and thrust time history of 1.5kN class flight motor.
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Figure 5.14 Flight simulation results of hybrid rocket using 1.5kN class flight

motor. (Launcher elevation angle is 80 [°], wind speed is 5 [m/s])
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Nose corn 1.5k class N2O/LT hybrid rocket motor
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Figure 5.15 Schematic view of the supersonic prototype hybrid rocket.

178



Table 5.9 Supersonic prototype hybrid rocket overview.

Overall length [mm] 2,436
Diameter [mm] 102
Dry mass [kg] 17
Motor 1.5kN class N2O/LT#460 hybrid rocket motor
Calculation altitude [m] 4,900

Parachute and float release near the orbit top.
The float expands when landing on the sea.
Identify and recover the position of the rocket
by receiving beacons. Recovery by the ship.

Recovery method

* Powderless separation mechanism

* Parachute

* Gas generator type float

* Solid float

Payload * Telemetry (Digital beacons, GPS sensor)
* Gyro sensor

+ Acceleration sensor

+ Geomagnetic sensor
« Barometric altimeter

+ Camera

5.3.3.2 %%&Ui%%
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O, 8WF 647 45 WITH G BiIF M Thoi. dig ka3 o el DN AU X RE
7o FEhi iz, Figure 517127 LV A U DB L7 GPS ST — & &R
V3ial—yarloiiord. T EER, SIEERE L7720, T L
A RUMND GPSIZ XD @ET — &% OEEN G, 32 B4l Cﬁ(f%ﬁ% ZHCED L
2. GPS T — X O L N R EEIL 4,889.2 [m] 720, IFFEF v I =2 b—T 3
UMEE —E L=, £ LT, NT v a— MEREFOWE T IH f“‘(ﬁinb‘(b\Zo &N
MBS, 67 MZICHOT — X O%RENR®ET-. ZoZtnbary v
ETERHE TR T v a— ORI L2 E XD . T Dk, (iSO

179



HIZKY, BT =X OEENA My L. ZORFOEEIX 4,1453m Tho
7. vy hOEE, EEYIRTEO GPS FEREAE S bt S hiz
BT CERLAN Z > 7 OEUICRRTh LTz, BEAIZ > 7 o bk, L7z LT
BREIR TR SN, 2o enn, alry MINT v a— MEHE%, TE®Y
=R FRAZICLTERETRT Va2 — MISL TRV BETLTWEZ ERy
Do lo. B ERENEIN TE o772, SR B E, AR5
NI o123, GPS OEET —2h6, NI a— FORRZLIFFEY I 2 L—
Var il OB TR TE I END, Ralry MITEBY ~ v/~ 1.2 TR
ALZborEZLND.

b

Rocket \

Launcher

N

Oxidizer cylinder
and

Ground support equipment

Figure 5.16 The hybrid rocket launcher setup and rocket launch.
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Figure 5.17 Comparison of telemetry data and flight simulation.
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@ The parachute was released and (@ The parachute code was ablated by a flame after 35

open at 33 seconds after launch seconds

( T S ——— f (® The rocket fell down at 75 seconds

after launch
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landing on the sea
(DLaunch 7 \ Oxidizer cylinder was found

Figure 5.18 Time history of rocket actions between rocket launch and recovery of

the oxidizer cylinder.
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Figure 5.19 Estimated regression rate of N2O/#460 using the baffle plate.
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WETHIENERL, REBHEIEENTE I, LW AEEE )% Table 5.10
DEEHERETBRNFBNE I AZETRLIZMETH S, o, BoWEOR S - HllEr
EENT L EHEREVEENE /1T Table 5.10 ORI DR AEE T NE
NHENF-ETH D, FER, RFHESIT 18.4[MPa]lL 72 > 7-. Figure 5.20 (ZE— X
Wi X & R 9. B — % ORI 350[mm], BRBERE ST 998[mm], &FIX
1203[mm] T 5. FHBREINEIT 60[mm], BREF— RV » PHRAIT 172[mm],
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AT Yy Rary NeE—ZOMELRT. BE—77 14/ ML, Table5.11 (T
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Table 5.10 Design conditions.

Item Value
Nominal chamber pressure [MPa] 3.0
Max burning time [s] 15
Inner diameter of the chamber [mm)] 195.7
Outer diameter of the chamber [mm)] 216.3
Design temperature [°C] 100
Combustion chamber pressure rise rate due to uncertain factors 1.5
Safety mechanism allowable operating pressure tolerance 0.9
Safety mechanism break pressure tolerance [%] +10
Uncertainties in material behavior 1.5
Accuracy of design calculation model 1.78

Table 5.11 Design calculation results
[tem Value

Expected maximum combustion chamber pressure [MPa] 4.50

Allowable operating pressure of safety mechanism [s] 5.00

Safety mechanism operating pressure [MPa] 5.56

Maximum set pressure of safety mechanism [MPa] 6.92

Minimum set pressure of safety mechanism [MPa] 5.66

Design pressure [MPa] 18.4
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Figure 5.20 Cross-section view of a SkN class motor.
Table 5.12 Material of SkN class hybrid rocket motor.
Parts No. Parts name Material
1 Chamber STPG370, SS400
2 Fuel cartridge Reinforced PVC pipe
3 Injector SUS303
4 Chamber insulator Bakelite
5 Nozzle Graphite
6 Safety bolt SCM435
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Figure 5.21 Schematic diagram of operating safety mechanism.
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Table 5.13

Experimental conditions of SkN class motor.

Experiment No 1 2 3
Burning time [s] 3 10 10
Average thrust [kN] 5.0
Baffle plate Without Without With
Oxidizer pressure [MPa] 4.0
Chamber pressure [MPa] 2.0
Initial fuel port diameter [mm] 60 80 80
Fuel length [mm)] 600 420 420
Orifice diameter [mm] 04.4 X8
Nozzle throat diameter [mm)] 49.8 59.0 58.2
Characteristics chamber length [m] 3.1 2.8 2.7

4. Chamber insulator

3. Injector LT#460 7. Dummy baffle plate 6. Safety bolt
\ -\ < o
me = gl & & < is! Unit: mm ==
\w\ SIRSIRSIRS S ,@\
e, e I
SN S| &
A1)} 2 AV AN RV ez
/ ]
— 420 498 .
/ 998 /
/ 1203/
VA VA
2. Fuel cartridge 1. Chamber 8. Chamber protector 5. Nozzle

Figure 5.22 Cross-section view of a SkN class
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4. Chamber insulator

3. Injector LT#460 7. Baffle plate 6. Safety bolt
B (_/*,7\ / 8 g % g \ Unit: mm i_\‘\"
= ) ANANNNNN R
i
‘\\V AN AN 4
— T 420 f / 498 1
/ 998 /

1203

/

2. Fuel cartridge 1. Chamber

8. Chamber protector

5. Nozzle

Figure 5.23 Cross-section view of a SkN class motor in experiment No. 3.
Table 5.14 Material of SkN class hybrid rocket motor in experiment No 2 and 3.
Parts No. Parts name Material
1 Chamber STPG370, SS400
2 Fuel cartridge Reinforced PVC pipe
3 Injector SUS303
4 Chamber insulator Bakelite
5 Nozzle Graphite
6 Safety bolt SCM435
7 (Dummy) Baffle plate Graphite
8 Chamber protector Graphite
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Figure 5.24 Dimension of a baffle plate.

5.4.2 MPERBUGER - B8

Figure 5.25 IZABEFERIF O 2R, R TOFERITEBNT, T—F0REO
BRI IR S 72 h o 7=, Figure 5.26 2328k No.l OE K OHES ERE, Figure
5.27 (2328 No.2 D E S J O S @I, Figure 5.28 12328k No.3 O£ 11} Ot ) g
FEZRT. RUKIZIER AT, B No.l TOLRBEBIAATEK 1.5 B £ TRME
ST R OHET N IRBEIRED DS HERE S 47, Table 5.15 IZBABESEBRAE R A RT. &
TOEBRITIBTEEIHET) 4,600[N]LL A&z L.
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Figure 5.26 Pressure and thrust time histories of experiment No. 1.
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Figure 5.27 Pressure and thrust time histories of experiment No. 2.
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Figure 5.28 Pressure and thrust time histories of experiment No. 3.
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Table 5.15 Static firing test results of SkN class hybrid rocket motor.

Experiment No. 1 2 3
Burning time [s] 2.74 8.92 8.80
Max thrust [N] 8,930 6,640 6,689
Average thrust [N] 5,801 4,657 5,154
Total impulse [N-s] 15,902 41,526 45,328
Max oxidizer pressure [MPa] 4.99 4.54 4.74
Average oxidizer pressure [MPa] 4.11 3.70 3.81
Max chamber pressure [MPa] 3.25 1.98 2.02
Average chamber pressure [MPa] 2.30 1.44 1.61
Average oxidizer mass flow rate [kg/s] 3.67 3.41 3.43
Average fuel mass flow rate [kg/s] 1.10 0.24 0.37
Average oxidizer mass flux [kg/m?s] 942 461 434
Characteristics velocity [m/s] 1,119 1,092 1,123
O/F 3.32 14.0 9.26
Average fuel regression rate [mm/s] 3.80 1.91 2.31

5.4.2.1 RERENCETHEL

FBR No.1 (21T DIRBERRLE~1.0 BV & T FFT MRS R & 1.6~2.6 B DR
BE=EIE ) FFT fifAT 5 SR % Figure 529 IR, MG, BRBEREIEBHIZH VTR
90, 160, 370[Hz]H\Z B — 2 DR I 7=. 1.6~2.6 FREIICH W T, 0~1.0
W& i 2 L RBEIREN I N ThH o 72, ZOBEVOTERER & LT, PR
BER— MrifE &/ A A — MFREDOL TH D LEZ Hivd. FEHi No.l 2
BUWT, BREEBRMAIE % OWiEFAEILIZH 1.5 TH D, Tables5.15 /5, F2BR No.l &
SRS B 1 3.8[mm/s] THDH. Z DI 0D, BREEBIAA 1.5 PHITH 2.1
OWrmfat & 720 %5, Figure5.27, 528 726 b, Wrimfgkh 2 2 LLEE L72FERRICE
WCIRBEE DR BRI IR ST, 2D Z &, WIHIBREIR— k
[/ XA v — Mg 2 2 DL RICERETT 5 2 & TRABEIRE OB AT RE T
HEBZBND.

Karabeyoglu HIZ L > T, ~"A 7 Uy Kby MIXEA ORERE S22 S
D ZEDNREINTND D SCER TP AR — M 114[mm], PAEHE S 1148[mm]
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YA XDE—Z Tk U THEAT 2N 0E S 41, 9 30, 100, 350[Hz]#7 CHRE) & — 7 73
R I, ENEhA 7 Uy Faby N ORBERIESR, ~v ok g,
KRB THL Z BRI NTVND. RERERIZEBNTH, "7 VU v n
oy SRR OIRJE RS, ~L ARy HRE, SAEREE TH L EEZ NS,
Z C, Figure 530 DET Ik LT, HGBI3)~(5.5)FHNWT, KRE—XIZBITD
SAEIRENE L L DRy JEG SR A sk o 7o, SAEIREE 7 VidA U 7 «
AL AT —FTFa—27 LTNDIENDRIEENITA Y 7 4 A BRSO KREE
NHDEEIT N D EE 2, WmEEDORIRE L Lz, ~ L ARy BT
JEA Y 7 4 AW D AR — N ETORBEEZRBEERNREE L, Aa— b
J ANV A E TORBEZIREIARE & L7,

(a) RAEAR BN ] B %k

R
Ceg = /ch m_Cchg (5.3)

f=x (5.4)

2L

(b)Y AL L SLE R I 5K
_ Ceg / Atht
f - 27 | LnozzieVec (55)

JEE G ERE & Table 5.16 (2R, SAEIRENEB B, FEARE R E)Y 550[Hz]
THY, 1/3 (FEHEED 183[Hz] & EBRAE 500 170[Hz] & Hle M4 R L7-.
F Tz, IV LRIV JEREON 374[Hz] & 72 0, FEEREE RO 370[Hz] & TV M & 72 o
7o, 2B OFRZEIE, (SN T EEIPIRIE TT A 53 8 o ORIBE T AR D&
FHIZEDHLDIELEEZOND. ZHHIENASA-CEA 7' 10 77 KT L VRT3,
FRERORBEENIITIRRL L 72RO — 27 T4 b O L W o T IR A % 5
ATWND . ZHHIERIRE D BN & <, BRBESEZEMIN O 5 LI 3B m a1 A &
B2 2 ENEZOND. Fi, BT AR IIIWBVKRIEE 2 WV CEHE
LCTWBDS, BRBET A IMEVK IR L VIRV Z e s 5.
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100

Frequency [Hz]

Figure 5.29 Chamber pressure FFT analysis results of experiment No.1.
Injector LT fuel Insulator Nozzle
X

Joint String

Injector LT fuel Insulator Nozzle

Chamber volume  Vibration volume

Figure 5.30 Vibration frequency analysis model. (Up: Pipe vibration, Down:
Helmbholtz)
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Table 5.16 Frequency calculation results.

Vibration mode Frequency [Hz]
Standard frequency 550
1/2 times frequency 275
Pipe vibration [Hz] 1/3 times frequency 183
1/4 times frequency 137
1/5 times frequency 110
Helmholtz frequency [Hz] 374

5.4.2.2 JREMEIBHEEICRET AR R L BE

Figure 5.31 255 3, 4 BT O IVTZRBME IBHE L TF, N2O/#460 O T AR
IR, SKN koA 70w Radry NE—F OBRBEFER ) D15 5 - ek IR
W &g HEE LT, NoOMHA60(N y 7 L7 L— M) DIRENE 1B E & FZER
DELS—H L. "7V y Fary MIATZT—ARITE - T, RELBIZHEW
IREMEIBEHEME T T2 28BN MuN TS P KRR, LT#H60 BEHZ B
VT, 100~500N #k DRRBESFEERAS 2 F T SKN T — & OB B 4 7
THZENARETH Y, SKN LA F TIZA 7 — VR NEE L N2 ERE X
bihvd.

FER No.2 KN No.3 DfERZHET 5L, Ny TV — AT HZ &
TERBMEIEE D EAER S-. ZhiE, 43.1 ETRBESNZHER L AR
ThoEEZLND. BREEKRICE > TMBVE T2y 7 V7 L— h 3 REME
S DOPRER RS 5 2 & TEBHME B EE AN M | L7, Figure 5.32 IZFEHk No.2
SN 3 OPRBER IR B St O 2~ KD, R No.3 D% 23 K & <
MATWDDIZHR L, No2 OBREHZBWTIHREI Y — R U » PO & 1EIE
fio>TW5b. T, 43.1 BELFEEROER D BREHZIRRER M L b D LE
X BHILD. FEER No.l OBRBHZIREEDS, #HEE L7z NaOM460(/N Y 7V 7 L— K
BYDREME RS L RS> TOWAEIRE LTE, A Y7 ZRIROAER
MWBZ VD, Figure 533 IZ SkN kA7 U » Ry NE—Z THEH LA
YV By WK OAMDY B, ARISREEMITH Y, §X 4.4 D
A= D N0 BPiFEEIND. 3 KN4 BBCTRLEBERIZETH—FR— DA
VI AT ERFE R TH D, Figure 5.34 (25285R No.1 DIRBES OB
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SH OB HE Z R, D, BREPR— MM V=7 ZR—FOEEERL 8
DMHANRS D Z EPHERTE D, ZHUE N2O AMREHR — S REITFHIZHE S S
D2 & TERBI A~ OB R O K Y, VR ORBER % ~ Dk 2t L7
TR THD LMRETE, ZHICKVBRBHRBEENEROE —R— (T =
72 AW ERE B L TEWVRBHEBHEZ R LB BND. FRIZHE
BR No.1 IZB W T, FIHIRENR — MEA 60[mm] TH v, D56k & bk LT/
Enodz., BMICHMOFERLY A V=7 ZORBEEEIZITIZH O EHEET
x5%.

10 T T T T T T T ]
510 1 —#421/GOX
1 ----= #460/GOX
#460/N,O with BP

(Estimated line)
A #460/N,O without BP

Average fuel regression rate [mm/s]

(5kN class)
A #460/N,O with BP
1E - (5kN class)
0'5— | | | | | | [ |
100 500 1000

Average oxidizer mass flux [kg/m “s]

Figure 5.31 Fuel regression rate of GOX/LT#421, #460 and estimated N20/#460

and 5kN class motor.
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LT#460

Fuel cartridge

Figure 5.32 Fuel rear end face after firing test of experiment No. 2 and 3. (Left:
with baffle plate, Right: without baffle plate)

NE N

0

Figure 5.33 Injector design of SkN class motor.
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Chamber LT#460

Fuel cartridge

Figure 5.34 Fuel front end face after firing test No. 1.

5.4.2.3 FEPEREEEICEE T O R & BE

Figure 5.35 IZRMEBABEE K & & FrEHEREE OBR 2~ 3. RIEBRIZEB W T,
Ny TNT L— MK DREPEREE ~ DB R B IR S e o 7o, 2
DER L LTIE, FHEREERINHDICRENVWI ENEZXOND. 432 ED
Figure 4.32 725, N2O/M#421 OGERFEBRBEE R S 23 24[m] TRy 7 L7 L —
NEEOEEAENR L IRD T NG5 RERTIE, FERERE SN/ T
27m]TH Y, Ny TNT L— MIXDFHEPERORE O BRI 2o Tz
LDLEEZD.
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Figure 5.35 Relationship between characteristic chamber length and characteristic

velocity.

55 FSEDOELYD

5.5.1 500N %% N,O/LT#421 7 74 b E—X | ZHT IR EEBLE

1.

LT#421 % AT 500N #& 7 7 A b — & OPRIEFER % 5k U 7=, SE¥IHE 103
BRI D 94[%], b —F A 7L ANESRIED 94[%] Th-7-. ZhiZ,
BBV — R U v P ZPMMANSGFRP & L2 ERERE L TEZONS.
GFRP OEVEER|TK) 5.8[W/mK], PMMA OERE KT 0.19[W/mK]TH ¥ ,
PRBEB ST B 200 L CE—Z 7 — AT 7= 2 L IC L BB RN E 2 5
A5. GFRP & PMMA OREHRE% i3 5 &, GFRP 2% 17[g] D& &/ T
HY, PMMA O34 30[g] DB &V MR S vz, /E- TR LT AL
7= PMMA HEAEHA T & L TRBEICTH G L CnWAH Z L& X H4l, GFRP I
PMMA 12 8RB E L TRRBEIC T G Lo lc b B2 6 b.

500N A7 Uy Faly he—Z 2\ TMIa sy FofT EFEBR %5
M L7z, 10~12G OANEEEREE N TV T LTH21 OBREN T — U > U9
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D OFIEE, IR SR oo T, RBEFEBROBREMZ IR 4.2[mm/s]
Toh o T DIEHEEREE TI28 T 2L B E X 3.3[mm/s] Tho7=. T
ZX 0, BREED ATREER R IZ o2 E X B, OJF =142 L R&EL V7
NLIEEY v F KK TOBREEE 72> TWZRREMEN H 5. il O/F 7544
TN T2 D RHEERGEE DI FIZ X D HED D L, BIES A 14[m]{EuV
FERIC o B I OND.

5.5.2 1.5kN %% NoO/LT#460 7 74 N E— X ICEHT AR L ER

3.

LT#460 Z FAWNT 1.5kKN k7 T A hF— & OBRBERER 2 £ L7=. FHHES)
INEERAE D 86[%)], b —H LA 7L ANBERED 86[%] & 7r o 7=, Tl
L, RNy r— FMEICREBE LT, Avoa— g UFEIEA LT B
ﬂﬂﬂ%?é & T PRBEESMCHEH S, FEMEHEREE DY 1,084[m/s] & 4R
ELVIEKL Rotelzd B2 NS, — 5T, BREERIZD ) AV Am— MME
(ki 0.02[mm] & EFEIT/NEL, VAo a— g U EBIET S BRI E
T 7.
LSKN#ANA 7V Ralry heE—2 WMy ofT BB %5
fEL7=. GPS 7T —# b ikmmEIL4,8892[m] &R0, 1FFET I 2
L—ya Uil —EL, Al y MITEBEY v N12 TRAILZHD &
EZDHILD. LTHA60 (X EFHERATREE T2 W T 6 HBESCTIRIE 2 = &
PFIEFICREET D Z EAURENTZ. £72, 500N 7T A FE—F THRS
NIX 977 T4 FREEIZEBIT 2 BHMZIBEHE DR ITFAE LT &
%z%mé ISKN#EZ 74 ME—FTEINNy INVT L — b EHANDHZ & T
MEEBREL T T ARABREL O Ui H 2 By & it FRRGEEBRAE KA » DT 4 —
V/X%%@Lk%@&%KEﬂé.

5.5.3 SKN #% NoO/LT#460 & — X TR AR L &5

5.

LT#460 % T SKN A 7 U » Ra sy NE—F OPRBESFER A S0 L 7-.
3 [ DFEERIZ I THEHE S 4,600[N1LL 2 =R LTz,

FEER No.1 IZB W TOLRBEIREN D s S iz, BRBESEE ) D FFT fi#ir Of&
F, %90, 160, 370[Hz]HZABEIREN S iR S v7e. BRmEtAE LD, 160,
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370[Hz] DIREN T~V LRV B R VKRB CTH 5 & B 2 b, kD
5 9O[Hz]DIRENINA 7V v Kby Mg OIRERIRE Th 5 & HEE S
N5, b, WHEREIR— N Avze— NG E 2 LEET 5
Z L TN ARETH D

100~500N % D BRBE FEBRAE 2 - THERE L 72 N2O/M#460(7N » 7 L7 L— |k
B)YDREMZ IR & EEREN R —8 L7, AR D, LTH60 BREHTF
VT, 100~500N ik D PRESEBRRG IR % FV N C SKN #E— & O EHMZ 1R %
THTDHZENAEETH Y, SKN AL N TIEA T — AR E L2 &
MEZBND. Ny TNVTL— NEBAT D Z & TREMZIREHE O m EAHE
RENTz. ThUE, BREERRIZE > TMBAE TNy 7 V7 L— b sk
Sl OB 2 RS 5 2 & TRRBMZIBIEEE S M L L2 & B 2 b, BREER D
BREMEURE 20D b, /Ny 7V b— M X o THRIUGHER OB R L7 2 &
DSHERR S iz, WIHIBRELR — FEEAY 60[mm] D EBR(ZIB\V T, WIHIRERIR —
MEDY 80[mm] D FEHR & Hlig U s W REBHR IR E Bl Sz, 2, A
YV BTRROEETH D LR TED.

AREBRIZEBNT, Ny 707 L— ML D RREPERGHFE ~D B 7o A 1 T e
BENRN-T2. 432 BN D, NoOMHA21 OIFAREBREEEE S 2.4[m]
TRy INT L— NEEOBEEENRLRD T ENFoTHEY, RERT
L, FRERRERR SR/ T2 7m] Tho7=. #iz, Ny 77— MI X
LRHEHEREHE O ERHER SN R ol b D EFE R D.
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H6E= LT #R8HD KBI £ — 4 186 F R D Rl 3T

6.1 IXL®DIZ

ARETIL, LTH60 #2255 ary N ThAXT Al v NOF 1 Bt —
% Orion 50S XL X°, Bl ISAS/JAXA 23[H%E - T L& To 2Bl 7> h M-V D
F—BE—4 M-14, AX—Z v FUA SRB WA X2 L7855 O &R
SEMEA FEM fRATIC L - TRl L 7. ARG TIEL, 7 7 4 b EREE TRRBE DRk
MeFBCE 2T, RBHEEE O, (R RHRBI OB OERIC K - THRE
RHAEI OB B2 B/NMRICMA 52 TEHHDE LT, 774 MREICBY
2 A TSR D I i L 7.

6.2 XY Ruly ME1ERE—F~DOHEH

AT, ~HHART Y PHE—BE— 4 Orion 508 XL & —# & [AIHEERE
DNAT Yy Rury hE—HF%& 3~5 BORRZREIZ NaO/LTH0 Z Tk
it L, € OBEABEHI X LT FEM MBAT & F2hi, a2 abilid 2.

6.2.1 XAV ZAat4 v k& Orion 50S XL £—#

AN 2wy FMECK) Northrop Grumman Innovation Systems £1:73 5% « 1 H
hopzehggst 3 Bk n -y FThH D, ZHET, 2020 45 1 HBIET 44 [0
1B BT 7o, 39 FIFILTWD. ST Arly FOHERARE T,
Table 1.1 IZ5% 938V, LEO 1247 310[kg], SSO IZ 210[ke] T 1, /INEIA T4
A=y RELTWD, ZZHEHFNOAY v MI 1.2 EIIRLEEEY ThH D,
BEfR T 7y b &t U CHED MK S, BERtHEND RN E AL 7Y v Falry b
%, EREENRD VR AMZEREOIEe Y MEET 2T 52 &
kel y FORT—=VZ2 —BAKT L &en sy bo/MUbE TR L
HEPFFOEL TNDEWVWR D, £, HIEOHEE TORKEZE T52 &
THER Z RIKRICT A2 ENTE L7700, EiEkery el TE—4F 2
BWNELSRY, MEREVEROIEMICHLINNA TV Yy Fesy MIEL T
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W5, N2O ZRBEHIE T DA TV Rary hOZEFRREFE, 1.5.1 EIIRL
7238 Y, (CK)Virgin Galactic 73EH 3% Space Ship Two |12 X > THEFESNTHED,
EHRREMEITEWE VR D,

NP Aa Y N O¥KE Flgure61 x_/Tﬁ‘ F1ETE—FIITAZE LD

BEIPPOFTFONTEY, 26 REGIHE SN 5. 2 BeHEAFEIZMNTVC
IZR > TR S ND. %&@ﬁ%% Table 6.1 (Z/R7. 5 1 BRE—X DK
HLZEHET )1 726[kN], PABERER] 68.6[s|(HEMESIR L  21[°C]), h—F /LA /LA
1% 43,586[kN-s] Th 5. 72d5, HEEHREeIFX(6.1) % HWZEHRE L.

£ =—5 (6.1)

Payload
Separation
System

Avionics
Section

Stage 2 Moto(‘\\s\/
-

/ Payload
*Stage 3 Motor Fairing

x
Interstage

b8 Stage 1 Motor

*Optional 4th Stage Available for Precision Injection

Figure 6.1 Expanded view of Pegasus XL configuration.’
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Table 6.1 Typical Pegasus XL motor characteristics.”

Stage 1 motor  Stage 2 motor  Stage 3 motor

Parameter
Orion 50S XL Orion 50 XL Orion 38
Overall length [m] 10.27 3.11 1.34
Diameter [m] 1.28 1.28 0.97
Inert weight [kg]
(Including wing saddle, Truss and 1369 416 126

associated fasteners)

Propellant weight [kg]

' 15,014 3,925 770

(Includes igniter propellants)
Total vacuum impulse [kN-s] 43,586 11,218 2,185
Average pressure [MPa] 7.515 7.026 4.523
Burning time [s]

68.6 69.4 68.5
(Propellant temp.: 21[°C])
Max. vacuum thrsut [kN]

726 196 36
(Propellant temp.: 21[°C])
Vacuum specific impulse [N-s/kg] 2,846 2,838 2,817
Structure coefficient 0.084 0.096 0.14

Table 6.1 % 512 Orion 50S XL(4 1 By E— 2 DA DA KO 2 By, 43 B A
EER LT ZAa sy NOBEMSEZHE L., SHEIEY 14137
F—OXE MW, BFHEICBWT, ZBREEICLH2EER TFTEFEITEBEL TV
V. E£72, Orion50S XL OHDIEE, #IE O[m/s], ~AHAarry hOGET
%, <A v— % 310(kg], R Tod DMZEREDRE (AT A1y ~ OFIHLE
VT~ v~ 08 Y D 272[m/s] & L=, &5 1 BE, 4 2 Be A4 0 B4 & R k-
BE—42%2RKTH5b0L L. fR% Table 6.2 1277 F. 1 BE—XHKT
1%, 7064.2[m/s|DIREE GO, XHAn sy NOBAEF 1 BEE—XT
3556.3[m/s], &5 2 B¢ E— & T 7045.9[m/s], 55 3 BtE— Z PABERS TIRFIZ139912.0[m/s]
DRIy & 72 5.
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Table 6.2 Acquisition ideal speed increment. (Payload is 310 [kg])

Motor Ideal speed increment [m/s]
Orion 50S XL (Only stage 1 motor) 7,064.2
Stage 1 3,556.3
Pegasus XL Stage 2 7,045.9
Stage 2 9,912.0

622 N TV v Fary hE—HRE LB A X

AETIEI_TFAa 7y N1 BRE—4E M7V y Fary NE—XICHE
a5 CAFELLTWADEYD, T—FEENK 1.28[m]E DL 91T, &K
PREFMEZ 1,260[mm] & U7z, 72, Be 1 B — & REEK T RIS ERARGH FE 1A 75 23
3,556.3[m/sZBR Y 72 <GB 72 % L O IR R 2 920E L 72, N20/M#460 DEH%
B IIRG5.2) 2 VTR R AT 7.

Table 6.3 IZAGHIB T oA 7V v Fudy Mk HERFHERT.
Table 6.1 (275 L7z Orion 50S XL fHY OHEEMERE L 72D L O IR E LT, 83 B
PRBERS TRFIESEE N T 2a v b ERERD 9912[m/s]DHEHE /7 & 70 b
I f e— NEEZFE L. 1 BLIEIE Table 6.1 (TR LT, AP R
ary bW 2B, 3BRAEBR L. £7-, Table6.4 |IZAMFHC I 5Bt A
GMEERT. NoOIE, REAEEZFA L7 n—F v A ToMBEEEL, 5
BETOMEND, BIEIIX 40[MPa] & L7z, BREERIE X, 5 3~5 = L [AkE
2.0[MPa] & L7z, #d&EfREE, "7V vy Falry hTHHZ LEBEL, 02 &
L7z, 23V E TOERRE RN B IR TR 94[%| DO Rt HERGE E =R 3 sl S 41T
BO P, WHEIHEGRREOMENRIAD D, ARFCTIE, FREPEREE &
OEHEIZh =% 0.94 & L7, FIIRERR — RN & 7 AL A v — NErmfE bt
X, Aa— K TOF g — 7 FME2MEIH-T7D, 20U EE L. £72, OF,
LEHETT, FRPEPESGHEE IR, & bIEREAY B < 70 2 i 2 BFam s AT K v ke, F
PIERZ OFEIZIR Y 72 < < 725 X 9 ISkt Lz, BlEmit5HIE NASA CEA RP-
1311 ZHWT 9D, 2 ZVNSIRCRIE Lz, 55 1 BEAUKRFO & EE LAY 12[km]
THH2D™, KEZE 193.99[hPalt LCRHE LY. HHEO7n—F v — %
Figure 6.2 IZ79. 7235, BREREIAEICITAHER D I3 a Hve.

v
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Table 6.3

Requirements for the first stage hybrid rocket motor.

Parameter

Value

Max. fuel diameter [mm)]

Ideal speed increase at the end of first stage combustion [m/s]

1,260 <
< 3,000

Table 6.4

Calculation conditions for the first stage hybrid rocket motor.

Parameter Value
Average oxidizer pressure [MPa] 4.0
Average chamber pressure [MPa] 2.0
Structure coefficient 0.2
Specific impulse efficiency 0.94
Characteristics velocity efficiency 0.94
Nozzle efficiency 0.98
Initial fuel port, nozzle throat area ratio <2
Orifice drag coefficient 0.5
Characteristic chamber length [m] 2.0
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Start
Input initial value
Oxidizer pressure: 4.0 [MPa]
Chamber pressure: 2.0 [MPa] Dl
Initial fuel port diameter

Fuel length

Input the oxidizer mass flow rate

Nozzle throat area

ratio of 2 or more NO

Re-input fuel length

NO
YES

Input the burning time |

Fuel outermost

diameter 1,260 [mm]

Speed increase at the end of first stage motor
(Hybrid rocket) combustion 3,000 [m/s] or more
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From previous page ¢

Input the payload mass <

Speed increase at the end of third stage

motor combustion 9,912 [m/s] or more

End

Figure 6.2 Theoretical calculation flowchart.

fER % Table 6.5 IZRT . XA 2wy SO 1 BE—F %, BB{LH% N20,

BB A LTHA60 &3 247 Uy Rady MIE#RT HZ LT, 3,000[m/s]LL |
By M8G5 Z ERFRETH S BREHERIE, WA — R 490[mm],

PREEPL R — MR 1,113[mm], BREHR & 4,500[mm] & 72 V), EHIHES) 307[kN], ~—
B A VA 666,048[kN-s] & 72 o 7=, FHEIZ X - TH BN - T2 BRET A
% Figure 6.3 |2/~ 3. X DET /WK LT FEM ffdT 2 i L 7=.

ARRFHNCB T D ERMETIE, T2 2R b NTBRBERFH2, X—X(T Lk
Orion 50S XL LG L TR B BELSRDZEN Do, ZE, "4 7V v
Kerw bOEHESI DY Orion 50S XL LV RWZ &, K OHEERH @@‘T#Zﬁ{f&b\ -
ENERE L TETOND. 20710, BERMEZES T2 & CHEM %
KT DMENS D EBZ HID. £, 3 B HRBERE T I8 %ﬁﬁ%«ﬁ#x XL
EREDOBESREZSL D L9258, X1 v— NE&E% 310[kg]n 5 221[kg] £ T
INEL T HRENHD Z ENmhoT=. 23U, 5§ 1 RIS T 281538 7S Orion
508 XL E—# & el U TR S39[m/sfikV 2 ERER & LTETF LD, Zih
DZEDD, WHENROHEERIEE 2 ESEH2 6T, I0EL DS B —R
EHEARE ey PRFEBTDHENZD.
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Table 6.5 Theoretical calculation results.
Parameter Unit Requirement Calculated
value value
Oxidizer density (First stage) kg/L 851
Oxidizer mass (First stage) kg 25,800
Fuel mass (First stage) kg 3,254
Propellant mass (First stage) kg 29,054
Inert mass (First stage) kg 7,264
Total mass (First stage) kg 36,318
Initial port diameter mm 490
Port diameter after combustion mm 1260 1,113
Ave. port diameter mm 855
Ave. fuel regression rate mm/s 1.45
Ave. fuel flow rate kg/s 15.1
Fuel length mm 4,500
Ave. N20 mass flux kg/m?s 209
Orifice diameter mm 72.4
Ave. characteristic velocity m/s 1,392
Ave. specific impulse N-s/kg 2,302
Nozzle throat diameter mm 346
Theoretical nozzle throat area ratio 12.1
Nozzle exit diameter mm 1,205
Thrust coefficient 1.63
Ave. thrust kN 307
Ave. N2O flow rate kg/s 120
Total mass flow rate kg/s 135
Burning time S 215
Total impulse kN-s 43,586 66,048
Acquisition speed at the end of first
m/s 3,000 3,017

stage combustion




Acquisition speed at the end of

m/s 9,912 9,914
third stage combustion
Chamber length m 4,740
Oxidizer tank diameter mm 1,280 1,280
Oxidizer tank length m 23.9
Oxidizer tank volume m? 30.8
Minimum engine length m 28.7
Payload mass kg 221
Payload ratio 0.00529
2] o
- - .
= o
Q (]
4500
Figure 6.3 Designed hybrid rocket fuel using LT#460 equivalent performance to
Orion 50S XL.

6.2.3 FEM f&4T

6.2.3.1 fENTET V& Fef

Figure 6.3 OE7 /L% LT FEM Mt 2 320 LU 7-. gt 5% Table 6.6 (2R~
T Ay T2 BRI 2 BEFERRUEER, A v aORESIL 50mm]THD.
TESME, 774 FREEZARE L, Table 2.8 HDOSA: 7 234K L 7= (Table 6.7).
PR {5 AT S OV L& AT & Figure 6.4 (23, X RBROE Tz 522FEE E L, K
B OEFZNEEFT & Uiz, BEREEOFEMILAHE C IR,
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Table 6.6 Analysis conditions.

Grid mesh Tetrahedron (10[mm])
Initial sub step 100
Minimum sub step 10
Maximum sub step 1,000,000
Table 6.7 Analysis case (7)
Temp. [°C] 22.7
Accel. [m/s?] 98.1 (10G)
Pressure [MPa] 3.0
Gravity direction Axial
Duration time [s] 0.5
Pressurizing surface Constraint surface
/ /
2 | 2 %
-4 1
- Sy
] Q
4500
Figure 6.4 Pressurizing and constraint surface of analysis model.

6.2.3.2 FEM fi#HTHE R

Figure 6.5 [ZREHITIHIC 35 1T 2 A &2~ T. BB B OR — Mgl R E
L7220, BENREIZHDPWEREN NS ol RREFEIL 27.8[mm)]
T 5. Figure 6.6 [ZIREHWTHICI T A AR &EZ2 T . RREFEIL, K
Bt B O R— MEIZBIT D, 27.7[mm] T 5. Figure 6.7 [ZIREHETIHIZ IS 1T 8%
FIAEEEZ RS R EITEHH LERIZ IV T 10.6[mm] Th 5. FIHIAR—
& 490[mm]iZxf L CHI 4.2[%] DAL TH D, T LV, [T BEEDEERL
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FIEERREL DK SS[%NIE T T2 ZLNEZ NS, Figure 6.8 (ZEREHET I D4
B EA 5 FIC LR E2 7R3, BB BEREIC BT 2 EA M OER N HE
THO, BEFEHIORHB W CHE N HTRA~OER BRI, 5§ 2 BIOR
L7z, SkN #k D& Fe(Figure 2.74) & L3~ 2 &, BRBF N8 O T 7 M 25 # 78 -
7o 2L, BREVE RN Z D 2 LIS Ko TR EE NS L CRELAIC 2 5
ZLERLTWD., ZOFERED D, Orion 508 XL #k UL EDIFA, IHEEDIA L
TRUMRBEFEBRIGE & 7 T A MR CIRRBIE TR DS 7 2 vl aetE s m <, ABEE
JEIZIE WA BLIL D ATREME 2SR STz,

Figure 6.5 Total deformation of Orion 50S XL equivalent fuel in cross-section in
case (7).
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0.00 1500.00 3000.00 (mim)

Figure 6.6 Axial deformation of Orion 50S XL equivalent fuel in cross-section in
case (7).

0.00 1500.00 3000.00 (mrm)
I 1

Figure 6.7 Radial deformation of Orion 50S XL equivalent fuel in cross-section
in case (7).
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Figure 6.8 Five times the total deformation in the fuel cross section of Orion 50S

XL equivalent fuel in case (7).

Figure 6.9, Figure 6.10 (2 /1 ONONT B An 23, Wi b e KAEITAEL I
OB — xR ThoTo. TIEIRKEIL 0.14[MPa], 0.19 TH 5. 22.7[°C],
500[mm/min] 5|3EFER) 515 5 AVIZHEETIS 7] 4.4[MPa] X OMET OV 74 1.7 &Lk
3% LS <, 22.7[°C1 010G D7 T A MERBEIZE W TREI O IT R A L
RN EEZ HIVD. Figure 6.11 ([ZHEBTELASHRX 123315 % Orion 50S XL #8240
BRIGD-OF BAmd. Mhn, SKN FEYOMNTHER & g5 &, RRIGTD
LOOTHPRE LD, BB ANGE W Z Enagnd. L, ik
TRER & T 5 &, RIS RO HILENEI, 3.1[%], 11.1[%]THD.
ZNHDOFER D, Orion 50S XL E—Z fHY D LT#H460 IV TH, 10G LA FD
FI ESEBRIZ IV TERBE D R 3 2 RTREPE I ARV 2 & R STz,
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ANSYS

R19.0
Academic

0.00 1500.00 3000.00 (mrm)

Figure 6.9 Stress distribution of Orion 50S XL equivalent fuel in cross-section in
case (7).

ANSYS

R19.0
Academic

0.00 1500.00 3000.00 (mim)

Figure 6.10 Strain distribution of Orion 50S XL equivalent fuel in cross-section in
case (7).
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Figure 6.11 FEM analysis results of Orion 50S XL equivalent fuel on the failure

envelope.

63 M-Vury b NE1RE—F~DEH

CIZTHE, MVasry ME1TETE—X M-14 D7 LA & LT LT#460 % 1A
L 7ZBR DR E R STV 2 FEM ENTIC X - TRl % . [EHAHERE S Zme &) & Rkt
PR SEN TV DHRETHY, BILAEREIBEMETHL AT Y v K
oy "ot EEOEEERe Sy hO T LA A T L THIRHES L
SULDE—FIZIT 7B, Lovl, 62FTH/RLIZEY, B{EAIZ N2O & L
8%h, BEike sy N ERLVVOHEEEREZRIZT N 7Yy Rary b &
et LTS, BERREIOY A X137 v A A XL /hEL D 7. Ko T
ARRFTIEL, M-V 7 LA U A A TOREERRSIEDSHER T UL, R L~
NDONAT Yy Rary h~OEHABRERbDE L TRV,

631 M-Vvuesrv bkt M-14 E—%

M-V 2% > MEIHAD JAXA FHEAITZERT B « EH L T 7= 2B EIR
DR THLERIHIDOEE R 7~ b TH 5 (Figure 6.12)"0. FEAER) 7244k D M-V 1
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r oy B OARREITH 30.7[m], B 2.5[m], EEHK 139,000[kg] TH 5. 1997~2006
FEFEFTERHSN, SHETIIA T art LTxF v 7 ATV ANT, KA
BRER o588 2476 7= £270EF 6 RIOKIhEHE-> TN 5.

M-14 &— X EX % Figure 6.3 I[Z/R7 . M-14 T—X{X, 1| 87 A |
5,500[mm]D 7 LA VIR 2 OFEEENTWD., A 7 FA XD T LA &) XL
M7 LA TIERENE, 70 A VIBIRPR RS, g, 3% ol L,
BR SNAPIHHE I 272D 7 LA VIRIRRE D=0 ThH EEZ BN
L. Fl, BERBEC KD ) ANVMREIORBICHIST DRGTTHHZ & bBE X
bid. 20017 Ay Ml I BEN LD T LA N7 F &R, KKRODE
DIABRBEIED -0 E SN TS, M-14 T—HX Dt % Table 6.2 [Z/xT 7. 4
Fl% 13.73[m], FHRRBESRIE /) 5.09[MPa], HEMEIRE 1% 71,885[kg] TH 5. HE
#E3K X HTPB/AP/Al TH 5.

Figure 6.12 Photograph of M-V rocket.”®
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Figure 6.13 Schematic diagram of M-14 motor.”
Table 6.8 Characteristics of M-14 motor.”
Parameter Value
Overall length [m] 13.7
_ . Diameter [m] 2.52
Dimension
Nozzle throat [mm] 745
Initial nozzle throat area ratio 10.3
Vacuum impulse [N-s/kg] 2,687
Burning rate [mm/s] 9.12
‘ Total burning time [s] 96.9
Combustion
o Ave. vacuum thrust [kN] 3,854
characteristics
Max. vacuum thrust [kN] 3,874
Ave. chamber pressure [MPa] 5.09
Max. chamber pressure [MPa] 5.49
Propellant 71,885
Motor case 5,669
Weight characteristics Insulator 1,447
[kg] Nozzle 3,321
Igniter 85
Other 446
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6.3.2 FEM f&#T

6.3.2.1 fEMTET IV L Stk

Figure 6.13 #5342 L7z 8% Figure 6.14 (TR 7. EAE 2500[mm], £
10,734[mm] CTH 5. M-14 T—X D7 LA N EEAIE 7 A > R OV Xk
A NHT T IHEERIR E oo T D RRFTCIE, REMAREN L VX, Bl
WML T D= DICHfERIR & L7z, Figure 6.14 OE 7 /L1Zx L C FEM fi#fT &
FhE U7, fRNTSRM % Table 6.9 12789, A » ¥ =2 BIRIEH 2 B & [RIEE DU HE (R,
Ay aDRES(T 100mm] TH LS. WEFEME, 774 MEEZ4EEL, Table
2.8 DS 7 %8I L 7=(Table 6.7). M HEFT L OINEE T % Figure 6.15 1278
T PRBROEAT 22 2EE E L, KOOETZMERFT & L.

= ____§__{% _______________ g/ _//{ iR
777 777 )

Figure 6.14 Replace to LT#460 fuel at M-14 grain shape.

Table 6.9 Analysis conditions.
Grid mesh Tetrahedron (100[mm])
Initial sub step 100
Minimum sub step 10
Maximum sub step 1,000,000
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Figure 6.15 Pressurizing and constraint surface of analysis model.

6.3.2.2 FEM fi#HT#E R

Figure 6.16 (ZHABHETIENZ 31T D R A 7. BB — R HLLE o BAR & T
D REGREL 220, REHRIEIZA D WETEEN NS oz, AL EIX
116.8[mm] T 5. Figure 6.17 [ZEAEHETHE IC 31T Dl A TE&EZ T . RKRE
TELL, BB — b o RAEFTCRIT 5, 1122[mm] T 5. Figure6.18 |2
PREHETENC B 2R A AR E2 7T, ALK EITRE B A — FHEICR
WTC 61.4mm] TH 5. FIHAR— R 900[mm]IZkt L TR 12[%]DE(LTH D, =
AUZ LY, WFTHIC BEORBREAIE &R L VK 29[% K T2 2 & nBE 2 6N
% . Figure 6.19 \ZBAEHETHI O AT % S 12 LI R 23, BB Eiic ks
HNBAILR GO EFERBAE TH D, B PV TIE, BEIE E AR D R
SHRVN. AU, MRS Ko TEREE EESDOBRBE DS E N Tz s~k b D 7z
DTHHEBEZDZD.
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Figure 6.16 Total deformation of M-14 equivalent fuel in cross-section in case (7).
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Figure 6.17 Axial deformation of M-14 equivalent fuel in cross-section in case (7).
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2.25e+003

Figure 6.18 Radial deformation of M-14 equivalent fuel in cross-section in case

(7).

ae+003 (rarr)

22564003

Figure 6.19 Five times the total deformation in the fuel cross section of M-14

equivalent fuel in case (7).

Figure 6.20, Figure 6.21 (Z)S5 ) R OOT B3 A 2779 WAL S S RAATEREL
FEOR—MErTH o7, TN LI KRIEI 0.24[MPa], 033 TH 5. 22.7[°C],
500[mm/min] 5|5EFER) 515 O AVTZHEETIS 7] 4.4[MPa] L DT OV 74 1.7 &Lk
g5 E/NS <, 22.7[°Cl1 210G D7 T A FERERIZI WD CTRRBIO AR IR AL L
RNEFE X BIVD. Figure 6.22 ([TAEWr IR X FITI1T 2 M-14 F724 D KIS T
SO HRERT. KD, SKN A OMATRE R & i 5 &, RIS KOO
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HWKE L 20, Era SN E SN2 2 ERm D, Lo, MERraiEaR &
i35 L, BKRISTTEOOT HITZNEN, 54[%], 194[%]|THDH. ZhbHD
FERDD, M-14 T—Z A4 D LT#H60 IZB W ThH, 10G L FOFT EERIZBW
TRRBFMEE S 2 FIREME IRV 2 & R STz,

Figure 6.20 Stress distribution of M-14 equivalent fuel in cross-section in case (7).

2.25e+003

Figure 6.21 Strain distribution of Orion 50S XL equivalent fuel in cross-section in

case (7).
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Figure 6.22 FEM analysis results of M-14 equivalent fuel on the failure envelope.
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6.41 AX—ZXT ¥ L L SRB

A=A ¥ FUIEL NASA 23FA%E - @A L T2 A rTRE 72 A N FHA T
b5, F 1350 EaEEE L, 133 BlOIZI 7=, Figure 6.23 ([THEEX %
AT AR=ZA Ty MU, SA my RRRVIADFEA—EH, SEHEEA]
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s SN D, SN HEER] 2 > 7 121X SRB 28 2 JE S b, sz o b
SRB [ IRAHFICEIV BES L 5.
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ST 5. SRB #8I0% Table 6.10 (29 80 8D 2R (134 45.7[m], B
3.7m) Toh 5. FHIHESIE 11,787 [kN], BRBEFRFRIIX 127[s]TH Y, HHRHRK D
kosry hE—XThd. KE—HF, LZETONEETE, X7 a— bEikH,
WEIZE KT D, HAK L7 SRB XM S 4L, HEMERL FRIEHHFEH S D, H#HE
#E3K X PBAN/AP/Al TH 5. 3
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Figure 6.23 Schematic diagram of Space Shuttle.”
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Figure 6.24

Table 6.10

Schematic diagram of SRB.3?

Characteristics of SRB.3?> 8D

Parameter Value

Dimension

45.7
3.7
1.3

8.47

Overall length [m]
Diameter [m]
Nozzle throat [m]

Initial nozzle throat area ratio

Combustion

characteristics

2,374
127
11,787

Specific impulse [N-s/kg]
Burning time [s]

Thrust [kN]

Weight characteristics

[ke]

502,126
87,543

Propellant

Structure mass

6.4.2 FEM f#HT
6.4.2.1 fENTET V&S

Figure 6.24 % Z&|Z L1 JA ¥} % Figure 6.25 2777
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35206[mm] Cdh 5. SRB E—X D LB LA Ui 11 RERRE RS> T D.
ARETIE, BREMABEN I VX, BiLWSRIEE T -0icHfERRE L.
Figure 6.25 OE7 /L% L C FEM fif#T 2 326 L 7. fi#HT 54 % Table 6.11 1278
T Ay v BRIEE 2 B E FRRUER, A v =2ORE S 200mm] TH 5.
MBS, 774 FEFZAEE L, Table 2.8 S 7 238K L 7=(Table 6.7).
WRSAME % Figure 6.26 1239, KRB OET 2 522 E & Lz,

2 5 s g g
ol I
) s e e —— —— |
77 7777777777
9304.6 8168.6 8168.6 9565.1
35206.9
Figure 6.25 Replace to LT#460 fuel at SRB shape.
Table 6.11 Analysis conditions.
Grid mesh Tetrahedron (200[mm])
Initial sub step 100
Minimum sub step 10
Maximum sub step 1,000,000
Pressurizing surface Constraint surface
o 4 o
o | e e, B  — — L
€ Ao
9304.6 8168.6 8168.6 9565.1
35206.9
Figure 6.26 Pressurizing and constraint surface of analysis model.
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6.4.2.2 FEM fiFHT#E 5

Figure 6.27 |ZABHETHIIZ 35 1T 2 A &2 T BB — MO e KA
EERD, BRI WETEEN /NS otz KA F&EIT 176.8[mm] T
&% . Figure 6.28 [ZERBHETHEIC I 1T 2 T MATE &L T . KL EIT, e
N— FHRLEBIZEB T D, 1172[mm] TH 5. Figure 6.29 ([ZEAEHSTH 2 BT DS
MEREZ T, RRERETRE LR — NHEICBWT 167.0[mm] TH 5.
IR — B2 832.8[mm]IZxf L THI 12[%] DAL THDH. Zriuc kv, FRFTIC
HIEDALAVE EIRR L VK 96[%IE T2 Z L MRBE X B 5. Figure 6.30 [Z8A
BHETE O 2E R B% 5 IS LIEERE R, B EERICEB T 2 NERIER T M O
EENBEETH Y, BREFFERICBW T, EEIE EAEAHER SNV, i,
IR L = TR EEROBREFRE N H I R ON D720 THhDHEEXD
Z5.

-]

Figure 6.27 Total deformation of SRB equivalent fuel in cross-section in case (7).
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Figure 6.28 Axial deformation of SRB equivalent fuel in cross-section in case (7).
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Figure 6.29 Radial deformation of SRB equivalent fuel in cross-section in case (7).
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Figure 6.30 Five times the total deformation in the fuel cross section of SRB

1 Serdo3  les0n (mrm)
I I ]
25e+003 7.5e+003

equivalent fuel in case (7).

Figure 6.31, Figure 6.32 (G RO OT A AR~ T . WL S e KA ITRE
FHOR—MErThHoTo. ENE IR KIEIT 0.44[MPa), 0.61 TH 5. 22.7[°C],
500[mm/min] 5|3EFER) 515 5 AV HEETIS T 4.4[MPa] L OMERT OV 74 1.7 &Lk
5 E/NE <, 22.7[°C102 10G D7 T A FEREEIZE W TRREN OB X34 L
RNEEZ BIVD. Figure 6.33 I o #EHR X 23517 5 SRB Y BREFO K
JET-OFT B ERmT. KD, M-14 Y OTRE S & el 32 &, JRIGH KO
OTENPREL 72D, BEEFEERANCE SN Z E3 005, L, ek
BREWERT 2 &, RIS EPOT HITZENZI, 10.0[%], 36.0[%]THD. =
NHDOFERNS, SRB E—ZHY D LT#H460 IZB W ThH, 10G LL RO EFEERIC
B TRREIAIEE 3 2 Al REME IRV E RS vz, £, BEEEATICEW T,
2.2.3.2 % Csr L7z EPDM-LT#460 [ OH235 J5 71 0.53[MPa]LL R D) /1 TéH 1V, SRB
FIY OF—Z 2B T, BRELOFBEN AT D ATREMEMR N Z E 3o 7.
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Figure 6.31 Stress distribution of SRB equivalent fuel in cross-section in case (7).
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Figure 6.32 Strain distribution of SRB equivalent fuel in cross-section in case (7).
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Figure 6.33 FEM analysis results of SRB equivalent fuel on the failure envelope.

6.5 FEM fE{TRER FE L

Table 6.12 12, ffES(ICEIT D, SKN %K% O Orion 508 XL #HY, M-14 fH
4, SRB FHY4RELD FEM fEFTHE R 2R, =X A AR KEL RDIZONT
B EL VKIS, R ROTHANRKEL o7, Figure 633 ([ZRT# Y, W
NOLZEITB T HMMaEREB LD Z L1xel, L ERROEEXE 7> b
Th 2 SRB Y OREHZ BT Y, RRFIEME FICB W TR EBR D i 5 /]
REMEIXR N Z LR &, KA — & 5 A B OREE BT IE 2N & 2M T 7 o 7,
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Table 6.12 FEM analysis results of each fuel size in case (7).

Maximum Maximum
Max. stress  Max.
Fuel size deformation in radial deformation in axial
o o [MPa] strain
direction [mm] direction [mm]
5kN 1.8 5.8 0.068 0.11
Orion 50S XL 10.6 22.7 0.14 0.19
M-14 61.4 112.2 0.24 0.33
SRB 167 117.2 0.44 0.61

F72, SRB FHMMREHIR LT, HKIET), KOT HDEMr iR Eizurel
T DRESA & FEM fRITIC K - TR 7=, WESHITSRMT) &2 2B, 2N
FCH DIEE &2 % U7z, WESM % Table 6.13 127”3 . TS % Table 6.14
IZRT. AREENTTIE A > = % 400[mm] & L7z,

Table 6.13 Analysis case (9).
Case Temp. Accel. [ms] Pressure Gravity Duration
[°C] [MPa] direction times
9 22.7 294.3 (30G) 3 Axial 0.5 [s]
Table 6.14 Analysis conditions.
Grid mesh Tetrahedron (400[mm])
Initial sub step 100
Minimum sub step 10
Maximum sub step 1000000

FMHFONZEBIT BIE R NOT #5347 % Figure 6.34, 6.35 (27, Wb
KAEIFIRE DR — g Th o 72, 2N KL 0.80[MPa], 1.7 TH 5.
22.7[°C], 500[mm/min] 5|3EFRERD & 15 ST 7T 4.4[MPa] }e O T O™ A
1.7 ST 5L, BRI/ NEZND, HRKOTHRTELVEE o7z,
Figure 6.36 (ZAEWrali&HRIX EICHIT DK TI-OF Az md. Kb, SRIE(7)
DFFTRER LT 5 &, BRIGHROCOTAHANKREL 2D, T EERICE
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Figure 6.34 Stress distribution of SRB equivalent fuel in cross-section in case (9).
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Figure 6.35 Strain distribution of SRB equivalent fuel in cross-section in case (9).
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Figure 6.36 FEM analysis results of SRB equivalent fuel in case (9) on the failure

envelope.
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Obtain the deformation,
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< \ )
test design request establishment propulsion performance_—~ 4
Figure 7.1 The design flow of the hybrid rocket using the low melting point fuel with viscoelasticity.
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Figure A.1 Schematic diagram of turbulent boundary layer combustion.
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PEIRIMICBIT D= (NN L Z2RT LU TORITRD.
ch + Qr in = ch + Qpc + Qr out (A1)

ZITC, QoI KED S OBYREIW/M?], Q, 5 T KL DEHUR[W/m?], Q.41
FEARIREN OBMRE[W/m?], Qp i THZEIIZ K 2 =R L FPER[W/M?], Qy gy 1L
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D ERBURE A 1 = X ML OB TH Y, &2 E R WVIRENCIX
KRN KEAITH D, HIZAD)RITAL2) RS (L T 5.

ch = Qpc = pff'hv (A.2)

T IT, h ZEERBRER R ORE R S AR, RALEN, T A{LHI
DIEFAE G LTS, BERENICE T 28 IR E AR L, LTFToR L
05

oT Aon A An

Qppy = — A =— =22 =22 = %Ap (A.3)

dx y=0t cp 0y - cp Ay Cp

ZIZT, A ¢ hy alFENENBYRER[IW/m-K], EELEI/KgK], TAD
T U XV EIKg], BURER[WMK]E/RT. AX 2 b S, T

= (A.4)

cppu

EEFRII, NANRATLELUTONXERD.
ch = Stpbuchh (A.5)

T, peglEKEND H AE Ekgm?], uplEKENOH AEE[m/s], AhiTAR
EREIERER Ol XV EFETH D[Ikg]. AX 2 b UBETMNT 57012,
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E7ph. T THEERBREIDN D OKALREIOR T H L 7ene B2 5 &, BEKD
MIHEITZNENE L RDHDT
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L. Sey G EERINERN b OGULREI O E H LSRN E X DR S 2 by
B OREERRI Ch 5. PH EOERRERBICH T, 25> F B &l
BEBR R BRI
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ERDTENGMoTND. (A1), (A13)X VY, EEBKRED D OKALBRE D
REH LICBET 2 A X b B O B ARE O BRI,
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(\Z,
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EMRDIENGINSTEY, 77 VN1 THHZ L, X(A12), (A14)X
D )
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L2 % . G, KO W EHEERE B R [kg/m?s], BURSMEAREPa-s] & ZhZ &K T
K(A2), (AS5), (A.14), (A1) KV, BREMEZIBHEE X
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ERTZENTES. NAN)DAHWF TR EMRE, o XN ERZE
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THADPWHKNERL, WEENENELS 7025 2 & THBYRENLET 5 =
EERT. 20T —A L ITHRIZE ST, AT Y v Radry b OREME R
FEITE AR 7y b &l L TRV & 72 5. BB Hou, fuc i, BEREN O KD
MEORETH Y, HEERIOBRBEREAZ RS, = XL ELLAR/h, X, B
DOEYF R 2 9. (AN DE L H —HOFLIN TR L7 ElE, M LA &I
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kﬁé.%E@@%@ﬁ@@gﬁiofﬂﬁ@,%ﬁn&@mﬁﬂ5#%08&
V-0.2 £ 72 %, PRBEGN T HLIZ IV T, HEERIE B R G, 1 3B D 7 24k
THEINT 5723, RIS AOEECH H2x b KT 5. 215 OBREMEIBH
JE~DOEEITHATE 21T L/, BB REE X

F = aGy," (A.20)

ER I, BEak D, BALAIE B EG,, [kg/m?>s|DADEEE L TREND.
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B. LT kAL 5 1%

B.1 5|3EFER A LT iR 5k

2 B CHENM L7725 R ER TlX, LT#60 REH 2 7 ~L Rl U=, il
FIEIZLLTFOW®Y Th 5.

O ¥— FRIRRHANG RO L EROBIC S Y 2 v— R & ARIAR, 4
T AR NEET S, ML CHORAE B % Figure B.1 [Z7RT.

Upper plate

Silicon seat

Figure B.1 LT fuel molding board.

@ LT#460 = YrE—F 2 v A7 AMEASHRUERM KLO-69M (2T 120[°C]
WZINEA 5.
@ V@l L7z LT#460 2 O CHLANL T8 B LiATe(Figure B.2, B.3).
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Figure B.2 The melted LT#460 fuel during poured into the molding board.

Figure B.3 The melted LT#460 fuel after poured into the molding board.

@ LT BEZE —EDREIIIT D720, it LiIARE D LT#A60 O B3 & A
FHD.
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@ (ERMAEN TR BIRG L LT B2 il b &+ % (Figure B.4).

Figure B.4 The solid LT#460 fuel in the molding board.

® VBEND LT#H60 BV 4L, # 2 ~ULFT B & HN(Figure B.5) T v ~UL
K LT B2 B4F(Figure B.6).

Figure B.5 Dumbbell-shaped punching tool.
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Figure B.6 LT#460 fuel with dumbbell shape.

B.2 LT BREtOBEHERHlFABR 7 B2 5 ¥A

2 BTN L 7z BoE TERHm AR (W TR A IR LU T O FEE TR L 72

@O EPDM = A% 50x15x10[mmJIZ A1 L9 % . & D% E 516V E 2> 5 10[mm]
DE X% 10[mm]2> 5 5[mm]iZHN T (Figure B.7).

Fuel side

huck side

Figure B.7 EPDM rubber for adhesion tests.

@ EPDM = AO#: A Z#60 <°9 ) TULET 5.
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Adhesive surface

Figure B.8 Before and after bonding surface treatment. (Left: before, Right: after)

@ HAERmEZMAEL, 120[°CfHIEME Tz 5. AARE S 120[°CIEREE
TMET 5.

@ ERmITIA~EBML, BRTI1RKRKETS.

® FMIE HAC EPDM = A% 3% & L, EPDM B2 KR 23 LiAZe(Figure B.9).
it LA =R CrE L35 £ THuE

EPDM

: LT fuel e ot g o L

Molding plate

Figure B.9 The melted LT#460 fuel after poured into the molding board and
EPDM rubber.

® b L7zl 2 R BB 4L, 5312 UIWrd % (Figure B.10).
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Figure B.10 Specimen for the adhesion test. (Left: molded specimen, Right:

specimen cut in half)

B.3 100~1.5kN #&E— & O LT BREHEE Fik

3 BE~53 mECTCHEELLREEFER CIE, LT BREFZREE=ES LI, BE
B—r U o PHICHERICE L=, REFIEZSL TomY THD.

D RSB A AN T, [HIBMENICANLS.
@ BREFE ORBNRE, WREHD — N U P& EIRAEPN T 100~ 120[°ClIZNE4
% (Figure B.11).

Figure B.11 LT fuels in thermostatic oven. (Left: before, Right: after)

@ BANEEC LT k2 i LiATe(Figure B.12). #E& X % Figure B.13 |27~ 7.

252



Molding rod

Silicon seat
Melted LT fuel

ra's

Figure B.12 The melted LT fuel during poured into the fuel cartridge.

Molding rod

Silicon seat

N

Fuel cartridge
or
chamber

Molding plate

Figure B.13 Schematic diagram of LT fuel molding.
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LT B3 LiAEN IR R A EIRMEICRE L, R ReT 5.

iEfb#%, LT B2 e B HERY 444

BRI — RNV oo ar—aHBL, BEI— ) v U b dHsS5
NTWBLO LT BREFE IR 5. Zhid, BULiEic L2 LT Bk
OMAZIHT 272D TH 5.

@ BRBHIGRIE IS AR OB A BT 5. ZAU, Sl OBRBEEZ BT 572
DThD. O~ODOFIRDOEEM % Figure B.14 (2777

® @ &

Silicon seat LT fuel Fuel cartridge
or Epoxy resin
chamber RN
® ® @
Figure B.14 LT fuel end face treatment procedure.

B.4 5kN #&E—Z OB AL )5 15

54 BETHEM L7 SKN oA 7V » Ry NE—X ORBEERICHERH L7
LT#460 PREHIBREL 1 — R U » DT RIS Uz, s B FIEIZ LA T o8 v
THD.

@O AUEER)SEL LT BB 25 (Figure B.15)IC LT#460 Z % A L, 120[°C] Tt
SH5.
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- :/‘\ L

Figure B.15 The LT fuel charger made by Katazen corporation.
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@ BEL— R U v DANEICWT BN Z AL D .

@ LTEREIFHEAROAR 7% ONIT L, BB — R U v PNIC LTHA60 % it L
iATe. #E&IX % Figure B.16 (7R,
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LT fuel charger

Molding rod

Silicon seat \
\ \ A

Fuel cartridge
LT fuel

Insulation seat

Molding plate

Figure B.16 Schematic diagram of LT fuel molding of 5kN class motor using the
LT fuel charger.

i 92 £ TR R IRET 5.

ARz, LT REHE sBia B 5 H D S

BB — N ooy ) ar— R NaHB L, BET— ) v Vb bS5
NTWAHO LT BEZOIET 5. Ziuk, BUEIC X5 LT BRE O S
DU B Z T D720 TdH 5.

PRBHI SR I AN URIE 2 BT 5. ZAUL, S OREEL B IEd 572
HDThHDH. O~QDFNEIX Figure B.14 L [FEETH 5.

SHCNS)
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C.ANSYS |2 & % FEM f&#T

A TIE, A N—% v F 2T LA ANSYS Workbench 19.0
(ANSYS Mechanical Enterprise) z f# Jl L 7=.

C.1 EEMEMICRB T 2 ANBIEEROERIZL S
FAE

241 BET/RLZEY, SIERERD /5 DAV MEER & 8t A W e =
(Figure 2.35) T, # 1 7AMORE ZE LTI Rb 2 Eiid 5 2 LN TE
7RV, Z T, LTHA60 BREH A 40[°CIEREE FCIRE L, EEOZRELAET D
£ 9 ITREFIRERET 107~10"[s)\Z 33 1T D FR ANt A Wik = 2 fHfE] L 7.

B.4 F L [FEIRED 71T, AME 212[mm], AL 172[mm], & & 300[mm]D T A 1
YRA AP LiAA, MR 172[mm], NS 60[mm], £ X 300[mm]D AR & Bkl
L7c. Zhid, 54 BIORLEESKNBANA T Uy Faldy hE—Z AT 5
LT#460 DREHE S 23 Li-b D Th D, £ LT, M LRk 2 ey —
T AT MRS RUEIEAYZ Figure C.1 @ X 5 ITHEE & TAXL, 40[°C]DIRSE
TTIHEHMRE L, ZOROBBIOLERELFHIIL 7. Table C.1 (TR DE]
HIME % =9,

Figure C.1 LT fuel for thermostatic test in thermostatic oven.
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Fuel cartridge

LT#460

Figure C.2 Deformation measurement points on fuel end face.

5
—# LT#460
_ Y
6
Z
Figure C.3 Deformation measurement points on fuel cross-section.
Table C.1 Initial dimension of each measurement point.
Point Dimension [mm]
1 57.202
2 60.108
3 56.772
4 60.112
5 0
6 0

Autodesk Inventor 2017 TYERK L7z, = A1 L3 A 72 L724ME 212[mm], K
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BN72[mm] DM 2 A L L, Z 702 LT#460 2455 L 72 44% 172[mm], NS 60[mm],
£ & 300[mm] D & &4 A L 72T E7 /Licxt LC, Table C.2 (2~ S Cfif
Bra gkt L=, 40[°C], FRiE X, FTMEE 9.81[m/s’]DOSMETT, 1, 2l
FERFRCRENT 21TV, FERI TR b A RO K X 2B BRI 2585 D 2T &
EFRNT TR G Z S M O R KRBT &2 ik LTz, fi##rE7 /L % Figure C4,

C.5 TR

Table C.2 Analysis case parameters.
Temp. 5 Pressure Gravity Duration
Case Accel. [m/s?] . .
[°C] [MPa] direction times
AP. 1 40 9.81 0 Radial 168 [h]
AP. 2 40 9.81 0 Radial 336 [h]

.

Figure C.4 Diagonally view of the analysis model.
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-
Figure C.5 Front view of the analysis model.

Table C.3 (2T S 2R3, Table C.3 \RTH 7 27 v 7%, FERII G
THHEOEEZ T HOTHSH. RKEOMY T, 1 I 604,800s]TH Y,
W7 27 > 7% 1,000,000 72 DT, FHEBIAERIL 0.6048 FEIZE R 21T 9
ZlEART. F, RANT AT 1L 10 THY 60480 B L D KX B O
FENTIXATOIT, KT 7 2T > 71 10000000 TH 5005 0.648 B L 0 /&
W OFFFT IZAT DAL,

Table C.3 Analysis conditions.

Initial sub step 1,000,000
Minimum sub step 10
Maximum sub step 1,000,000

FEM (T K 23D EER ORI S TG ICEE K FHi ST L £ S Bl4 %
0y X LS ZHICEY, BEZSHLSELET TR, BOREICH
WELZRIFTZEbHD. Fl2, FEM IZ Té%ﬁmﬁ@%ﬁfké%//;
DI E T2 LThH, By X 7odEIMfFcE T, MEE2 S 5L
CLTWD. KKREHRZHWT, HIEWEY O ITEE 2RO HEE, KRBT
LEROBEN DT ELOIHE TSN TLE I BREZEAM R v
eV T, NEEIZE Y OFAKOTANEL D Z EICk Y, BRICK
LEDVRKERZFATBYELRSTLEIZENERNTHL ., Lzn»- T,
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BREMAERFOEIL, EEBMEA FEAOLIITERE TH D Z Lnh, Ay
Yo BRIFNEARO RS E L2, ZRER T, iR L HiR 2B WO HL
ZEIRPED AL, —IREEFR & Pl U CHENTIREIATIFIE ON D AR BE 0D (57 U RIS 5
MBS, MEERICHT 2 —REHR & “IREHLDIEV% Figure C.6 (TR T

Figure C.6 Left: first order element, Right: second order element.

ARRD &Y, —KHINC A > ¥ =2 ORI BIZ LY, fEVTE & SERIME ORI/
L7 BIR, %@/\, FEMTREIIC 2 < ORFMZ 235 Z L1272 %, Table C4 &
Figure C.7 | P, 40[°C], FAE & DR TR v oA XDE I K Al
jim@aijﬁ DR/ R 2R

Table C.4 Analysis results of mesh size, deformation and analysis time.

Mesh size Maximum axial Analysis
[mm] deformation [mm] Flement number time [h]

200 0.46278 459 0.003056

100 0.50987 518 0.003333

50 0.45622 886 0.006667

20 0.58626 7,351 0.049167

15 0.57740 16,887 0.128889

10 0.58534 54,514 0.613611

5 0.57941 429,273 17.11
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g —O— Time '
= I | | |
< 94060 1000 10000 100000 450000"
Mesh size [mm]
Figure C.7 Relationship between of mesh size, maximum axial deformation and

analysis time.

HFEL 10,000 ERTEN S, BAMEREOEOZEIT/NELoTnD. Ay
v a A X 10[mm] & S[mm] % kT 5 &, @A ARREOEL, $0.7[%]TH
D, TIUCK LT, TR OZEL, K285 THD. MITRREICRT T 2 L &
DEEEEZZ, ARTTIE, Ay yathaga X% 10mm]E L.

Table C.5 12 1 RIREZ OKERA > b OFERER &K VLK &4~ . Table
C.6 122 HMRERDERA > NOFRHEREL OEREERT.

Table C.5 Dimension and deformation of each point after one week storage.
Point Dimension [mm]  Deformation [mm]
1 57.59 0.388
2 60.42 0.312
3 56.50 -0.272
4 60.28 0.168
5 2.864 -2.864
6 1.102 1.102
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Table C.6 Dimension and deformation of each point after two week storage.

Point Dimension [mm]  Deformation [mm]
1 58.60 1.398
2 60.65 0.542
3 56.34 -0.432
4 60.69 0.578
5 3.940 -3.940
6 1.730 1.730

Figure C.8 (ZPRAEIRFIA] & il 7 M fe RS TE O BILR, Table C.7 IZA RIS 5
FEHME & T O Fel 27797, Figure C.8 7>, Wi[EfR#E & 22 FEM fi#fric &
DEFEBIACD/INEL D Z BN 0D, £, FEHHE S REEOEER & 22> T
%. Table C.7 7705, 1 HEIZEIT HREZEDHK 8.8[%], 2 HHIZKIT HREZENHK
27[%) 72> TRV, @R KEREOEMEZEZ D 2 EBAHE TS &k
L7z, F£72, fHE% ORI & EFnd A WrErE R O ESf% % Figure C.9 (27K,
Z D% FEM Y 7 M A LT 2 3206 L 7-.
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g FEM analysis value |
b= -1F O  Measured value 7
S-2 -
Q
FO L .
=30 .
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< = i
g
= -4 |
£ -
Eé _5 L I L I L I L I L I L I L I
= 0 100 200 300 400 500 600 700
Time [h]
Figure C.8 Relationship between of storage time and maximum axial deformation
(at point 5).
Table C.7 Comparison between analysis value and measured values of maximum

axial deformation.

One week Two weeks One month
Measured value[mm] -2.864 -3.940 -
FEM analysis value[mm] -3.142 -4.049 -4.394
Error [%] 8.833 2.711 -

264



[E—
S
(S}

=y Ol 1 T 1T 1T T 71 1
E | o O Experimental value
= 10°[ ® Interpolation value |
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Figure C.9 Relaxation time and relaxation shear stress after value interpolation.

C.2 FEM fENTIZ 81T BB R KMH

Z 2T, 2 B THEM L7- FEM fTIC B 1T 2R ENREREM 2B T 5.
6 B CTOMHTIZIB W T S [AARIZE R S 2 5% € L7z, Figure C.10 (ZH & AT &
5%, Figure C.11 ([ZIRE % 22.7[°C] & LB DR 5 V%7~ 3. Figure C.12
\CESINEE %2 5 2 1B O 7 /L 2779, Figure C.13 (21 /) 3[MPa] % & fif
LT-BROfTET V2T
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Figure C.10 Fuel support surface in Chapter 2.

Figure C.11 Temperature conditions in Chapter 2.
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Figure C.12 Specific gravity in Chapter 2.

v
ZAX

Figure C.13 Chamber pressure 3MPa on fuel surface in Chapter 2.

267



D. JRBEEERT — & AT %

PREEFBRIFICIS 1T 2 ERFHIIEE L, Fa—2 4V 7 4 2 EFROBRILAE,
FRbANREE e OYRBE=E =), #E7), BEtE3 2 PMMA ®— R~V v, EPDM =
I, LT BREE SRUKHBREL =27 74 NEOKRIERTIHROEETHD. EaEatill
21X 1/100[g] &= CHIEFIRE/RE &V, / AV A — MEOHEIEIZIZ 1/1000[mm]
F CHIEFTRE 72 e & as(Figure C.1) & W 7=, BREERFICHOW T DO ER %
Figure C.2 [Z/R”9". BABEBAAR D EFRITIARBESEE S L < IFHES) DR KIED 10[%)]
IO TH 5. BRBEEE S ZFHAI L TW e WiGa O BHE T % v TR BE
P 2 sReD 7o, F 7o, PRBERS T IRF R IIBRIBE L J1 08 T 2% 2 Hitt DI (ELEHR A 2
BO 2 HSMPNRERIES ERM D7 T 7 L xboEfich D, KT — X
DERM) ) A ZEPRRKENGEIL, £T —Z O 10 508 2B 72 b O TRREERE
MAHE L. ZhiX, /A AL DRERFE ORI ZRET 5720 TH 5.
L EOEE N BHR(D.I~D.15)Z W THK/RT A —X &R T-. BREERITHR ORRED
R LREER DILRK LTI 25 L, FREHZ R E 2 H L T
W5, E T, SERRRLAVE S A IBRBER T ORI O R E TR L 72, LA
T, BMERERM T A — X OR M FiEE TR T 5.

Figure D.1 Profile projector
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Maximum value

Pressure or thrust

\ 4

/‘ Burning time
¢

10% of maximum value

v

Time [s]
Figure D.2 Definitions of the burning time.
IRBERR JREL AR — N, D3RO T5
_ [Ams 2
r = mprLy + Tport (Dl)
PRI IREEE Y [mm/s] DK D 7
7= Zport (D.2)
tp
TAIREI R — | DR
_ To+Tpor
Tport = ZTM (D.3)

SEIIREL R — NIRRT A o DR D T5
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Aport = 7-”_'portz
SEEERA AT IR, e OSERIBRIGEZE £ )P, [MPa] DR D

B IRFIGLD

tp

FALAIDS GOX DA OERL AR EHEREEEC,,” [m/s]DRD T

Vox+1/
C * 1 (Vox"‘l) Yox—1 R T
ox — [ — 0x
Yox 2 Mox

FRIEAN 7Y GOX DA O WX HIE Bt B, [ke/s] DR O T5

R LA D N2O DA O EHER LAV E St fim,, [keg/s] DK D

T;lox = CdAor\/zpox(Plox - onx)

(D.4)

(D.5)

(D.6)

(D.7)

(D.8)

Z 2T, Ply[MPaliZAV 7 4 A LFOEICAIES], P2y, [MPaliZA VU 7 4 A F
ROMACHIES TH D, FEBRIZK - TIP2,, ZHE LR WEAENRH -T2, T D
BIEPEHW. 72, NoO ITEWAERIEEZB L TR, 1E, JENICE > TE

FENZEALT 5. Figure C3 ICHES EHEEORBRKRERT. ZOdh#Ix

Pox = —0.0261P1,,° + 0.2596P1,,° + 0.8849P1,,* — 20.452P1,,°> +

95.642P1,,% — 248.82P1,, + 1239.6

THRITZIENTES.
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0 1 2 3 4 5 6 7 8
Pressure [MPa]

Figure D.3 Relationship between of vapor pressure and density of N2O.
LRV AVE IR G,y [kg/m?s] D3RO

G, = Lrox (D.10)

I‘Tport

TEPREVE R Em, [kg/s] ORDST. RE T — RV » DR0N—7 T A S DBEE
L TW D 5E ITRBERTR OBREVE BD Ame kgl — R U » O0oN—27 T A

OB ERD b ETe.

- A

= % (D.11)
¥ O/F ORI

Olp =52 (D.12)

TAIHEEA TR i, [kgs] ORDE

271



m

p = Moy +
SERILEHE D Isp [N-s/kg] DR S
Isp = _i
Mmp
SEREEHERGREECT [m/s] D3RO
7 = Aueke
Mp

s (D.13)

(D.14)

(D.15)

PREER ) AV AT — PR A, & LTEREOY) ) AvAa—hxea—y g Uil

T, [m/s]DR DI

T, =
n tp
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E. PABEEBRIGE

F3ENOE 4 5, 555 BTN L/2RBESEBRICERI L C, BLESR KLU -
HllHE R OFEM &2 AT TR

E.1 GOX/LT RABEEERIEE

3.2 R ON43.1 B CTHEM L 7-EEFNC GOX Z AV 7-BREEEBR IR UALE R
K OGHA] - HEIR TITo 72, 2D OBRBESERRIT, BHEEEERHIFE ¥ —K
W, FKHKRFPAEN, TETERFENTEMm L.

E.1.1 B2E %

Figure E.1 [Z 38R CfEH L 72Bl%, Figure B2 [CHEVE X2~ . BRLAIMKE R D
VAT DNI T ABRER R 2 KL T REHRR L% 1 KFAWD. BREEERT
VLR T AWRSE, RRBEH T AR, HKHERD 3 DOT7 A4 URNLETH
L. AT DBE RIL, KT ARER 2T BROF & ARBREE R 2 i3 B O
FRICT IV Fax—SfR—=LFfEHNTND., ZOT 7 F 2x—HfHR—/Lfp
OYEBNEARIZTEAHDOZEHZTH Y, K, KRBEFILT 7 F 2= — 2 fFR—LF
DIEBVBEAR L 720, IRBER IXERF O DIHAKH T A L L TREEZNICIG S h
5. KA, ROKRIBRBER T ABFE O EILT a —27 4V 7 0 ALV il L7z,
H AFEFEVEEIIR 60[g/s] £ CTHREIATEETH 5.
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N2 regulator
- '—n-‘L

Mail valve " E i ==
| . 1' i ali N
B’ " ] q
2 ) 14
| 1
— -
%y k-
=\ : X
$ e ) k: .
3 é_‘/‘ \Fj ’ ﬁ' &
A M GOX cylinder x2 7%

N2 cylinder

GOX regulator

Figure E.1 Photograph of the GOX supply system.

Needle valve for

Rehef valve atmospheric air open Thermocouple

Pressure sensor

? % Ball valve I: Flexible hneﬁr)ﬁal ﬁ)
Pressure /1 T |,\| ||| Test motor

gauge Main valve ! Choked orifice
Low flow rate Check valve
Needle valve pneumatic valve ':>
- __1 Firing test room
Regulator R
GOX for ignition line
ii N2 purge line
GOX X2 Solenoid valve

Figure E.2 The GOX feed system diagram.

E.1.2 - H#E%

s AL A M OVR B8 =5 11 7 o 8 11X 36 Fn 8B 3 N ) 48 4 %% PGS-
100KA(Figure E.3)%, #£/OMIE I LFnE LR MVUERER 7 — RV LMA-A

274



1kN(Figure E.4), BT AHERRIT I RN v RS 15 DAS-406-B(Figure E.5) %
iz, HEs 2o, 80T ARIESR, vV T 777 var T —XINESR
(Figure E.6), PC DJIRIZHEHE L, CK)NATIONAL INSTRUMENTS #4840 LabVIEW
ECTF =2 &N LTz, T —FFHIIE42T 1000[Hz] CULER L 7-.

Figure E.3 Small-sized pressure transducer; PGS-100KA.

Figure E.4 Small-sized compression load cell; LMA-A 1KN.
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Figure E.5 Dynamic strain amplifier; DAS-406-B.

FE

s o R Te g lad
13019019018
1 g 00 G

E

Q101D

Figure E.6 Multifunction I/O device; NI USB-6218 BNC.

JE I3 OB BE SR E A FHATE DFHI R LT, FEHEE SR 75 (Figure
ENZzHWTHKIE LTz, Z£D1%, RIEFEHDOEIF 2T, BAEFIEIHES
FrEERER T A 2 VT ZIRIRIE LTz, BIERE 5% Figure E.8 IZ7~79. Figure
E.8 D6, KEMBIIXE DI -7,

P = 0.0025¢ — 0.0067 (E.1)

276



Figure E.7 Dead weight type pressure gauges.

[E—
()
I

® Up
A Down 1
Calibration line]

Pressure [MPa]
B o oo

\®]
I

I I I I
1000 2000 3000 4000

Strain
Figure E.8 Example of pressure sensor calibration results.

TR ZHNC I E ISR 1[mm] D > — 2 A K B BGE 5t M OV CK)ANALOG
DEVICES #-8lpZp SafifEft &€/ U v v 7 8EXT 7 AD5S9SA % iz,
B\EXF, BEXIT VT, v T T 77 va T — X IUELR(Figure E.6), PC DJIE
I L, [ENOHE T — 2 % L R LT
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fefbAIBERS, sk, FHEIOHIEEIE LabVIEW (2 X 0 47-7=. TTL 52XV
YUy AT — U L—2%il, Ep~ZEERLY 12[VIDC THET S
Ko TEBAERE TS, 7THOY Y vy KAT— ) L—%F L2
L—7R w7 A% Figure E.9, [RI#&[X|% Figure E.10 |Z/"7". PC 6D TTLIE B %
VL —Ry 7 RAZEETDIZNE~YNT 77 7 v a7 — X IUES(Figure E.6)%
A=,

B4

= o i
Ll kI T L o~
-ﬁldru@tmﬂraﬁiﬂ#'

-

LAN
S e
T
& =

Figure E.9 Relay box.

TTL _L_

BATTERY
1

i ¥ NOCONNECTION
A
== N Solenoid Va!ve |—||||
i
RELAY
Figure E.10 Relay circuit diagram. (Only solenoid valve one drive)
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E.1.3 E5RF)E

PRIBEFEER D 2 — 4 o A % Table E.1 579", T-10 BB EHAI K N EF A4 A
T OWEREBAET D, sk S BRI D I LT U EBME L, Tx0 Thikd
L. T = H D K E RS D & ARBE R OUAG 2 BRAET 5. LabVIEW
ETRRGE LA BERE R 3R 9 5 & BB CARBRBER IR o a Mg IR S, [
RFICVH KR 30 R G S 5. HEMEIE S, KRDZERITHZ TV
HDEMER LTI, T—F2 KT AN ATONGEEEIEL, EBRETERD.

Table E.1 Example of static firing test sequence.
Ignition sequence Time [s]
1  Start recoding optical data T-30
2 Start measurement data recording T-10
3 Start countdown T-5
4  Ignition T+0
5  Pull out the ignition wire after confirming ignition T+3
6  Main valve open T+5
7  Main valve close T+8
8 N2 purge valve open T+8
9 N2 purge valve close T+38
10 Measurement and optical data recording end T+40
11 End of firing test T+50

E.2 N:O/LT REEEBREE

33 EMONS52 B, 5.3 BECHEN L7ZMILANT N2O & 728 BE 525k 13 (7] UAD
BRIOEHA - HIER TITo 72, 2O OBRBEERRIL, TKEEEERFE % —
KM OTFZER BRI O THE T ERFREREREM T ¥ —Hi5u 7 v FE
B CiTo 72,

279



E.2.1 BiE %

Figure E.11 (ZHRLE X 2777, AREHGERICITAAM GOX R, ERRbHlD
N2O R, 77 F ax—HEREIH O N R & 7z, NoO R~ TRIK T
AT 5 72 DI S THERM L.

FERIEE IR U &, BREERHT TR S, TRIRD NoO Z T 572
DIZEAEAIT Y U FIFBEICTTTHNTE Y, RERIIERBICEE SN E
o 27 A RICEE L. A0 NoO S KADOH ABFEE AT 5720
DT F AT LQ BEHE), MOSKADA R~ T4 Y E@AT 5, FEHEET
2 HAEOHLENS NoO BELHIZ > 7 I fG S nb . BLAl & > 7 NIZiX
WAE N U & EEE THONTE D, RO N2O 3% > 7 NICTiile S b &,
HARD N2O B 280, SMBICHEH SN D, 2D, AVWERICAZ 57
D, FKBEE I NGO OFRIEEMRT H 2 ENTE S, SRR, 2 BEIED
SMAID B ERBERR NS T AR R 3G S0, [FIRFIZ A N—27 T A Y IZ Ko THlin
IR L, BREF O — 8853 30 24635 Z & TEREES NI KRB SN D . +5
TR KR DNIRBETRNIT AR S D &, 7 b kENEH L, 2 TS & RgEss
ICEELTWS T I AF v 78RO T v 7H g, 2 EME L A—27 U A
Y ANDBHT, [FRHC NoO ORGSR S HRBEN A X — 5. 2 H
MEEANR—=T DAY, ZOBNTHA RL—V 2R F~NEETDH. 7u—
Z 0T Ko T N0 TR 2 BRI BERR LT AAS S AUIRIR N2O DEES 72 2 & JRIEDS
BTT5. 20L&, BRITAFEIZLDHERIELILEML TWRW. FF AT
L (2 M) % Figure E.12, 2 B &5 AR O BRIGE# BT X % Figure E.13 (27~
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Oxidizer tank i

JER R

|
|
|
Pressure sensor !
|
|
|
L

7 0

Launch stem (double pipe) [
/

| | [
Choked orifice

Flexible line |

|
|
|
|
, Check valve A\ Solenoid valve
|
| Pneumatic valve
| for ﬁ]l
! i _
L — — — — — >4
[;2] Needle valve

Pneumatic valve

for dump I Flexible line
I Regulator

>
@ Pressure
. gauge GN2
N,O

‘ Test motor

GOX

Figure E.11 The oxidizer feed diagram.

Figure E.12 Launch-stem. (Double pipe)
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O-ring seal

Ignition wire

i N2 filling tube

GOX for ignition supply tube

Figure E.13 Cross-section view of test motor before combustion.

432 FCHEM LI REEFEBRIL, MBEENIC NNy 7L 7 L — hERE LT-ERT
HY, JANVNETTFATAQEMNE)ERAT L Z EHERRY. ZOFER
DOFRIX Figure E 14 (R TEUE R A L7z, ERREAITH D NoO OfERE & A 2
YIRT ) Faz— A ER— ANV T THIE LT, £7, BREEK TERIZIE N2
S LIEAK LTz,
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Oxidizer tank

Vent port —1~ l - (;P

%&@ Pressure sensor

Test motor

T
]

Check valve Choked orifice

Flexible line

Pneumatic valve
for dump

GOX

Solenoid valve

Pneumatic valve

X &%—

Pressure

gauge

—l

Needle valve

Regulator

Figure E.14 The oxidizer feed diagram in Chapter 4.3.2.

E.2.2 B+ - HIE%

FHANE, HFnE¥ERI a2 XY b L a— 4 EDS-400A 7 — ¥ 1 /i —(Figure E.15)

Z 2. HIE X EDS-400A % PC

k Tﬁ’f\lb L/; AN

MEERY 7 h =7 LCF—

AWk EATo T, o7V o ZEMEEIT 1000[Hz] TH 5. A LZESFHEY

o— RE/UTIEI2ELEFRETH Y,
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Figure E.15 Compact recorder; EDS-400A.

KBRS OA T A X —DORIEN IR ST 7 b7 ADRBFR L, MR
UK AT I(Figure E.16) &3 5. MASTER % s ks, SLAVE % 5 IZq%
BT 5. ) 300[m]ETCOBEERLTTLTEBY, IR —BEIRLERLGH
X ER AT 5 2 & CHENARETHD. ZHIET v R 1~6 {EED
T ¥ RV SIVIOH I FRETH 5. MRS AT LAOEPIT SVIA £
ANy T V=T 5. KERIIT 12[V]IEEEI O 728, SLAVE % U L—7R v
27 A(Figure E.9)IZ LAN /7*‘7/1/“@@@1 L, &F x> VDV )y RRATFT—1]
V=% FE S5 2 LIk, I—"v T Uns R2VIZET 5. £ —
Ny T VITEBIFML A 7 A Z—OEWEIC L D2E LR TZ LT 5729
DOy T Y —E AN T 5. HIERE %?ﬁﬁu.% Figure E.17 {29, &%
T SRR BIFS %& Table E.2 (2777
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Figure E.16 Wireless ignition system.
Igniter Wireless ignition system (SLAVE)
Oxidizer supply system
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Figure E.17 Control system connection diagram.
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Table E.2 Wireless standards.
Model number ZB S2B

Product name Xbee Pro
Modulation system: Offset-QPSK

Transmission system o
Diffusion process: DSSS

Communication system ZigBee
Wireless communication rate 250 [kbps]
The transmission output 10 [mW]
Communication frequency 2.4 [GHz]

Communication range 100 [m]
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PRBESEBR D> — 7 o A {5 % Table E.3 (27”9, T-25 BOBFICEHI L OV F A4 A
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Table E.3 Example of sequence of static firing test using N2O.

Ignition sequence Time [sec]

1 Start recoding optical data and measurement T-25

2 Oxidizer filling started T-20

3 Oxidizer filling completed T-10

4 Countdown start T-5

5 Ignition T

6 Plastic band burned out, main combustion started T+3

7 Main combustion end T+6

8 Measurement and optical data recording end T+10

9 End of firing test T+15

E.3 GOX Rt & — & PREEEBRIEE

4.2 BT CHEM LI-BLHITH S GOX IZHERITE 2115 U7 PREEFEER I JAXA F°
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E.3.1 BiE %
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R, RRBER T AWBFE, 77 Fax—2BIHESR, HKHERO4>DT A~
WLELTH S, T 288 RIT, WK T AT Z T EROI & APREE R F
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Figure E.18 The oxidizer feed system diagram at Akiruno experiment
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Figure E.19 The oxidizer feed system diagram for the SkN class firing test.
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Table E .4 Example of 5kN class static firing test.
Ignition sequence Time
1 Sequence and measurement start T-55 [min]
2 Oxidizer filling started T-50 [min]
3 Oxidizer filling completed T-30 [sec]
4 Countdown start T-5 [sec]
5 Ignition T=£0 [sec]
6 Main valve open T+3 [sec]
7 End of combustion T+6 [sec]
8 Main valve close T+13 [sec]
9 N2 purge valve open T+15 [sec]
10 N2 purge valve close T+75 [sec]
11 Measurement and optical data recording end T+80 [sec]
12 End of firing test T+80 [sec]
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Figure F.1 The “Noshiro Uchu Hiroba” location. (Map data: Google,DigitalGlobe)

Figure F.2 Launcher setup location.
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L—3 3 V&% Table F.1 IZRT.

Table F.1 Flight simulation conditions.
Launcher elevation angle [°] 89
Launcher azimuthal angle [°]
(Counterclockwise with east as 0 degree) 240
Wind direction East, west, north and south
Wind speed [m/s] 1~5
Total plot number 20
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Figure F.4 Ballistic flight fall range.
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Figure F.5 Fall range when parachute is opened.
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<On the land>
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Table F.2 Flight simulation conditions.
Launcher elevation angle [°] 80
Launcher azimuthal angle [°] 135

(Clockwise with north as 0 degree)

Wind direction East, west, north and south
Wind speed [m/s] 1~5
Total plot number 20
Launch rail length 5
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Figure F.8 Fall range when parachute is opened.
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