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F1E i

1.1 FEHEGEY AT AOBR L B

B, HRCTIIERYTERES AT LAOBENIELTWS,. BARTIX
H-TIA, HIIB 7265 NZA 7o mruyy RRZEMIZE] SN TWDDS, K
ko sry v LTH3 vy FBIOSEREA A 7o u vy v FOBESS
N IAXA IZTITONTED, 2212020 B L ON2016 FHEEOFTH B
ZHIE L TWDII][2]. KETIE, K= X F%& 7202 L7 Falcon9 7% SpaceX
A E VB GEH SN TEREY, S 5ICKEREE B L7287 Falcon Heavy
DOBENPEITH THY, 2017 FOFHH EFEZBHEL TWDH[3]. BINTIL,
Arian5 DNEH SV EFTD BTG ZFE L TV 53, 2020 “FREEDO TS
BA—ry hE LT IKa X MbEa B L7z Ariane6 OB N EITH TH D,
2020 SEDOFTH EIFZHIEL TWAB4]. 2D X 91T, 4~5 FEEHD MR
L RG0S EZBREL, BEOn Ty O 12 BED HEa X b 25
gk 2 B L7 2 Bt s R Cl AP 6 Tun 5.

RIFH@E S AT LD S HIZIROFFRFHEE S AT 5OWFIEHIESE
L TETUWAD. NASA OSHT T, ko A FOBLED 1/10 1272 > THF
HEIEDEE IR T H2FITTEX RV, 17100 (2725 & R 72 310
NHIAEND L ENTWA[5]. E5IT, ERTEEEU Lo BT 2179 4%
AL, BEO XS fENEID sy N0 b EEATFEHERE S AT LD
FTMET A RERDEVWHIWELHDH[6]. ZDXHC, BfEOa v MY
H 1/100 FRED TS5k = A b 72 HmtxE BIE L, FERFEHERE S A
T ADOENFR I TITHON TN D, JAXA TiE, FFEHFEHEES 2T A
DHFZE & ke B2 T S LTV H[7][8]. BRK TIiX SKYLON (#[H),
SpaceLiner (BXJ1), Dream Chaser CK[E) 72 & ORERFHELE T AT L OHF
FeHAE L TV BH[9].

Fz, FFERFEHEBES AT LATIE KX b)) THDZ L LR [8REE
wEtE (7Y —2)) 2 THEAE] bEEREINTEY, HEIIKREDOT= X
X —PNRBRIREKFBIZEDY, KREBLY S COHEHEN VL, &
BICE L WRERHBEE LTREIZEAINLTWD HEIERAT A (LNG:
Liquefied Natural Gas) | =X°, iR CHMED X <, fEH RO 72D CO, HEH
ENTYo ThHOBREEAENE W (XA 4k ) —)v) REHBIES 7 v b
FRELE UCIEHZ2IBOYTWAL0][11]. E 512, v4ry MABREZ T T4 <,
BUEOFHEE S AT 5O REIEEE S 2 HEEIK E L THh LT
HEMEDOEWE R T UV RHEERICED D REBRE () —r 7 aXT7 )



DI HEAICITPN T WD, JAXA TH AKimXIic THEH T 25 THAN
(Hydroxylammonium Nitrate) | ZHW\\5 27V —2 7 a7 o FNOMIEEIT-
TEY, BN TIiL ECAPS 28 ADN (Ammonium DiNitramide) 27V — 7
a7y N ERHWEEAE Y AT AL, IV EICHEE S IVE-
RO TWDH[12]. F72, KETEH HAN R7 U —r 7 a7 e HWf#E
7 T4 NEIERER 2017 AFEIZEHE STV H[13].



1.2 7V —=r7uaxX7 v hOBR

BTE DOFHED O R HEE A~ DI BRI, FHEEIZH O 2B O 5T
Lz oohAh, abry NHBREHCOWTIZ XY M= 2 ) T TEE
NS IRAEKFERBEINER S CWb. £, HEHERSCe > b
DOEBHEEBEICH NS TWADE BT DU ROHER T, oKWY
—r7aRXT U MIEDLYOOH L. 1LIETRLEZLEIIE, 7 —r7r
ZhbELTILNG) , A Ax=% /) —] , [THAN| OWFZEEIIZLT
DILTWD D, TNENDOEIRIZOWTLL T IZ/RT.

[LNG]

LNG I, KFE LY EEETH VKON FTRE, KFE LD W5
SIS WD BN B S CTRIEMEICEN D, RILKFERREICTH 208
PRBET ABRITHENIT & A EFAE LR, KE LD THDEDEN H
H. INHOBEENG, TE, BiKkary b= U OHEERI O & L
T, LOX/ILNG IZHEHEHENEE > TEY, EHICDTTHILTZ 7 T X v 70
I—F TR O Z TR T D IO DM HED BTN D
[14][15][16][17][18][19][20][21][22].

[SAF=m ) —)1])

ZZHAHEORM, BEx RO RACKFBREI N FEHE DI TE 2. K
L, ME= R b & TREGEAME) &V 908 LUV REfih oo B ZE D L
TS, ZOXIBRRPUTEBNT, NAFxH ) —iary MEHE LT
HEHENTWS., N FxH ) — W EmENMELS, EIETORENTETH
HZEmE, BMOMONES THDH. EHIT, "M AxX ) —/LiTHEHEA
BREFE L TR D X 512> CTETRY, (KX NEELEOEfEHN
IThihv T\, £z, "M A& /) —nLZzHnbualry b=V Uittt
T HDIT, LOXINNA B ) —alr sy hm D U PRGERS D Bm R 3
M RET 2898 & EN TIT L TV B [1].

[HAN]

17y B SOMTE DO REBRIEEE SOHEE S R T AT e KT U EEMED
EVAELZHL D 9 720, HEERFEEAEZEITIT LT HGICE W TR b ER R E
ED—DOThsD. Thvwdz, HEFENEXEDIEEZTIIAFr—T A=Y L)
REEEZER LTS, ZOEEE2 L VEEPORSGICL, Eblcary b
SRR E > TR VIR RHEE S AT L Z2 BT 57201, B RT V0T
Rbod 7Y — R | OWENEANATONTWD ., FHAEE S AT A



OERELE LT, HANSRADNZ RX— R L L7ZIBARK R £, ¥x RfEEOE T
FIVX—WVEBHTE ST & 72[12][13][23][24]. Z b D E T RIILX—WE
D72 TR, BARTIIEMRE & IREMED WIFF T & 2HAN & AN (Ammonium
Nitrate) DIEEERZH WL 7Y —2F 7 7uaXT7 2 MIEL, BEEA 1=
A LRI BT D780 RIS E T 5 T2 O ORI E 7o & Ok~ 72 5
B — B B DNEI IS T O TV B[25][26][27]. 7=, K[E TIZHAN & HEHN

(Hydroxyethylhydrazinium nitrate) OJEAIENR, PRI TIZADNE 7 =T
DIREWRIZ L D7) =) 7aXTr he W AT A X L#HE
HEME SR COSEHFH A TV B[12][13].



2 e

21 NAFAZH ) —=)VDYNVT 7T Xy 7 KA —x
N
211 VA7 7 T Xy I RPRa—F 7

LNG #HHEF T HERERa r v b VOB Y A 7RO 7=
B, JAXA IFHEAERH LNG = o 2 Ul O fiiRE 2 U, RO
HAAETR S AR A SO BERERER 2 305 L7=[21]. ZTOHEEHEE LT, ¥
T 7T By IR — 2 TRZET B LT [28][29][30].

YT T HEy 1L, alry "o OFAEGHTEICB T, BREERE S
WEIT 2RO ORISR DRSS BRI L8B4 TH Y, mENE
TOJETHEIBMPER R DAL o DUV AT MIERE >
T, U UBRBESEBIENERNOY LT 7T 2y VBRHEEA T =X L%
2-1WRT. F2, a—F U FIXHEBETENSS ) ANVE o T EES TR
(LR FIREL N BV iR 2 e = LR BT H LIRS BE I HERE T 2 B TH D,
TUUUVATACEEELLIFT. 2V ) ANANE L TEEE O a—
XU BBEHEA = XL E [ 2-2 ITRT.

LNG OH VT 7T % v 7 JRa—F 2 7 OiEDHFFEIZ DT SCHER[16]
[17][20] D EE % =T

SCHR[16][201D LNG O v 7 7 7 & » 73 B TlE, L EENBREIND
PREESR I HINE A 0 — N &2 FRE L 7= TR DO HEEA % SRR I5E == D Fe b il
(OMC) ZHWTHRIWEL, FEROMF RS 2 U750 (BEARRE IR
B, T AREE, AR AW ) K0T T Xy T OB LG L.

54 (OMC) OMERIARETIZSEMDRIEEmENE 2 L TR0, N ¢
2mmx£ X 150mm TH 5. T D 100mm Z 55 1L AEEUARIMAID B RN B — &
TSNS, Y77 T Xy 7Moo e—Yay - ag—ra ik
DRAETDHEHEINTVDHR8]72D, Tun—Yary .- an—ya  rOmik
BXET 5 LB 2 LD HEFIMOBERIRE, mEER O AWIS ], H,S
BEEICEI LT, TN 491~729K, 509~1094Pa, 1.5~5.0ppm D& Tk
BRaAT, YT 7 T Xy 7 OFEFE I OENERIESCBREREA~ DK
B2 S L 7=,

BB AR O MR TE R G E 2 ¥ 2-3 12, EMPA 0Tk B4 X 2-4 12”7
BEERE DN m W — A T O PAZENHER S =, £2, OWkERN L
Ty T H I OFEMT 0 AEHEE LR R A 2-5 12T, &5, BEmE



RS & Ak %oy 5 e B U CAEER OifE 3 & th oo SCHR[28][31] & Lk L 7=
FERAX 2-6 (2T, ZOKNG, BEHBEENEGWE IV T 7T Xy I D
WENKRHIIRELINTNWDZ L, LNV T 7 D4E (BE) Ok
RN &R LT.

SCER[20]DFRBRIZE Y, Fppm D HSIZE VLT 7T X v 7 BRFEAL,
TV AT MR RTTAREMENH D ZENHBA L. KoTH L
Ty T Xy 7EIERE LT, XHBIB2] CHLWMENH L EHa—T 4 71T
KXV NVT 7T &y IRIERONEMERZIT - 7. BREZ IR O Wi LK
‘HEZ[X 2-712, EMPA it 42X 2-8 1O~d. FOREE, Wi DR H
~NOEBII/NEL, A vXEHE T LEEMEIconWTIZ L7 r 7 Z v s
DN S ND 2 ENy o T2[17].

T —% 2 ZERER T, TRERBER OFAM O Ni M & 700 a2 —F% 0 7384
BRIRIEEDME T2 Z E N HE SN TWA Z £ 5 [33], CHR[20] Tl b i
NI IND ) ANVAT— N E o FHBHEZHE LUtk 2 o #
M zEffi (Inconel 600)% FWTHRIME L, MR AR LSk a2 —%
T DRI ERNL LT,

Inconel600 DHLERMAERIT D 2 RV Z L FHEHEB AR L TEY, ¢85
mmx150mm TH 5. FDOMDOE TV 7 » 7 4 v 7 idpiEE @ Th b
D, a—F U TREBREFICIIA X U H A H,S W AZBESETEMEAZ N
ZADIMFEH LT, a—% 2 ZIEA X B AH K ORI TR T OB 5
XL END EHETEIND Z &0 HAREE & BHFIOBERIEEED 2 >D
INT A—=HIZEH L TENEI418~517K, 896~950K (ZH T a—F 73
AT 2 R L7z

AR IR Z DR ATICOIE L7 & 2 O FEA[K 2-9 (2, [FUm
® SEM } O EPMA S A4 2-10 17T, 2 b k0, KEISKERSD
ITH LN T a—F FIIRAEL TN L 2R LT,

LNG DA D RAV K FZREOFSFETlX, RP-1, n- T H >, 7y, X
K 70 EDRALKFREL D W O OO & B R & BT 2 855 0 Y
WNT 7T H T EEZONT, lppm BREDRES THH LT 77 % > 70
FBAELEZEWEINTWAR8][29]. 2 —F o FIZHOWTIE, 7r X Tha
— & VR AREREIZE T AR EROINH D, o, SA AT H ) —LIT
BALCiE, ey rvaalomhEaIicBL, XM 4= ) —v
DFREN & E 72 WERY 22 BT (500K, 750K)  « & E (10~19MPaA) BgEE T
OB RO A= v F VAR AWM DR Sz & O#H
HRNNH DD, TV AEERN AR LTSI mEN O, o ) — L
ERERE COW LT 7T X v 7R0a—x% 0 ZICET R EITA L.



Inner Wall Temperature

of Coolant Side Tw Cu

Tearing Rust
by Flow Shearing Stress

—_—T »
Chemical Reaction

to Form Copper Sulfide

2Cu + H2S — Cu2S + H2
2Cu + CH3SH — Cu2S + CH4
etc...

PABE =

(1) A2 R OBEF MO AR EIZEE

Q) FALMEALEYMEDILZERIGIZKYTRLE (Cu,S) Rk R RETE)

(3) HBEL-RILSANTRA B AW AICLYRFERo NS (REETE)

X 2-1 /v 7 7 T X o 7 BBRHEE A =X (REEEGHETEN)

) [ ]

—
BALMOE (a—F2)
|

BRARADLDAR

/X)L
(1) BEEMNSDARICKYBREIEEICTAIV NES fE

) BNBRIGFICEYREL KRBV ERICHE(Q—F )

20 a—F U BRBRHEEA D= AL () RNK T EEIR)
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. £

S L N : R S UL RN
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£ s it

H2S 4.7ppm H2S 4.8ppm H2S 5.0ppm

P
C— 3 oW
el

o
S { )
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> EESNDIY I I7TEYIOFMTOER

OREAMERZRGIZEYERIEH (Cu,S) ICEBDNS (Hpm)
!
QEAMAIZKYCu,SHBMEH>TRIBET 5.

| (FHFLLWREREARND)
QFBEL-HEBEYATO—Tar - a0—DavEMESE S,

wih

, . ﬁin.
H2SO '\

ﬁ-ﬁ-l.-

RE/TA—E . Q@ .
jﬁﬁ Tw, ™W il]ﬁﬁ IA-Y'3y-a0-Y3y

X 2-5 YT TH oI OFEMTa A
(Hi8h . SCHER[2011X 11)
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By OABRYD

EEFFS>Z0m

LR (&Y 1) R & (HEF1Y2) TR (BR#E1Y3)

2-7

4 A T AERIR O FIER 1% (L E AR W i S 8L 42
(Hi 8t - STHk[17]1%] 6)

b A % R0 HBR BT EPMA BTk
(Hi8h : SCEk[17]K 7)
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(Hi8h . SCHER[20]1X 18)

iy

4
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2.1.2 MWHEERENR OV E Y

NRAFTH ) —E, EH9HAZ L, TAIW, K COYA kDA
moilhiEINS. HYMHEOEHRM TH DA 4 =X ) —)iE, arv b
TV VDORBERIIA S E BRI EAMENMEERAL TS, & 51T,
aO—F% 7 G RACKFRENC LB T 2 EHERREOOLEHSTH D, Lo T,
NAFEH ) =B L TH LNG ERIERIS, BAEGHEIT Y TO/fH%
BELEGEE - ERBE FCOYNL T 7T X v 7B Na—F 7O %
S L, AH=ALEMRAT AL EHE UCANIIEZ i LT-.
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2.2 HAN/AN/ A & J — )UK DIBEIRIK D L VEREAM

2.2.1 HAN ZHEFK D R

HAN Tt FZ UV L0 v @mEnEL, 17— 7 a7 b & LT
BERETOENTEBY, Ay —F A=V LTOAE—2 3 (K2-11) B
HEEINTWS., 209 %2, E RIV L0 6 EHEDDK 10-20%5E <, BE
3K 14 fEmni=w, #HEER Y AT AO/NUERTFTRETH VD, & 5 ITEERHE A
HAL L B — & OE#EECHE HE I OBIIZEF G5 TX 5[35]. Zb OFLEN
5, HAN Z#X— 2 LT 543K IT e RT U URBREI EE 2 5T 5.
—J5C, MR HAN ORPREEHEE (BRBEm (C HREL 72 )7 361 D PR EEH
FE) IR CE ARV E RV, ZOSEEIEIT A 7-012iX, thowE &
DIRATWRE LTHWA Z EDRAETHDLZ ENHALTEY, ENTIIB
B O, FRRBEE T AN OREo 0 T[23], LeHES) - BRIEELHE S 72 E DOMERE
DMEIL, il & OROSEN RV E D HANMEIE T o E=7 & (AN) /A ¥
J = IVIKDIRAETRHRICHE B U, BRBERFE & IRBE A 71 = X 2O\ THF9E 217
VM36][37], K 2-12 IR T L DT A F ) — W FHRIER SIS N IcH 595 2
CERLT. FTm, T ORASTAIRIC OV TRN AMESCRLER O L 5 1R
FPH (X 2-13), JBEFEBRIALEE, EhE LR &2 MEFmIC B 3 5 KT
— Z DIEEDT T X 72[38].

Propellant loading onto satellite
with SCAPE suits Without SCAPE suits

(Hazardous operation) (Non hazardous operation)

2-11 T 2 HESE SR AESEH]
(FE:ev Ry, HA:7UV—r7axX7 M)

16



Ty, MM/sec

108 T
.1 :
©2 : % 80
Ty, — ................... oo: ..................... .
° >0. R 4
Ve
10 f ; T T R
< o ° g° N g * :
Propellant Compositions _8 ’° 0 : |
(Mass Ratio of Components) ! o* Soe
.o
Sample | HAN | AN | H20 | Methanol 107 ; P
1 3 7 10
Control 95 5 8 0 P, MPa
SHP069 95 5 8 8 Fig. 1. Burning rate of a HAN/AN /water/methanol
mixture versus pressure: points 1 refer to the
SHP163 95 5 8 21 SHP163 composition and points 2 refer to the control
sample.
4 2-12  HAN R B O BIRIEH
((anliing jzr-'ﬁk[zo]Tablel, Fig.1)
Specifc mpulse [s]
10 Q\ — 280
09/ A o
—220
08 & 20
07 3 i Higher specific
08 © e Deom impulse than
fA Q° e(?nalon . - .
Vo 05 VAN e Hydrazme W|th no

NS BN
04 Q

Methanol

X] 2-13 HAN JE&

17

Detonability was
observed at higher specific
impulse

B D IEREHRIH ~ >~ 7
(H 8t

: SCHR[38]Fig.2)



222 MWHEEERER L OEHBY

HAN/FEEE T =7 & (AN) /A X ) —)VIKOIREEIRIY, 2.2.1 HO X
FIRZRIIATONTETb 0D, BRICHIFTE HIRE - £ - PiEFiE%
DERSFM 2 HET DT OICME 2T — 2 B L OGHER D 72 <, IREIKRT
DALy ISR BER L I KT T E L 2 TSN TR 53, FHERARCE
EHIH 2T O 720121, S ORH5HEPIVLETHS.

X o T, KHFZEIZEB VT, HAN/AN/ A & J — )V [7K DIREVRIR D 22 4 % 5T
T A LHBHE LT, Ar—TA—VEBOHWAHAE & 72 5 EMEICE
HURITTEAAL N, BB ERERTH D EEKEITM, S5
[CES IR EEDNME T 45 A I = XL OMBH, 1BEEIRT DO RS D SRR IGEH
BEZ I T AN E A = X LD E{T-7-.
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H3Em NAFTH ) —ILOEERETTO

YL T 7T H 7 R ONa— TR
O R 78 10). 2002, 3(1), 407)

3.1 1L ®IZ

AMRIZIBNT, BEOZ DU THEHAIND RN S 2FALZ AT L,
R BEEORMBICTCHN T 7 T Xy 7 b a—F 0 T ORBIZHOWNWTHRE
IRHE, BRI, FMELZIMEL, = VU MRRICEE SR 52 AR TIZD
WTER L., S50, Ty Py RT AMEREEIT 21TV, P77 T X v
IBLRNa—F IRV BRI G 2 DBICOWT M L
7=,

RE, AL ORBRAERE, JAXA & E# LERZOLRENIEICT
i L7-.

19



3.2 PBRBESS I ENE A~ DR ZATEAMN M OV 5 /7 B
3.2.1 FRBRIGE L RBRITTE

MBEEOME, EEEORERKEZ ZNEX 3-1, X 3-2 KO 3-3 12,
RBREAA 2K 3-4 IR T. NA 4= ) — VT TSN F =X ) —
VB N BAE S d, RIS BIET 2RI B OIRE F T T EGE (3.4kW
X2 B PEY—F T AT LF4EEL KTFOS0NT, 2kW X 1 &) ThEESh 5. ft
SAREBOFEHIEA (SMC: Cu 99.04%, Cr 0.9%, Zr 0.06%) B LU= 7rLE4:
(Inconel 600: Ff%43 Ni 74.47%, Cr 15.63%, Fe 8.75%) TV, = T PRIE
S ENE 2 R L 72N 2mmx R E 150mm D 7R ZEVN TN D,

PR M IR RS 13 150mm O FOALE T, WRIO SR OBER 2> 5 2mm O E
T K BB L 0 BEEIRE 2 31 U7z, WARIRE XA o A 0 R O
AAHEOPEEPIZIRA U7z K BUZVESHC L0 FHl L7z, A A0 L O A
DENTEERE T & oV (R4 PHB-A-10MP) 2 W CEHHI L 7=,

NAFZH ) —=NF 7D LERNPOERZRTACLIVIMESNEESN
% F, EEUREIZH S 12kW O EE — &% (T ANy 7 BT A
VHT-E64) IZ X VMBS TWS. Z OREEE I THREA O TOE KT
TMPaG, fEARERIEE 1T/ K 900K £ CEBAGETH Y, = FEs%k
Pz VIRI S T X 5.

ALEE CEBARERMEREAOE TO LA 7 L X8 & R o S5 #1
mMEITZENEN 3.1) XBXLY 32) RcCHETE, KA DDA
A F B ) —)LES) TMPaG, it 5g/s D & & OFHFEREREZK 3-5, X 3-6 (2
R LA VR 10T S 100 A — 2 —TH Y, HERREH ComITELR
EEZOND. F12, BYREIZ 2MW/m? 225 TMW/m? Th 55, EBD AL
KFEZO Sy b T MW/mM2 (BREEEATER) 22548 90MW/m2
(Ar— i) THV[39], KRBROBGEHRIZEZME LD LKL,

BRI 2R 3-1 IR T, REERGBENETOY LT 7 T X v 7 L a—F
T EAET D0, KRBT (1) gEMREmEE, (2) KR ADo
NAF L ) —VRE, (3) SAMERE, 27 A -4 L THELE.
EF—EE L, RBRERII= DI vy arTa—T 4 A7 V%
500 P EABEL, FD4ETH D 2,000 A EAFEL L7-. S005 O EiEE
MR ESEMEAER ClX, "M A= X ) — VI ATF IV AT ¢ RERINL
TEmME TR EZ 100mgkg L7225 X HICHHEEL, MEEASS4A=X ) —)L
(BENo.100) & L CfERHL7=.

AR, HEEVARIE 3-4(b)D & 9 1IZY)lr <41, EPMA(Electron Probe Micro
Analyzer, HARE 5 JXA-8900R)53#7, SEM (Scanning Electron Microscope,

20



H AE 75 IXA-8900R) %34T, 7'V /L & HB (Brinell Hardness, /&R
F4EM DHT-100) , FEH S (2 b 34kH SJ-400) 72 EDOpHT 4T - 72,

Fo, fi niHZ’KT{/lL@ 7 4 v TR S RAEMIZ OV T XRD (X-ray
diffractometer, Rigaku 1% Multi Flex-120NP (#£&) ,JADE6.0 (Y 7 K) ) 43
WraiT->72.

12 kW

Pre-Heater Tank GN2

3-1  PUBRAL E A

Specimen

Pre Heater
X 3-2 EriEE SR

21
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Thermocouple
127 mml
< >

Thermocouple

a $2 mm|

—t — +— Flow
g /.f .......... K Yasnnngnnunnn E g
Downstream Middle Upstream
(EPMA, HB) (EPMA, HB) (EPMA, HB)
Downstream Upstream
(Roughness) (Roughness)
(a) FRBRIF
EPMA, HB
20 mm
4 mm|
o B -
SEM HB
Roughness

o, [

(b) SyHTiE
3-4 BRI
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1.8E+05

1.6E+05

1.4E+05

[-1

~ 1.2E+05
1.0E+05

8.0E+04

LA/ ILR#

6.0E+04
4.0E+04
2.0E+04 .

0.0E+00
300 400 500 600 700

RAATR/—)L B A QR EE [K]

3-5 FEHAHEL A VA
(M3 A O E /7 TMPaG, & 5g/s DIE)

N Wk 1Y N

BT [MW/m?]

500 600 700 800 900 1000 1100
HEEEONMFT2/—IVBE [K]

3-6  FEHBLAREEGE N
(HEEUA AN O JET) TMPaG, it Sg/s, 1AL 520K D5GH)

24



% 3-1 ABRSt:

Inlet bio-

) Inner wall Accumulate
Material of  Pressure ethanol .
Test name . temp. range test duration ~ BE No.
specimen temp. range
[MPaG] [K] [K] [s]
S001 SMC 7.0 900 - 475 500 - 420 2000 A-3
S002 SMC 7.0 800 - 600 750 - 550 2000 A-3
S003 SMC 7.0 600 - 465 520 -410 2000 A-3
S004 SMC 7.0 750 - 465 480 - 410 2000 A-4
S005 SMC 7.0 750 - 450 500 - 400 2000 100
1002 Inconel 600 7.0 750 - 470 520 - 430 2000 A-4
1003 Inconel 600 7.0 900 - 500 500 - 400 2000 A-4
1004 Inconel 600 7.0 850 - 500 800 - 400 10000 A-4
1005 Inconel 600 7.0 600 - 540 490 - 410 2000 A-4
‘u-De
Re = E%2€ (3.1)
mcp (Tout—Tin)
. p \! out in
q = (32)

25
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322 NAFxH —)LikE

KRB TCTHWDANA F =X ) — VI E EN DI RIEE 8T % PEEH R
BHFZERT (AIST) (2 TT-o7=. JIS K 2541-6 (JFLIH K OV i L 5 -k i 45 2Bk
FENCESE, MEMEOITIEE (2% 7V 7 v 7 £ TS-100V B &
N TRU-100) #HWT, REHIE ENDFEA OFEL AV OREORETH
HEMED S EIT o1~ DE RO AL F B ) — )T 32 1R T L9
Iz, 2 ooTHEcEISNZLOTHY, —JHidey "RNEL DO E5H
L7 4=V RT—2%0G L. ZOME, DLl "A 4% ) —)LiZ
1% 0.241~0.612 mgkg DRFENEZENTNDZ ERH LMo, 2
AR TIEIINOD I H A3 & A4 BRI L=

#£32 NAFZH )= )VTEEN DT EERE

Sample No. Ethanol Concentration of sulfur
(Plant-Lot) >99.5 w.t.% [mg/kg]

A-1 OK 0.612

A-2 OK 0.409

A-3 OK 0.418

A-4 OK 0.241

B-1 OK 0.560

26



323 FER LB

3.2.3(a) JE - IREEFHAI

J£ 77 &R EDFRIFE RO —B61] (S002) %X 3-7 127, K 3-1 OB —
AZDOHZIE, BREVZ 7 ORERIFINS, 2,000 B 25BN T THRER L
r—2b b5, AR A OET E ORBR 7 — A LA 7.0MPaG (ZHERF S
NTW5. € 3-70)D—FlCRaEnsg &9z, ks oHEIC L 5ES
BROFBEREINIMRTERh o702, B, =% ) —IVORERIE T KO
FUREIZZNFN, 6.14MPaG & 513 K TH Y DT, KRBROT X TOLME
IZEESETILL ETH D, Lo Lans, KAL) — Vil
BRI TR Oz, 2, TEGRORNMRE —Z O RN/ E <,
WD NRA T L ) — )V EFTEDIREICHEEFT DO E R LY
— 5B 2HZ LW TERNSTETZEDTHS.
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Pressure, MPaG

Start Stop
1000
900
200 ¥ ,
7N /o
¥7N)J
s v/
3600 7
g 500 ‘PESSSIIGEIISIDSSDSSSSGS 'R--_-'
£ 400 i R
NAFTR/—)VBE o
= 300 D ’\'M_I?/_)l’
NAFTR/—LEE FaREE
200 —  HEkEERE
100
0 T T T T 1
0 500 1000 1500 2000 2500
Time, s
QiIEETa 77 AL
Start Stop
7.5 I 0.5
7.3 Ai
7.1 - v 0.4
6.9 1 1
[ — H#EREAADEAD
6.7 0.3
65 INAATR/—)L —HEREDES
' FRRIEAN — EEAO—#D
6.3 )‘ 0.2
.| PesssssdSssssssssssssssaw L 1L 1
5.9 0.1
57 | ll | l I. I
55 T T T T T 0
0 500 1000 1500 2000 2500
Time, s

b) JENHh7Tma 77 AL
3-7 BT —# (S002)
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3.2.3(b) At L OEHARE 3

RBR L, (BRI LB > CYUIWT &4, EPMA Zo#r, fEESHT, *
I S FH 21T o 72, 1004 TR TR D 7 ¢ L & THIfE L 72 IRz > n
TIX XRD 3t 21T o 72, WmEANEEEER O F 0L E TO EPMA 12 X 5 54T
A58 (30umx30um: 300pixcelsx300pixcels) % X 3-8(a)(b)iZ/xT . TXTD
EPMA (a3 4T S Z 3 W) TR R D it s 70 S FHl S /v TV 5 23, X 3-8(a) D
BRI — A S005 ORGEARICIIT AFER B IEICEA L T\ RnWT T
Y7 ERILALTRRIE L TV 5. IRFEATITT X TO EPMA #ERIZEBWTEE
HMENTEBY, FIZK 3-8(b)D 1004 IZB W THRIZHVME S 2R L TWAD. 72
B, HONT CTIEONREEIMENITREMER H 5720, TEAZRFEMIL AT I
TITH Z & & Uiz, WHENEREER O PMLE TORER D & IRFBRD D By
Hr (1pixcelx1pixcel, & HERIAZ BN HHEIZ 5 0EI L2220
5 RAFH L7 EHE) 21T > 1o R 2K 3-8(c)(d)IZ~d . ZDREE, S005
Tl 5.6 wt.%Higs 4y, 1004 TlE 89.0 wt.% D Ry A3 S iz,

1004 (28 THEERIR T CHPE S 7= RAE @ XRD /o Hris 8% X 3-9 12
AT AT ROEIZIE, CiHeN4Os B L < 1 CsHoN,0; D F ¥ v 7 &
BRI E D, 2 L0, it S kbidiksE, KE, BE,
ERZDORD AR RIEIND. 728, N"A A X ) —VITITER LS
Fh TV, BRITABEBEBO -V T RIZHKRT LD EEZ O
5.

X 3-10 (2R OO EXEMH S (Ra) FHERZ/RT. RERATO Ra 1L,
SMC % 0.10 pm, Inconel {% 0.14 um T&H 5. SMC TliE, 2,000 7 ORBR% 1%
S001~004 ™ 5 & S003 TH K 0.17um %7~ L, Inconel TiE, 10,000 £ DiER
# 1004 23 K 0.67 um % 7x L7=. Inconel @ 2,000 BBtk ORI TIX 0.17
um 725 0.31 um T Y, Inconel HERA T D Ra OHINIME 227 ERRE [ 1 HL A
LTHEMLTWD EEZLND. BIREY LY 7 ORI —ATHDH S005
D RalI 124 pm THVEHTKEZ W, ZOFRENS, YV T7 7T X v 71280
WENFEOFR M S NEM LB X6 5.

7 R VEE S OFHRE R A2 FK 3-3 10T K40 (L3 U- B M« T D)
D KB & B/ MEIC FRRZG W TORLTWAD., HROKEIT 5 SEH L2
PIECToH %, SMC Tik, WNHIO HB NEVVEHIENICH 5. 2k, Ko R
MO E L Z T[N 5H. K 3-3 2.5 L, SMC £ LT Inconel
DELLLHBERMSIK TR N Enbnb.

LD L OGHIRE RS, S005 (BIEEY /LT 747 —2) ITB W T
VN7 7T Xy ZIC X DABRFHMA S BEMAHR I N0, — iz s
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NTNWERLFTH )= )VERANZFOMDr —2AnbIXAEERY VT 7
TH T DEEBIIHERIN ) oT-. £7, a—F LTI bDEEZDL
5 FREH S DOEENNS Inconel DT T D7 — A IV TEHEIE 1, FF1Z 1004
D 10,000 BEFP AR IC CHEE 2PN R S 7=,

PNT 7T H 7IIERNISNTHY, a—F o ISR THD. =
O DML Lo T b, — RIS, fBFRGH TlE, SO HEE I
(3.3) KD X ITUSHEE EEIZHHI L, FRTOBREDOREFORE L 72
5. LT, FOSERERET (3.4) XKoo X o ICIREEINE & bk 5[40].
X oT, ik &EOBEIREICEBWNT, Y7 rT7 Xy ra—F% 7
DORBIIFR - FELVHREEHDI D LEEZOND.

Sulfur Carbon

SMC blank

Sulfur Carbon

(a) SMC @ﬁ*ﬁffﬁ% (b) Inconel D E ST IS B
(B BEEDOL FOBYE TR S 7z i K ME)
3-8 EPMA 34Tt iR
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10
X 8
S 6
S
s 4
=}
" J
0 T T T T T T T T e
2 DA DD X A A >
S &
O
(c) BRELARST D RATHTHE R
100
x 80
-
2 60
S
2 40
©
© 20
0 -
2N DOD TS AN >H
S S

&

(d) RFRST D S HTRE S
%] 3-8 EPMA 43t 5
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— DTSR
—— Carbon
_ C17H26N408
- C15H12N203

g

3
3

g

5
2

Signal strength (Counts)

Filter at downstream
of test specimen g PITTNT T R ”
(mesh size:0.5 mm) Diffraction angle (Degree)

3-9 XRD 7p#r#E SR (1004)

140

& Upstream

1.20

& Downstream

g
=)
5]

o
©
S

g
o
o

Average roughness, um
o
=
o

o
1Y
=]

|

0.00 - . . . . . . . . . . )
SMC S001 S002 S003 S004 SO05 Inconel 1002 1003 1004 1005
blank blank

Sample name

X1 3-10  Z& o H & GRS 2R
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#33 7UFRAES (HB) FHAGESR
S001 S002 5003 S04 S005
U M D UMD UMD UMTD UMD
Oster 107 109 109 9% 8 8 79 8 8 113 16 11 112 93 1
P e M M5 0 @ ® R W [ L6 M 18 10 i
lner 113 115 116 100 91 101 8 78 84 108 116 112 108 129 124
LV ot 11 T W § 8 8 6 8 10 107 11 10 110 116
1002 1003 1004 1005
U M D U M D UMD UMD
o O 1B 25 NS5 0l % %0
e 131 120 10 120 120 12 131 126 128 128 126 1%5
- e 130 128 126 115 120 120 126 130 111 125 110 123
Oter 120 131 129 18 17 119 125 123 127 128 153 14
U: Upstream, M: Middle, D: Downstream
O E = k[X]*[Y]Y (3.3)
k =A-e Ea/RT (3.4)
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3.2.3(c) HEIER X UERERE

BUREREII X BV AW T, 35 Rk vEHLE. XL MK
=% = VOBEAEICEBWTEREE LTSN TVD
Petukhov D3 (3.6) & Y, BFEEMEE, VA /X8, 772 M
zihvtih 3.7) =, 3.8 X, B9 X&EMHLLM41]. Kk, =%/ —)
OYMAEIL, WHEAD OO ¥ ) — VIR E QYR E TOfE% NIST
REFPROP 9.1 Z HHWTHEH L7=. (3.8) X oowidlx, W& s i ssmomr
i AE CHl o 72 Wrim 2 e 2 7z,

S001~S005 DEEJjiER L OBMrEfRI A X 3-11 B LUK 3-12 1T-7.
BEyE () NET D EARERBICEET 5720, K3-11DLHIC
BHEMEN R D5 BROBRERE O E BN R ERITEE L. Lo LR
5, X 3-12 B EMAICITE X #F 500K LA FOEE CIZmEN RN DI
MWTEMR RN L TV D oIkt LT, BEL%F 500K LLEDOIRE CTIE%
DO > TE Y, 500K EIL TE— 7 iz Bo - %I ERADICE b
72 WEBMRER I B LT 5.

ARERIZB WU D= & 7 — )VET)ITH TMPaG TH Y, [X] 3-13 (2
TMPaG (7.1MPaA) TOEE B c,, B p, BVYERL, KMELRE uw DO
AKX 3-1318, ¢ 0, A, uEZNEN2M/E LT L X OBRERE A~
DREPE 2 [ 3-14 779, 4 3-13 TIFEEHE ¢, 23 FUEEE (513K) 3134 D 500K
75 550K TARMMICZ L LIk KIEE & 5. B & kMR EE 530K 13 £ Tl
TR & & 22 W KRIFEICEA 95 23, 550K X 0 & WIRE TSk &7
VY. BMEE SR IO LD L HIEREZ I/, £z, X 3-14
DL p > EEEL ¢, > BVRE R ) > KEMELRE 1 DONEIZ BV ERR S~ DK
JENBENZ ENbND. BE (Gia) ERMHEREO 530K (1T E TOaE R
BEEboFZT (35) Xnnd (3.9) KROFEBETIHBHELAY, EFE
LEBN o, OZALD B & 70 ) BMREBEREBDA B LT L HEETE D, b %
GOTERTDHE, "M AT H ) —/LiX 500K fhExEx5 &, WHEElo
WA (FRCEELBDOE) 1280, BURZERED L BRI OB R
IO TEBICEE U7 EEFE 2 bND. Lo T, = VUV BREESEHAGEIRD
EHZRBW T X/ — VRN S00K 282 2%560%, BUnERED 2
IbZBE LI DPMLETHD.

Flo, N ATF ) — ) VTEIBEE T CRAGMRE S E T 2 ERHD
TH Y [42], STER[43] TlE A A= /) — /)LD H B i#ITH) 650K TLEE Y,
SMC <° Inconel [Z#2fih L CTWA AN, T 5 OfBEAERIC X 0 /> fEBHAEIE
FENH) 550K ETENRDEWVWIHIMENDH D, ATz W\WT, WhkoiREZE
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BIE= % ) — OS5 iEEZE L TR 20, 500K (13T %2 48 2 A 5A 1340 i
I DB iR W A i DB % 2 T D58 O BB R~ D REBIZ SO\ T
LT A S LB T h D .

12
11 L e - _5001 ||
10 N $002 ||
o 9 \ |
HE e
ﬂ’e 6 ]
5 S005 [
4 — |

R}

2
400 500 600 700 800

NAFTH/—)LRE, K
(fEAAD-HODOTERE)

X 3-11 A4 ) —)ViRELEERE

20000
—5001
X /A 5002
§15000 N 5003 ||
ﬁ :::. —5004
B 5005
ﬁg 10000
w
5000
400 500 600 700 800

INAAITR/—ILBRE, K
(HEAAAO-BHODFERE)

X 3-12 A Fx=H ) —)LiRE & BVRERE
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800

700

600

% = 500
758

S % 2 200
¥ 5 =3
58

i 8 300
i ﬂ #

r *® 500

100

0

100

80

60

40

g 20

W o

B,

-40

-60

-80

-100

3-14  7.0MPaG TODEWMHAEZEAY D BB R E A~ D

25

\ — i Ep kg/m3 - 20
\ SR mW/m-K
V —¥5 4R $u pPa-s - 15
—TE[E th&hcp ki/kg-K
/ - 10
X \ 3
\ ——
T T T T T T T 0
400 450 500 550 600 650 700 750 800
B K]
3-13  7.0MPaG TOWMHAE DO IREEZ AL,
= S
| yail
[ "
400 450 500 ﬁ‘ 600 650 700 750 800
-
—pREE —cpEE NRE —uRE

INFTHR/—IVRE [K]

4
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A
h—NuD—e

(f/2)RePr

Nu = 2/3
1.07+12.7 |f/2(Pr*/°-1)

f = (3.6410g,, Re — 3.28)

puDe  4m

Re = u  mDewyu
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33 TUULURT ASNDOEEMENT L 3E O E

FERE) 77 LAV AT ADHD LOX/mH ) —)v GG YA 7 /v=T
VUV AT MRNTIN A TR & LT T T X 72[44][45] (X 3-15, 3% 3-4).
AW TIE, ER[44]TO oY A I NFHREICa—F L T ORETHD
FHHEIOMEMEZERVIAALTE. =P A 7 VEETFIEFEMZ OV TX
Appendix 1 (27”7 £, FAGEFOEGHE & HEHEEROFHEFIECD
UNTSCHR[44] D FIEZ RIS T 5.

BAGENERIRITE 3-16 (29, BRBET AR BN mzE T 5 20t R
(3.10)2, MHEBENTZE T 5 BGEHRILGADR, mEIFIREE RS (2 m S
BERGRHIXB.12) A2, BREEH A & i HlEEE R O BME MR 50T Bartz DX
(3.13) 3.14)A[58]1 & HV, MmENEREm & M AENH| O BVRZRENL Dittus-Boelter
DOXB.15)XEH W=, 72720, BARHEHFEORKELRIIARRMNE DBEEE H
WAHN, KRFTCIIPAEGENRITIERZEEL TWbH 78, (3.16)=U~T
PJR S hby, & FAWVCEE L 72, BABETENICB T 2 EHHERIEE.17) &
DEH L, &EEEYRENE Swamee-Jain D= (3.18) K& -,

ZNBORERHN T T IR ER R 23K 3-5 (ZRT. oo fE H i BRI
EERRIZE LZ 850K TH DN, MET AMOBEN I NEBE L TWD. 2
DI, BREET AMEEmICE S 10 u m, BMERI Wm/K OH—~ /1807
a—T 4T EMLTAHIEETHE, a—T 7 LHEERO R TO
SRIELEE 1T 836K, ¢ ENFIMAI D SREE R 1 X 686K & 72 o 7z,

A OFFRIL NASA-TM X-73655[46]% &M L=, Bk OFAGBH
TRDOFHREIN G, PRFESE SR OBREE T A & 4 FJFMR OIRJE 2135 200K & L7z,
D& ECHR[46] DX 3-17 16, BREEH AMANEE & R EE=E35 i (BACK-SIDE-
WALL-TEMPERATURE) ODOiEFEZITHI S00K TH Y, X 3-18 7> AT=500K
D& x, BREEEM B ORI AT 1000 [E & 72 5. 4fEDLEREEETH
EFFERFMITN 250 L 70D,

LU G, giROREH Iz L 7 7 7T &2 v 7 R0a—F 0 FOHEITE
JE STV, R CIE, —RicEInN WA RS F = ) — i H
W T, I —F I X D mENENOREHE I DNHEINT 28R 1 550
. 22T, TPV UV AT AFHETHER L TV 55 ENEOEBEESRE DO
Td % Swamee-jain 2. (3.18) KOREM I ¢ 22 {bxELHZ &ITLkY, =
— X I L AFREHEIEMAZ U AT AEHEOFIICERY AT, KR
BEt i, BAEGHEAQENIRERTE DO 1.5 &L, mEEO ANDJES
EBRBEIE NIXFNFH 105MPa & TMPa & L7-. BEEDIE & &1L, 2o
— REFTIXFFE4 2mm & 12mm ThH. HENEH O TOMLBERAKE /)3

38



KX, AoV =7 X TREEIETO 20%DEHBREZEZE L, 7.0MPaxX1.2=
8.4MPa & L7-. 3.2 OB R D, RS OFHEIZ 0.1 pm & L, 1
YA 7 NVARICREML E 2 0.07 pm I35 & LCHEAE L. ERREEELE
HREORE, BEEHOENNEY A 7 VEICHEETH 5K 9.1MPa 725
BAIIRT L, K75 A 7 VBRI ANEH 0 RARE J7 3R 8.4MPa (27 L 7=

(K 3-19) . 1 VA 7 VOBBERIEI v a v Ta—T 4P A 71D 4 1%
DORBERFZ BB L TWDH720, 4 [FEo~—2 0 &5 AT B RS &
LTRSS EIE WD FERE G2, Z OREFIE, REER B HITESMEIC Inconel 73
fEon7-%E, FEHEBEEOREENRBEEMEANEOEY A 7 VT Tld7e <
O—F T PRFEEICRD L EERL TS,

WS S AT MO HFFMEEER E LTI 100 [FISLEARE SN T
WAH[A4]Z LD, a—F > 7 OEEEMGT 572012, GEENEIZ 2 —
TAY TR LTCa—% 72l T 250X KRORF NS HLEL T
HAREMEIN B D .

LOX Tank

éGG Chamber ol Tank
LOX k_gg_ox | k_gg fu

Turbo Pump ’ [>-Q] m v | Fuel

i | =¢Turbo Pump
— k_B
v 4

k_
= g ™ :

Main Chamber
v Regenerative

Cooling

k.Y =+ kox~

|
X 3-15 GG VA 7= Rk
(M8« SCHR[44] Fig.5)
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Combustion gas

Coolant

The main combustion

@

Combustion gas side Coolant side
boundary layer boundary layer

Outer wall

Cooling wall

(b) Heat transfer model

chamber (front view)

The main combustion
(© chamber (plan view)

Combustion gas heat
transfer surface

Cooling wall internal heat Coolant heat transfer
transfer surface surface

Outer wall

) b

(d) Heat transfer surface definition

Cooling groove width b 2.0 mml
Cooling groove depth h 12.0 mml
Cooling groove aspect ratio h/b 6.0|

Cooling wall circumferential direction thickness ts 1.2 mml

Cooling wall radial thickness

ty | 0.5mm|

3-16

BRELEE M BN AR

(Hi#h : SCHR[44] Fig.4, Table 3)
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160

MAXIMUM AT, %R

-

S CALCULATED TEMPERATURES

0 ©  AVERAGED EXPERIMENTAL RIB TEMPERATURES
©  AVERAGED DXPERIMENTAL BACKSIDE WALL TEMPERATURES

CALCULATED HOT-GAS-SIDE
WALL TEMPERATURE, Tgy. OF
UNDEFORMED COOLING CHANNEL

~1.C. BACKSIDE
STEADY-STAT
HOT-CAS-SIDE HRH
WALL TEMPERA TURE : H
o
a
) ---].t.-
HE |
o "
= CALCULATED RIB TEMPER- : :
ATUREATTC. 7 M
L
——11
"
'
b
"
L
..... Ll
&~ [ 4-7¢?
i-
! el
>
“ CALCULATED BACKSDE bbbyt
WALL TEMPERATURE ...:.;T‘

TIME. s

3-17 BRIBESR i ENE T 5 O IR EE TR I

(Hi#i : SCHR[46] Figure 14)

© OFHC COPPER
o OFHC COPPER, 2044 CYCLES, NO FAILURE

& AMZIRC
& AMZIRC - AGED
a NARLOY -
- &7 = 390 N;- 178
OFHC COPPER
4000 409, ~ 112-HARD AMZIRC
M' AT - 45” N;.m
0000 * 1000 3
.a 800; \\:-L*::- . a
lm' m.. e~

40 60 100 200 400600 1000 2000 4000
CYCLES TO FAILURE, Ny

%] 3-18  BREESE A HITE O NIMEEE 72 & ik kR

(Hi#h : SCHR[46] Figure 19)
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11.0
10.5 - - 0.8
—10.0 4 P =
= 90 —mEE | o408
N85 ; ,/ PRBE10[E] 04:153
H — ——JRIESO[H o>
8.0 N7 pig7sE |- 0.2 B
75 %iﬁégo%k
— PRS2 S 4K
7.0 —BESA] 0
0.0 1.0 2.0 3.0

A0 O3 —M oD EEEE [m]
X 3-19 FAEmENEREH I X 2 mENER O£ ) 024k
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#3-4 FRRBEEO FEHRG NI A—X

Combustion chamber pressure Pc Mpa 7
Fuel input temperature Tin fu |K 390
Oxidant input temperature Tinj ox |K 90
Mixing ratio O/F - 1.8
The main combustion chamber temperature Tc K 3455
Characteristic exhaust velocity C* m/sec 1731
Vacuum thrust coefficient Cf vac |- 1.916
Sea level on the thrust coefficient Cf sea |- 1.798
Vacuum specific impulse Isp vac [s 338.1
Sea level above ratio thrust Isp sea [s 317.4
Outlet diameter De m 1.6
Expansion ratio € - 25
Throat diameter Dt m 0.32
Vacuum thrust F vac |kN 1078.5
Sea level on the thrust F sea |kN 1012.5
Combustion chamber total flow m tot |kg/sec 325.25
Fuel flow m fu  [kg/sec 116.2
Oxidizer flow rate m ox |kg/sec 209.1
(Hi8 : SCHR[44] Table 2)
*K 3-5 FAEMERBAI R ERR
Regenerative cooling channel inlet pressure 10.5MPa
Regenerative cooling channel outlet pressure 8.4MPa
Regenerative cooling channel inlet temperature 300 K
Regenerative cooling channel outlet temperature 371.3 K
Combustion gas side throat wall temperature 935K
Coolant side throat wall temperature 754 K
Inside and outside wall temperature difference 181 K
(Hi#L © SCHR[44] Table 4)
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(h:hg

(Tgag - ng)

q2 = %(ng = Te)

q3 = he(Twe = Tru)

hy, =

D¢

Ovartz = [

2 T,

17 —1 :
1 wg (1 +Y—Mx2) +§]

—0.68

2t = R A, bartz

1 —0.12
[1 + YTMXZ]

2
0.8 0.4 Hfu
he = 0.0276R, ™ Pr " 17—
_ _A4bhec
hb, = 2(b+h¢e)
2
_ o L Prut
AP = fip-"3
0.25
f= ’
[log< orB e )]

3.70Rby, ' RG™°
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34 £l

TV UNEBRN R E BB L EIR - BIESRMFICTANAS T F ) — L EIREEE
BHBEC NSNS ATREM N 3 5 SMC & Inconel DY /LT 7 T X v 7 B L
a—% 27 ORBEFMEIT, RO ERFT-.

() BEDOY > TN OEEEDITRERN D, —RICEE SN TWH AN 4= H
J =213 0.241~0.612 mgkg DRRENEENLTND Z E BB LT
> 7.

Q) BREY LT 7 MO TREH I OEMAHER I N, UL, —#&IZ
WEINTWARSF X ) — Ve —ANLIIAERY LT 7
TH T OEBIIMER I NI Do T,

(3) Inconel TlL=m—F 72 L H R\ S OB fERR S 40, FRICRKED
= A TCHE R EEINDA A BTz,

(4) A AT S )= E 500K (ka2 5 &, YA Lo FRCEREL
EADZAL) 12XV, BURZERED IR SIS OB A > B AR TN
HEU7-EEZ NS, LoT, =P UVIRBESEFABHE ORI NT
T X ) —/VIRED S00K L& 2 5 5A01E, PMRERIEOELEEBE L
TRENPYLETHD.

B)A—F L T DOEBELEFE LT VUV AT LAHBERERND, BREERGH
TEAMENZ Inconel MEDOINTZGE, T RIEL O FEE DSIRIE = 5 EITE O
YA 7 VS (Bl R E M 250 [|]) Tlide a—F v 7233E (F
RIS MR 75 [B]) (2725 2 &V L=,

AWFZRIC LY, BBREMREEARIII VT 7 7 % v 712 L5 FREH S8
NHDHZ &, 72 Inconel Z HWZBRIZIZa—F o 712 XA F M I BEINN
HAHZENHALIZZ LD, A% URHEH AR ET AT, i
DOBRRKIBREHEEDORESLI—T 4 TR EIC LD a—x 2 75k
DOIE R E, BB EiHIN L ELEE 2 5.

F2, KRFHZBWT, MHEOREZILIT=Z ) — VDo fiEZEE L T
72N T2, 500K A 2 D56, BV fRWEM S D BMRIZERR B~ DR BRI
DN A B2 LB TH .
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H4 L Faxi L7 2> (HAN) OFEAR
Bl P 0D i B L #8103, 263). 4 (D-6)®)

41 XL OHIZ

ABFR T, 7 ) =27 a5 b Ol & STV 5 HAN/AN/A %/ —
JUIKDIRATRIGIZHONT, FPHERFIE AL —2 50D A7 T E R R
YEEITY, B RTVUROMO T Y =) T uT s MEfi LR 2 b
BL7z. 7, BREROAY R 7 ORRICIE AT B ESRIC T 5 R
BTV, MO T LB 2 A B L. O R A
1%, SHP163 (BAEH & MILAIO BRIR AL TH Y, 163Wt% DA X/ — L& E
HH 2K (3 53)) 2T, WIS, HANJAN/ A J — LIk OBA TR
DFFHEL LT, Flix ORURICHT 5 BB A TV, oo L
—WERT Y = ) T RAT s MER & B L. BRI, YRNERIE
HIZATUS, SURBERIE 2 BT 5 T lc oW TER LTz
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4.2 FEM RSN

4.2.1 FHISIE

TV —o7aXT o FOBEME STV A HEESR (HAN/AN/ A & J — )L/
7K, HAN/ Hydroxyethylhydraziniumnitrate (HEHN)/7K, ADN/X % / —/V/T >
F=T(NH;)/K) L& RV LT, @i ERS RS (JISHA) 12
X VWEIE &1 7= control banding method 2 W TEMEM U A7 T A AV N &
{Tolz. ZOTH®AA ML, BRIV ET Y =07 T b
FEARV— a v OREMEE T 57201297 > 72, JISHA AW 5 FikE
[4711%, NBIZEEZERZMEORIE SFiEZ T OIS HnboiiTng
[COSHH essentials[48]] & FEARJIZ[AE] U control banding method Z i L TH
», COSHH essentials X EHAHDO LD LV L, OV EERNRY
FAT VT ZHNWTW5D. COSHH essentials 13— AR 1E BT DLW
HOHY Nz H#T 5 7= Ofaét 2 7~x77[49]. Control banding method TlZ,
NP — R~ (HL) &#EEZRZRME (EEL) 725U 227 L~y (RL) 2
WX 5. HL & BEL 1L, BV 5 WEOMERBIRN EHERE L~V
EENENEBLTT 750 S n5[47]. JISHA © T35 TliL, COSHH
essentials & b U C, HL IZMGRE L~V F THL5E 4, EEL I3RPTHERZE
EOFESE (B N—F A T NN—FAT) FTEELIVFEMIIXSLT
W5, FORES, HL X 1~5, EEL X 1~7, UAZ LU X I~IV (hEW
T ELVEE) ORFHTHEIND. JISHA NHWD FIEQTOBE T vtk
A %z Appendix 2 (27”7,

KIFZEDT & A A2 ML, KRR ~DOIFERAY 2 b L < ITIRERIEED R Tk
REEIZLEDHE SN TWARE T CTORREE A~ 3 v (BhE kg
F—H =) BEEL, £41VITRTRKICHE L TTo7-.

#F4-1 VRIZTERARAY FiHE

No. TEAAV R ERADEE/N—EUL
No.1 HAN/AN/ A% /—)L/7K 57-83/0-12/2-24/balanced
No.2 HAN/HEHN/7K 445/11/445

No.3 ADN/ A% /—)L/NH,/7K 60-65/15-30/0-6/balanced
No.4 EEErSTY 100
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422 FEHR LB

EMR Y A7 TEARXA L FORERER 42 18T, ZORIZBWT, L
LT IE TEEZR ) 27 ), LoV I NS 27 ), LUV T i TP
EOURZ |, LLIVIE TREARV AT | EEFRSIND. 42.1 HORHRS
XD T 'R A N EIToTERER, # 4-1 D No.1~3 ® HL & EEL i3, HL=1
B L OVEEL=3~4, No.4 X HL=5 8 XN EEL=4~5 t72o7=. ZTDOFER, 7
V=077 hOBEMTHD Nol~3 DU R7 L-~yLid 1 (B D
7) £720, V77 L ARELTRHMELZZE RTUUIT IV (RERY R7)
Lo,

ZDOUVARITEAAL MIEY, HAN/AN/ A X ) — LK DIREEIKD U A
7 LU, HAN/HEHN//KE KO ADN/ A % J —/L/NHy//K & [6] U L~ T
bH5H T ENHEBA LT, ADN/ A X J —)L/NHy//KIZ A r—TF 2 —> 72 L TOHE
WEHEEENYHF STV ) =07 a5 v ThHH[12]. Lo T,
HAN/AN/ A Z ) —)V[KIZDOWT B RIEEIZ, A7 —T7 A= 72 L TOVEENRH
FFCED. LL, R#EXA—YOZOMORHEN B HESIIAEHE O
HEICLD., LoT, ZZTIEVAZ LW ERTETETS.

F42 VRITEHARAL MER
No.l No.2 No.3 No.4

HAN/ANMethanol/Water ~ HANHEHNWater ~ ADN/Methanol/NH,/Water Hydrazine

i OEL AN HEHN ADN N.H,
1nimum content (2.3 mglkg, mist) (3.7 mg/kg, mist) (4.8 mgfke, mist) (0.008 ppm, vapor)
Risk level | I I \Y
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4.3 BT
43.1 FABRIEE LARITIE

BRVNEER |25 B et 72, MIL-STD-1751A Method 1041 (ZAI Y
Large Scale Gap Test (LSGT)Z 1T\ [50], #ESOBEBRFEE LML=, Z DR
BRI%, B1— R > 73R E MR, KEEERUEHI T LIRS O/E IR & 558
WEEIC T A BEZFN T 25D TH 5.

4-1 |ZBRIEE 2. iR IT, % (Detonator) |2 &V fih/#3E (Explosive)
Zokckg UERE /) 2508 (Test charge) (Z5-2 2573, b3k Loz H
HH—RXx 7 (Card gap) DES (FKEh) 2L v ikkBHC G 2 2 EEB %
T 5. ABORISERRFTED O T ORI OKEE (JED L < ITREB)
IZCRHT 2 (K4-2). I—FFXFr v 7ORIZEZ TRBREZITY, RBRA
BN 50%DMERT TR (L LIX TR1B) LHESNDII—FREy v
DESZRRTDH. #8 or #6 EE (T M F—F —) LI 1.60£0.05 geem-3 D
50/50 EIERL b T A FERMBEEKE UTHER L2, 8% 0 FEM L STKMI3A
(SAE1018) Td 5. 51— RF ¥ v 7L Polymethylmethacrylate (PMMA)% FHU>
7o, FEHURIEERER > S25C (SAE1025)% AV, K& 1% 0.95 cm (JEA) x10.15
cmx10.15cm TH 5.

72k, ARRBRCHEMH &7z 50/50 B5&E~R2 N T A N OEEITH 1.64 gecm-3
To D0, MIL-STD-1751A 2 LV HE SN EE Y R T4 O
(1.56£0.01 geem-3) L W H KX\, 52 T4 FNOGA, HEIX 1.55~1.65
geem-3 OFIFH & 720, JFHEY T A4 FOEAIE 1.55~1.57 geem-3 L7205,
BEDORBETRDI0, #HES N T4 b TR CTOIMELZ, BiFEsT
IV — W DGR O R VEE A GR35 fftr 7 v 77 Z 2 KHT2009[51]% MW
B DR & 1.55 geem-3 & 1.64 geem-3 & U Cat5a U288 4 54 L 7-.
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#&— Detonator

N Detonator holder (PMMA)
N
51 - Explosive (cast pentolite)
N
60 PVC tube
[ £ Card gap
| N ®
\ \
\ < Test Charge
M N
\ By Steel tube
S \ \ (Inner surface coated with fluorine)
[3e) M N
=2 \ N
\ 36.5 ¥ .
N | | €| | \j«€—— Cardboard container
N
) 41.6 \ - Bottom plate (Aluminium)
:l Y ! @ Spacer (PMMA)
i Air gap
+——— Witness Plate

101.5

NN

— Wooden base

N
N

AN ARV RN NN RN RN

N\
NNIWNNNNNNN]

4-1 LSGT OibpitE Lkt 7 v 7 5EHE
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[

R 42 R 0 HEHAR O IR FE ]
(/£ : 1% (Positive), F : & (Negative))
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432 HEREBE

7% 4-3 12 SHP163 OFRERFE R 2 ~T. T — FEE 23, 47, 69 DEAIORER
TIT#6 FEEZHV, TRUANTIE# FEEZH W, 2 OfE R 2 a4
5HZEIZX Y SHP163 D 50%E & 7D h— e HEET 5 & 9~11 # (1
¥t =0.01 inch = 0.25 mm) & 72 5[52]. £72, KHT2009[51iC X 2 EE M
N 74 b T (K 4-1 O Explosive Fui) TOEINL, X T4 M%r“
1.55 geem-3 D & X|Z 20.4 GPa, £ 1.64 gecm-3 D L X 232 GPa Th o 7=.
R M T A MO 1.55 geem-3 & 1.64 geem-3 DFEIZLD, XUFTA T
S COESFE1TH 2.8 GPa TdH 5H[52]. MIL-STD-1751A Method 1041 (NOL)?
* IE5—% (Appendix3) & KHT2009 OFtHFERND, BEEFEL 50%% & 72
5ﬁ~%&ﬁ@%%#ﬂbé. ZORRBREMWD &, WIEIE 2.8 GPa DT

— KT 2 eo#EL D, Lo T, AHBRKER L MIL-STD-1751A
Method 1041 (NOL)HLIE D J7 1L TORE R 2 LT~ A BRI21E, T ORRE DR E D
R LEBETHULENDS.

C-4 JBIED 50%8 & 725 11— R 192 40 TH Y, 50/50 g~ b T A
FZ 301 #, RDX I3 323 #%, #51% TNT 1% 108~198 £z Td 9 [50], ADN %X
—AETH 7V —rT7uaRT7 L N ThHDHLMP-103S X 18~55 K TH 5. Lo
T, SHP163 OEELE X, OO E T % /LF—WEL LMP-103S &< 5
AREEEAEVMETH D = EVHH LT,

7 4-3 SHP163 @ LSGT #& &

Number of Cards 0 11 23 47 69
Number of Positive result 2 1
Number of Negative result - 2 3* 2% 2%

* #6 blasting cap is used for one test
Note 1 : Casted 50/50 Pentlite is used for this test ~ Note 2 : 1 card = 0.01 inch =0.25 mm
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4.4 BNy FRBR IR
44.1 HBAEE L ABRTTE

HAN O3 fFIZ L0 HiH S35 E08 HAN BRBF O BRIERR a0 PR BEHEFF o0 — B
K727, BOMREZTET LI ENEETHD. 22T, £ 44
Fizdh b 5 fE¥E (SHP163, H1A3, M2, M3, M4) ® HAN/AN/A %X /) —)V/
KOIRE TSI K U TR B AAIREE 2 31 U 7. BV iR R HAEE E (H
B) 2 4-3 177, FEROBHER XN SHHERZEL CGRHESN -5
HAZT ¥ o N\—IIHHG L, FIEDEITETROFZM U CTEE Likbhz
1Tolz. BEELITIAT L AT, N 6.2mm X &S 8.9mm T _EE25BH Ak
ENTW5. REIOEIT 60l THD. REIRBITCEN - —Z 12XV
TOVDINE S AL, BUEEAZR P EICHE D T 72 K BUBAEE HIC L 0 SR R SR
ZEHAIL7Z. F v o N—WNIZET] 0.6MPaA 3 L < iE 1.0MPaA D% % FA
%, BRI Z 5C/HOOWE TINE L=, ARBRTIX, X 44 0k 5k
DESSRIZ L0 B R AEE N2 R LTS 2B fREE L EHE L.

Safety Valve Pressure Sensor Thermocouple

> ®q?—c><1—>

Regulator Vent Valve

N2 ™ Sample cell* with heater
*Stainless steal(SUS)

Chamber

Gas Cylinder

HBRAR (BHRTICRER)

53



ha 5°C/%

Temperature

Time

4-4  FOSBHARIREEHE 7 ik

% 4-4 HAN/AN/ A Z ) — )V/KIBB VIR O RRRIgE i B 21

Mixture Weight Ratio [-] Weight Percent [%)] Molar ratio
Name  HAN AN Methanol Water HAN AN Methanol Water =~ HNOs/HAN Reference
SHP163 95 5 21 8 73.6 3.9 16.3 6.2 1.06
A2 95 30 21 8 61.7 19.5 13.6 5.2 1.38
H1A3 60 40 21 8 46.5 31.0 16.3 6.2 1.80
Mo 95 5 0 8 88.0 4.6 0.0 7.4 1.06 Ref.
M1 95 5 7 8 82.6 4.3 6.1 7.0 1.06
M2 95 5 9 8 81.2 4.3 7.7 6.8 1.06 Ref.
M3 95 5 29 8 69.3 3.6 21.2 5.8 1.06 Ref.
M4 95 5 50 8 60.1 3.2 31.6 5.1 1.06 Ref.
AOM4 95 0 50 8 62.1 0.0 32.7 5.2 1.00
A1M4 95 10 50 8 58.3 6.1 30.7 4.9 1.13
W1 95 5 20 2 71.9 4.1 16.4 1.6 1.06
W2 95 5 24 24 64.2 34 16.2 16.2 1.06 Ref.
W3 95 5 27 39 57.2 3.0 16.3 23.5 1.06 Ref.
AOW3 95 0 27 39 59.0 0.0 16.8 24.2 1.00
A1IW3 95 10 27 39 55.6 5.8 15.8 22.8 1.13
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442 FEFRLEBL

5 R OIRA VIR DB FRIR EEFHAGE R 2 X 4-5 13, BRIk L 723
WROBSGRRE L, REERETCIIBLZF 130CEY ETHDA, JEHES
FREMVERT L2, ZoBHEE, STR[S3NICED &, EAR ER L, Bl
DEFENPMZ LN Z LI L 5T, OIS B RN A U729,
EEZLNTWVAN, ZEME A D= A LNIARHTHS. HIAZ TF O ofl
Al & LTI R TOES) Tl b BV RIEEE MK <, AR T 5407 H1A3
DRSS IRIRSE DF/IMEIZB L Z 110CTH 5. ZDOFEEN S, HAN/AN/ A X
) — VK DIBREEIRIZEHE VT, AN ZHIII L HAN 2D S8 5 &, B
BEMET T2 0”005,

D. G. Harlow & (% HAN IR G518 OB il 2 HEE 9~ 2 72 8012 Instability
Index ZE A L72[54]. #i51%, ®RED 4 A RE ] <° HNO; & HAN
@ [E/LEH HNOy/HAN] =2 THNO; E/VERE | OEEANIZ L Y HAN IBEIEIK
DRAGIRBEIME T 95 Z & 2 FZBRIIR L, BV iEE B = 5 Ofi
Z AW T EH O ERAE R B3R B 1172 Instability Index (X 4-6 I EFRR
Zond) IRV RBIND & STER[54]) THRE L7,

HNO; /% HAN & AN ([ZHR L TH Y, HNO; DE/NFEEX SHP163, M2,
M3, M4, HIA3 TIZFRIRE TH D7, HIA3 DAHE/LE HNOy/HAN 75 od
BIRE 0 REW (R 4-4). L, JES EFITPEWEV MR E (JK T 3 2480
ThoH. LLEXY, BVMREIME T3 5 E KR DO —2/TE /L L HNOyHAN H#
INZ & % Instability Index ¥ TH Y, EOMOERK & L CIXJEFHEET DM
MmEEBZLND. LNLERD, ZOFMA D= ALERET HT-OIIEE
SIRDMMENMNETH D,

%N, HAN/AN/ A & 7 — VK OHESEZ 4] 5 BRIZIL, JEFHORESEE %
L, BOMIBEICR LT+ R~—0 b o TRV S 2 L 2R3 5.
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Thermal Decomposition Temperature [°C]

160

150

140

130

120

110

100

::
— \ ~-SHP163
SN M2
\\. M3
><M4
H1A3
02 04 06 08 1

Pressure [MPaA]

4-5 BNy AR EE FHAE SR
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Temperature, C

100

90 4
80 -
70 4
60 -
50 4
40 -
30 &

20 4

The Instability Index (I) is:

I=(1 +[HNO‘])(|*|OE[HNO-‘"H'\N])+(1+[HNO3])““0?(1*100“"'3”)

where:

[HNO,] = nitric acid in molarity

[HNO,/HAN] = molar ratio of nitric acid to HAN

[Fe] = iron in molarity

Autocatalytic Zone
(Unstable)

Unreactive Zone
(Stable)

@ Autoc atalytic

L Unreactive

Instability Index

4-6 Instability Index
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(HHHL : SCHR[54] p.9)



4.5 RRRBEH FE
4.5.1 EAEE L ABRTTE

F 4-4 |\TRTEEOFEE DO HAN/AN/ A & ) — )LIKDIRETEIRIZ DWW T,
FRBRBES LG 21T - 72

BRI S BR G B N OVHAR % (X 4-7 1S3, BRIBREE o L G AR B
EIXT v o N—CTF v U N—NIZHLRABA T FBR0D, Fx o \—(C
X TS EEERZET AN S, B4 7 4 R & @ -> CTRKUICE K
ENs. Fx o N—HNOREAH L FIZK 4-8 ITRT X OICHBNEY b7
v T END . REIRERDOGEAT T AEOWNEIL Imm, RE A EIL 4cc TH 5.

B HTRBEN A X0 F v U NX—NEDN EH L Loz, Fv o
—THPOHREEEEZET AL MET 5. T v o/ N—NET] 1~9IMPaA D
D1 STEEL, &R CHRBENEZET L TEEORBREZIT-7-. 91
EEII=RETHS. HAATRZLX—T=7 a0 BORMH TH 5.

PRBEIETE & 5 500 7 L — LD EHE A A7 (Roper Scientific £H8 CR
Imager, Model 2000) % FWTHEIZ L=, BURBEEEOFE L, BoANL&E
BN A T2 80 iR SNT-EEOREZ OEEIZ%T LT B T & il
DR Z B E L, BT 7 b Image] % IV CH&H4 O AH O Hifs % F
L, [AHOHEBE S HE 2R Uz, BilR OfREEEER H kI LY,
BRERDOBRBEPICR IR DX A 27 T3 BIREMRRIEREZEH L, FH L
T 2 AR BRIZ IS VT DARRIRE IR & L T-.
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= [i/E ; 30MPa s R T ANEY  AF— N —)V 28

s BHEHEH ABHED ; T s AIHE; AREATT AWM E
o FHEEHT AL D EE () 7 4 288 1.0~2.0mm)
?_
< Filter
1l
.| Orifice
S
H Safety Line
1
! ! ]Windows
T -
N, Pressure Sensor

Sample Stand

[
i

4-7  WRIPRIGE I BE F I AR G [

GN2 Vent
Quartz
glass tube Ignition
Wire
] L
—
9 mm
Chamber

GN2
4-8 kv N7 v R

59



452 fEREBE

AGRER TIE, HAN/AN/ A & ) — )V [7K DI TRIR D45 R 53 ISR B FE |2 K
ETHEE TN T 5 7290128 4-4 | R TR DU CREYREH L 21T -
2. 44 OO > 5, [Ref.] EDEFLDOH D EH DITCHE[SS]|DOFEFRT
b5, FRRBEEER O DI ERE 7 A T CTigse L7 SHP163 & AOM4 O
PREERF OME & X 4-9 12, T XTORBR7— R 1TxF U CRYRBERE ZHH L
T7uy L7 T 7 %K 4-10 12733, ARIORERTE S 7z SHP163 DR
PRBEE FE 1T SCHR[25 )1 DS S IFIEFRI U TH 5.

AN DT 4-10 (a)b)()IC Tiim CTE 5. M 4-10 (2226, AN ZHN
L. HAN 280 &85 &, JAWE ISV CRYRBEHE NN L T\ b
ZEMGMD. AZ ) —I)VD T 4-10 (b)D SHP163, M0, M1, M2,
M3, M4 OHBRIZ LV RENSD.  SHP163 (T)E W E &P T HLls AR R A
BERETH Y, ZIUT HAN/AN/ A X J — V7K OIRETERIZ B Tl 72
AR )=V ETERENER TED L W) Z EA2EWRT BH[55]. KOMET
X 4-10 (c)® SHP163, W1, W2, W3 OERIZ K W /RS LD, SHP163 IZxf L
TRZHEIMESE D &, IRV EEPH CRERBEHBE S N L 7-.

P& 51%, HAN/AN/ A X 7 — VK DIREERIZBE LT, @B X 5 kD%E
W LE D SKIEEE A RGEE ORI 7 BN @SR EEE E D BER OO E S TH
% EHRBINCTHE L TWa. KBERIIMLFERIGC 7 vt R2F55 LRne
D, KEHEMN U256 ORRRBEREBEINIRTR OB A =X L LDH D
EEZLND.

FI HIX, EEEOZAL D KRTE R B~ M IE 3 BRI S i O iR )
FHIRZEMEDOBLS TEREZIT, A X — VIR &0 SRR E 1K
T2 DRRBERE ~D BT/ NS W &, BIXOES ERICHEWRIR A HE
WZELIVDAE UKAH D R T IOV ISR V IA R, 000y B U T — & 72 0 Eifik
JE AR IR~ E R T D Z & AR O FEMIBLZRIC K W R L 72 [25][26][56].
AR TIE, BEH O OITE[25] LV @V AKX 7 — WREDIRETER (K
4-10 (b)®D M3 & M4) IZBWTH, SCER[25] & [F] U 775838 C m ek It o8
PEIA~DER L TS Z & R LT,

MRIRBER FE | BT 2 2 OO TR & LT, IRAEIKRE A O E
FEHRIREMEN B 5. IRE TR DAL SO IR FEE S HE N3 AU IR 8 3 B 1348 0
L, BXHT, LSS0 EE D3 33U R BB 1 3> 9%, = 2 C, AN
DSFERIRIEIRE I Z 5 2 2 B Z T T 57201, 4.4.2 TH TR L 7= Instability
Index % FFE S MR L CH 5. Instability Index < HNO; D E/LIEE, HNO; & HAN
DOE/LE (HNOyYHAN), $64 A DOFENEEICIVRBEEINS (X 4-6).
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HNO; DFE/LIESE & /L HNOy/HAN (X HAN OfL2EE S 7 1 & 2128\ T
B AE A0 5 TN A [54]. SHP163, A2, H1A3 @ HNO; E/LEE LT
VMETH D, E/LE HNOy/HAN (ZZ1E41 1.06, 1.38, 1.80 L #7725, Lo
T, “E/Vik HNOy/HAN 73 Instability Index D K/NERET 5. X 4-10 (a) % A
%L, ZORERTE I T ORYREEEE ONEFIE, £V HNOy/HAN OJIEFF
E—FHLTWA., 2LV, ANIXHAN O 7 vt 222 L Tnb
AEEMHENH D EE X BN L L HIZ, Instability Index 2AEVARIEEE 721 Tz
<%%ﬁﬁ£@ﬂﬁm%ﬁzéﬁ%ﬁﬁ%ék%i%hé.L#L&ﬁ%,
[X] 4-10 (b)> AOM4 <°[X] 4-10 (c)D AOW3 D X 912 AN & F /2 WEEHIIE, X
41m@kw@bfﬁfﬁﬁfim%L,mfﬁﬁfiﬁ%ﬁkﬁw,ﬁ%m

HENENZ LB b Z R L TN 5. ﬁ%%*ﬁi%&@ﬁA%&w,
£, B, BEREORZEM[S6]7s Efkax RERICKVEERZ TS, £
Dz, FRIRBERFE O TS5 | ﬁ%%@%@%ﬁoié L& 572 A5
DMLETHD.

BASEINT, 2 4-4 DT TORANT T D BRBRBEHE B FHIRE R O i) 6
MmmskWIﬁm@%ﬁ%ﬁ?%é_&#Aﬂoh.%m&@%Aﬂﬁb
% LIRBEROMERR - AL BN LT 5720, WERR - (L8

ﬁ%ﬁﬁ%%ﬁf W2 A OICE, WEDE 2 A SHP163 <° W1 OHLAE
c TWEIEICT A ENEE LW EHBA L.
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-1798.00msec

(a) SHPI63@5MPa H%1:-1798msec

-1356.00msec
(b) SHP163@5MPa H§%l:-1356msec

4-9 JRBERF DT
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-1744.00msec
(c) AOM4@2.5MPa [F§%l:-1744msec

-1352.00msec
(d) AOM4@2.5’MPa KF4:-1352msec

4-9 JRBERF DT
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Burning Rate [mm s]

Burning Rate [mm s]

1.0E+03
SHP163
&A2
1.0E+02
BH1A3
1.0E+01
1 0E+OO Weight Ratio [-]
HAN AN Water |Methanol
SHP163 | 95 5 8 21
: A2 95 30 8 21
| H1A3 | 60 4 8 21
1.0E-01
1 2 4 8
Pressure [MPaA]
oy
(a) AN D%
1.0E+03
SHP163
‘ ‘ MO0
1.0E+02 oo T oo A
‘ | M1
‘ : M2
1.0E+01 5 ot P b
! —M3
Weight Ratio H‘
AN Water |Methanol M4
" SHP163 5 8 21
1.0E+00 o Toirzzizzisiszizizzzizzoocy Mo 95 5 8 0
| M1 95 5 8 7
M2 95 5 8 10 ..-AOM4
M3 95 5 8 29
M4 95 5 8 50
AOM4 | 95 0 8 50 +A1M4
1.0E_01 AIM4 95 10 8 50
1 2 4 8

Pressure [MPaA]

(b) RAHX =D

[X] 4-10  RIRITE 8 E GRS B
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1.0E+03

1.0E+02

1.0E+01

Burning Rate [mm s!]

1.0E+00

1.0E-01

[X] 4-10  HRIERITE 5 B8 51 TR B
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SHP163
*W1
4*\W2
/W3
*A0W3
Weight Ratio [] ><A1W3
7777777777777777777777777777777777777 HAN AN Water Methanol
SHP163 | 95 5 8 2
w1 95 5 2 20
w2 95 5 2 2
w3 95 5 39 27
‘ AOW3 95 0 39 27
| AW3 | 95 10 39 21
1 2 4 8
Pressure [MPaA]
B2
(c) KD




46 FLH
HAN/AN/ 2 & ) — VK OIRG TR O 22 2 MERFATNC B 9 2 FaARR I 4 IS
LEREAT TR, ORI EAT.

() FHEIZBEET D2V A7 TRAA Y MERND, BET L7 HAN/AN/ A % ) —
VK DIRETEE 2 W To HESEFRIEAEZE L, R — T A=Y 7 L COHERK
FHEEENHFEINTWE Y — 7T hThbHADN/ A X ) —)L
/NHy/ /K ERIU Y A7 LoyL T (72U A7) ThY, HAN/AN/ A X ) —
WK A —T A= 72 U COHEEKFEIEAEED WG TE 5 Z L2 L
7o, LnL, tRERA—YR0F DM OREN B HES XS ERE OHE
IZED., £oT, ZZ TRV AT LUV EIRTETETA.

(2) TR R R 0 S, SHP163 D 50%% & 725 1 — R 2 HEET 5 &
I~11 K THY, OET R/LX—WE DOBERLE (C-4 153K - 192 £,
50/50 $51E~ b4 b ;301 H, RDX : 323 £, #51& TNT : 108~198 #,
ADNZRX—R L $ 57— 7aX7 FTohsDLMP-103S:18~55 %)
ELERTIRW T E DN HIBA L 7.

(3) BRI E FHAGE S B, HAN/AN/ A Z J — VK DIRETRIRIZB W T,
JEPHEREEE ) 2 NS 720, AN 28001 L HAN 20 S5 & 8V fE
MK T 4252 &V L7=. Instability Index[54] % 8 A LEFAf %17 -
7o b 2 A, BOMRRENME T 2 EK O —213E /L HNOy/HAN 01
X % Instability Index DI THDH Z ENFRPITE /2. LOLAENRSE, 20
A N = AL ERTET DHIZDIIEE SR DMENNETHDH. AR T
5O NI HRE O/ MEIZB L Z 110CTH 5 2%, HAN/AN/ A Z ) —
VK DIRETER 28 5 BRI, JAFHOERESRMEEZE L, BV
KLTHoR~—rbo TRV S 2 & 2R 5.

(4) BRPRBE R B MRS 570 S, HAN/AN/ A & ) — )L/ /K DIRAYIR DR 51
B BT DS BRIRBE TR | RAE I RN AR I /e o 72, £, AN 280 L,
HAN Z ) &85 &, $RRBEEE L SHP163 IZ -~ TIRWE I B
WTHEANL72. AN O &X HAN LG 7 v A 2B\ T H EERK
B2 S TWBH[54]Z &5, AN 1T HAN OfLERE T vt 28 LT
WA RREMEMN S D Z L 2R Lin., £72, BUREEEE Ot Instability
Index & A L7= & Z A, Instability Index 23HENNT2 & MREREESR EE A3 HE 0
LTWBZ End, BRI 21 T < SREEERE OEIZ &
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Instability Index X HZI CH L A[REMNH D Z ENHA L7, £, BED
e L0 HIRWEPH T A Z /) — )V OEIE 228 2 CRERBEE I 2470,
SCHR[25] & [R] U ) s C R BE R FE i I~ DR L T\ 5 Z & 21k
HLTZ. EBIT, £ 44 OFT XTOMEBUTKTT D REIRBE R BE F RS B oo b
BN 5, SHP163 & W1 23 AW E S &EEFHIZ 350 T LB R PR 58 1 i %
BERTEDZ L AR L. L LN S, SRBREEER B 1 ZIATR D R W L,
JE 77, 1B, BEREOREZEMN: EE2 BRI LV EEZ T 5120,
FRIRIFE IR FE D PO TENARIRIE DV 2 RO 21213 S B 72 D983
WThD.
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%55 ffim
50 N"AFZF ) —=NVDOYNT T Hy 7 kRa—F
7
NAFZH ) —NVERWLHFEGER e ry "o PO VT 7T 5

w7 Ea—% BRI, A%OT D UREHTERTE AROMAE
Hi-.

(1) —KICEESNTWDAAS F = ) — ) VZERT DR 20 50
L7z,

Q) fRICEEI N TWAIASF X ) — L ERAWDIEE, AERY VT 7
THE T DTN EAVHIBA L 7.

(3) Inconel (Z=—F o 72XV REMI IS L2 LA LT.

(4) BREREA~DOEETAE NG, NA AT X ) —/1T 500K (T2 B2 5
E WAL DRI LV BVR RN EE BRSO INME R 0 SR T
BHENCER LD Z Enh, U PV UPRBEEORFHIBW TERENMLETH
HZENHBH L.

(5) VUV AT LAREERND, FERHEBEOFEED Y A 7 VT
T2 a—F IR D Z xRt & LB, BT
& EEIITR LT,

ARFZEIC LY, SBEREEARIIV LT 77X v 71280 Bl I A
m3 52 &, F72 Inconel Z W =BT —F 0 72 L0 Fi S 25880
THZEBMAINTEZ b, A%V UREHEHZRET HITIE, b
B DEREKFREAERDOBRERI—T 4 TR I b a—x 2 7kl
EOBE R ENSHBROMRETH 5.

F AR CIITEDIREZ(IT= % ) — VD fRZZE L TR
¥, 500K i % 2 5 56 130 FRIRE OBV R BSOS DB 2 52T D568 D
BURERE A DO OW IS B s M A L E 2  Th 5.
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5.2 HAN/AN/ A Z J —)VI/K DIRETRIR D22 25
HAN/AN/ A % ) — )VIIKDIREEIR WD E ) 7 a7 v s ORZEVERF
B4 2 A ZBS L, EHA EAWRRKROMRZ15T-.

(1) FMEICET 2V R TR A "D, HEREFTEEEITIE RV L0
JRT LW &, RO 7 ) —o 7 axXT > MR U
AT L)V THDHI ExRLTE.

(2) TEEREERER) 5 SHP163 OB IO m = L F—WHE & K
WZ xRz

(3) BAGFRIRFEFHHIN G, BVYMRIEEE DI T & B3R FIRIEE O A %%
RLUTE.

(4) BRRBERFEFHRIA S, HAN/AN/ A Z ) — VK DIRETEIR DR D4 hk
DR BEHE I MIET B EZ R L, TOA =R LA LT

UL, BOEERTICOWTOFEMA I = AL ZFRETH-0ITE
SIRDMENMETH D, Fiz, BRREEHE I IRIK O R, £, &
B, BERMEORLENE: P4 BRI K 0 B L2 Z T 5720, BIREEERE
O TR FNARIRIE DRI 7 RO DI S LR AWM E N LB TH D,
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Appendix

Appendix 1 T VWA TV E T 44) [45]
T DA T VEE O TFIEIZ W T SCER[44][45]12 & DA B Aok,

(1) EPREERRF
WRBESRIE ) EE D T35 5/ 3 T A — % X NASA CEA2 # W CEHE L
. UV URHOBHRSMEIC OV TR AL-LITRT. 2, FRRd@@)de
5@)EHAWVWTHRTE LI FRRBERED FERE/NT A —X 2K 3 EE 34
2R,

# Al-1 FEFFESAM

Oxidant Liquid oxygen
Fuel Ethanol
b -engines 'Vacuum thrust > 785 kN
Sea level thrust > 706 kN
Vacuum /,, >315s
Throttling 100%—-70%
INumber of reusability > 100 times
Nozzle diameter <1.6m
Engine mass <2000 kg

(Hi 8l : SCHk[44] Table.1)

(a) ERBE=EE T
PRBEIE T A Y = 7 Z TCOWMMEKARLEZ T D72DIZ A 4=
5 ) — )V OFREAIT L DM AIT B 2 5 T 7 W R T )
6.14MPa VL ET& % TMPa % E L 7-.

(b) IBE
BRIERA TSR OSAIX 1.6, EHROEEIEX 2.0 THDH N, FE
BRUIEDORNIZ D720, KBaTiE1.8 & L7-.

(c) USLHfE Lt

Ao B E ) XV ANARBOEFELD 1IZTVME & 72 HUNHEE 3
ERRIE LT,
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(d) Ikt

IR HIBER A 2 BT A0 BN H 0, FIBEE A U 28w/ /)
Pyan & (A1) ZUUZ7RT Schilling DR 2 W THERE L 72. 7233, NASA
SP-8120[57] i/ A/VH 1 7 13RI BERE i § 52 126 LT 20% D4 &
EDHTENHEIREEINTWS. X Al-1 12 NASA CEA2 LV sRwiz ) Z)v
H A JE 71 & Schilling D FEERZUUZ 20% DA & b 728 7= FIBEERE [ &7 1 %
R E T, KA RIS T DT, HED L ENENnOEK
EZ2OFET5. KAL-LKAL2 £V, KRHCIEREEL 25 & L.

1A

Exit pressure [MP:

0.195
P, = 0.583P, (%) (A1)

10) JessssssssssMessssssnnssnssssssssnnsnny +« « «Peeling wall static pressure

“ “l€= Expansion ratio range
....................................................

------------

wQutlet pressure (By NASA CEA2)

« » » Peeling wall static pressure (20% of the margin}

****Qutside air pressure

5 1‘0 1'5 2'0 2'5 3‘0 3'5 40
Expansion ratio [-]
Al-1 CHIBERR AL & 2 2V O FR T

(Hi 8 © SCRR[44] Fig.1)
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360 - e T . : . . - 3000

Vacuum specificimpulse

______ Vacuum specificimpulse
({required performance) - 2500
350 4 Vacuum thrust

Vacuum thrust
E """ ({required performance) —_—
o) + 2000 =
2 X
=S 340 o +
£ 2
= b 1500 £
E £
[S]
g 330 - 3
e 1000 &
N - I I o N
2 390 _—
k) 2 Expansion ratio range _)l 500

310 T T T T T T 0
5 10 15 20 25 30 35 40

Expansion ratio [-]

Al1-2 HsREE EHED) - LEHET) O EAfR
(Hi8h - SCHEk[44] Fig.2)

(e) PABEE TR
A13IZERBEED ) ANk &R T . Lt, Le IZ DWW CILUARLL,
IRl 2= K o lchEESND. £z, =X ) — )V ORBERFME
LI m v DA DfEZ NASA SP-125[58]L W 2R L, # 1m &
L7z, LeizoWnWTix (A2) RUTRTL*OERICEIVIRESINS. T
T, VHIRE D HOREERIETH S.

L*At - LCAC + Vt (A2)

: ’ Thrust chamber axis
De De

Z throat
Combusti /
ombustion Nozzle

chamber

Al1-3  FBREE=E ) XVIER
(Hi8h - SCHEk[44] Fig.3)
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(2) B EE
TH )= AOFERHVERRIZKRELY 55, =& ) — L OIREN
600K # 25 &, a—F% TORENRSINLTD, HiE (K 300K)
2B FFE IS R BT 300K Th 5. FARAOBG G T1E K OF
FAEER O FH R FIEZEMC O W TIIA ST 3.3 THITRT.

(3) VA 7 VR

(@) =YY A T
TV AT NE RO EANY A I NVTHDIITAY =R —H
(GG) A7 &L, B3ENI-10DRMERIREE Lz, 2, #
VU EBHOIEITERBE OISR ENEiER Al-2, £ Al-3

2R,
FAL2 X UUE
LOX tank pressure Ptank ox 0.3 MPa
Fuel tank pressure Ptank fu 0.3 MPa
LOX tank temperature Ttank ox 90 K
Fuel tank temperature Ttank fu 300K
(Hi 8 : SCHik[44] Table.5)
F Al1-3 KEOJE SRR
Line Symbol ! Bascline
pressure
LOX pump outlet —
Main combustion chamber k_ox 0.2 Pe
Fuel pump outlet —
Main combustion chamber k_fu 0.5 Pe
LOX pump outlet —
GG combustion chamber k_gg_ox 0.2 Pgg
Fuel pump outlet —
GG combustion chamber k_gg fu 0.5 Pgg
GG combustion chamber —
Fuel turbine inlet ko 0.1 Pgg
Fuel turbine outlet —
LOX turbine inlet kB 0.1 Pturb_fu_e
LOX turbine outlet —
. . k 2. P
Outside air = 0 —out
%l k= Upstream pressure—Downstream pressure

Baseline pressure

(H B : SCRik[44] Table.6)
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(b) HAFEALZGG)

GG RBEEE I ERGE=E & IR ISR E L, GG PABE=IRE I
FIZHE D THAMEZ ZFE LT 850K #2E & L7z, GG DIRAIZ NASA
CEA2 IZ X 2P ratRIC L 0, BESEIRE 273 L9 0.05 IZHEL
7= (R A1-4). KRFHIBIT D GG DFEtE K Al-4 1T T.

F Al-4 HAREZRDOFH T

Combustion chamber pressure 7 MPa
Combustion chamber temperature 833 K
O/F 0.05
Contraction ratio 1.5

(H B : SCRik[44] Table.7)

(c) 77U — Rk (BL)
7Y — FET GG BREh T A & R EOlkE LTERT S, A
FHCBWT, = o RT—L R TRT—=RBRT U RATHETHD
7T —KRlhA A 2L — g KRR L.

(d) ¥ —E VB LRTEhHE
LOX/RP-1 =V TlX, — MR 7R3 07 0L E, #—E
NR0.6 LLEEFER L TWD., Lo TABH T, #—E V3R, RN
TR 02005 0.7 OFFEATH —E 7 U — REOHEEZIT- 2.

(e) VA 7 VEHELRE R
IR DOFFRICESEFHE LTV — FEAG L 2T 22N
TR A1-5 LT AL-6 [T . ARFICIEEY —E 8=, R 7%
PRI 0.6 L LT U P UL aRE L. ZOEERAL6 D, ¥
2T NEEHES1E 3303s TH Y, VAT AHENERTH D 3155 LL A
BT 7200201, Isp DA% 0.954 (=315/3303) UL EMETHDHZ &
P3RS
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#FA1-5 7V — FREE

Pump efficiency
BL[%]
0.2 0.3 04 0.5 06| 07
5 02| 220 13.9] 10.2| 8.1 6.7 5.6
5 0.3 14.4 9.2 6.7| 53| 44| 38
% 0.4 10.7 6.9 51 4.1 34, 29
2 0.5 8.5 5.5 4.1 32| 27| 23
E 0.6 7.2 4.6 341 270 23] 20
0.7 6.2 4.0 3.0 24 20/ 17
(Hi8 : SCHR[44] Table.8)
FAL-6 VAT LHED)
Pump efficiency
Isp[s]

0.2 0.3 0.4 0.5 0.6 0.7

0.2 263.8 291.0f 303.6| 310.8 3155 319.0
0.3 289.5 307.0f 3153 320.0f 3233 3253
0.4 301.8 314.8| 320.9 3243 326.7 328.5
0.5 309.2 319.5 3243 32721  329.1 330.5
0.6/ 313.8 3225 326.4| 3289 3303 331.5
0.7) 317.2 324.6| 328.0 330.1 331.5 3325

Turbine efficiency

(H B : 3CRiR[44] Table.9)
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Appendix 2 JISHA F1EDER47]
AWFZETHWIZIISHATFEDO S 7 vt A E L2 7. B 5 W8 0K

Phd L ORRE LT EERBE ORISR EZHWT, ~"F— L~ (HL) &%

FL~L (EL) ZEHL, T2 HWTEA2STERIND Y A7 L~
(RL) EHIND.

HLIZ H RPEEEM A T2 ORISR S EOKEEEMAEEMEDE
(ACGIH) DO8HEIINE NS ERE (TLV-TWA : Threshold Limit Value-Time

Weighted Average) 72 & ORRZFEMIL S EEIRA, & LI b oHEEMEE H
WTEA-NUZL VDML, 2NAEEA2-8OHL] & 1% . ELIZEH & (8A2-2),
R DT < IR DFETEME (FRA2-3), R DRI (FFA2-4) B L UFEA2-5,

FA2-6% W TERA2-TOSKFFEIOHEE L < BRIEE L~ (8h-EEL) %K,
TN AEFA2-8DELLI &1 5.

#F A2-1 NP—FRL UL (HL) &EREMIZ<EBRAORZR

HL1 LA | uRv2 [ bAw3 | uNvg [ bALS |

t S— e rrTET 4 —— -

| B ROMNENEE C BBA | 1 E~ | 018k ~| 001 B E~ ] 0001 Bl E~ 0.001

~ (mg/m’) |10 K LA | 0.1 Kl 0.01 A A il

HAOMFNEIZCB/BA | 50 E~ | 5L E ~ | 058~ | 005 f5EA L~ 005 Hilh
~ (ppm) | 500K | 50K | 5 Kil 05 Al o

i£) COSHH Essentials O #1E L ~Ov % {iife BE I {2 355

(Hi8h - SCHR[47]3% 2-9)

£ A2-2 HREOHT I —

prdu— | hrdu— | Ak B
3 l iy kL 7 {()ll ]
2 ‘ i R L | i{gﬁ ]
1 bk j mL | g

(HiBf « SCHR[47]3% 2-10)
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F A2-3 IR OREIER X ONRIEOFEREYED 7 2 —

i | BEOTEME - Wik bk
HaEy RIEDBRNE MEBRR e
B 72 B B 1 .
3 g (B :Exb) S0T il
2 h e 50C Bk~ 150C ik
BhiwRL v b .
: E (PVC XL v }) 150CELE

* AR EWHOMEARES 20C 2B 20513, B2-3 (82 H) 2T 5.

# A2-4 HA DRI

(Hi8h - SCHEk[47]13% 2-11)

Slae e B[ E 1 &L »
e WA E AT 10 /h BLEH BT k.

Rk 1 T R IR

ST LA VR T 7 — BT = A5 BGAS 05m/s (%
Je3 R s %), 10m/s (8K BlE®»z &,

PV 1/100 7 — FRLEZ A9 B#EA 05m/s (X .
Jay AT HE S 2 1 10m/s (Bfk) LlEdnrZ &,
an o O EMIIZE DAMENDRIH LT LAY
RO M 1/1,000 e

i#) COSHH Essentials ® PR E O L XV 24T, VAR D 221200 THLELAD L
NNV EPEHR L7,

7

(Hi8h - SCHEk[47]3% 2-12)



F A2-5 SHFHEOHETIXBERE L~L (1)

Wkt o
gl 3 (ton) 2 (kg) 1 (g)
61417422 .
# 5 L1) — 3(@) | 20) | 1) | 3(E) | 2(4) | 1(f%) 3(#@) | 2(4) | 1(K)
ARIRE LRNVT LRV5 LR 6 LARNV5|LRLVS LA 4
" Eﬁgf& LX)V 6 LX)V 4 LXWV5 LAXNV4| LX)V 4 LX)V 3
% JPTHER LN 5 L~ 3 LA 4 LRL3|LRL3 LN 2
i i1 A%
O | wHam | Lxvdg LR 2 L3 L2 L2l LRl
Emﬁag‘;ﬁ LX) 3 172293 LRI 2 LRV LRV LA
(HiBh : SCHR[47]3€ 2-13)
# A2-6 SKFIOHET I BREE L~ (JRIK)
V€738
#5 T — 3 (kL) 2 (L) 1 (mL)
et o ,
BT L) — 3| 20) | 1(%) | 3(#) | 2(4) | 1(fK) 3(8) | 2(d) | 1(4%)
I LRV 7 LX) 5 LX) 6 LXRVS5| LX) L4
% Eﬁfff? LARLVG6 | L4 LXIL5 LRV 4| LRV 4 L~ 3
) DL LARV5 LR 3 LA 4 L3 LRV 3 LA 2
| e
W | i LN 4 LA 2 LA 3 LRL2| LN 2 LN
W BE . . . . . .
Y LX) 3 LX) LX) 2 229 B ERZa98 | L1

(HBR : SCHR[47]3€ 2-14)
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2 A2-7 S ERRIOHETEIE < BRIBE O#uH & L1

Bh-EEL LN 7 |LANILE|LANILE | LANIL4| UNILE | bAL2 | LA
1BE | 0180k | 001 BLE| 0001 BLE | 00001 B L
mg/m* | 100E | ~ = = - - 0.0001 il
10 K | 1K | 01K | 001 Kl | 0.001 Ki
5000k | 5Bk | 058k | 005k | 0005 ML
ppm 500 LA E. ~ ~ ~ ~ ~ 0.005 Ay
500 Al | 50 A | SR | 05K | 005 Kik
(Hidl  SCHR[47])% 2-15)
#F A2-8 U A7 L~UL (RL)
EL1
i 7 6 5 3 2 1
5 \4 \} vV I\ \Y Il I
4 I\ I\ I\ I\ I I I
3 1\ 1\ 1\ Il I I I
2 1\ 1\ il I I I I
1 1\ Il I I I I I

(VA7 LRXVDER)
(RL) N=K&%VR”
RL) M="H#HEDY R
RL) D=/h&%&VAR”
RL) I =%H%") R
RL) S=REEMIIHTEY R

VA7 LX)V
VA7 LX)
VA7 LX)V
VA7 LX)
VA7 L)

(
(
(
(
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Appendix 3 MIL-STD-1751A METHOD 1041
MIL-STD-1751A Method 1041[50]iZ7R &41% Large Scale Gap Test {221\ T

MIL A~ 7 DF%SERG i 5.

Method 1041

Explosive Shock Sensitivity Test
(NOL Large Scale Gap Test (LSGT) Method)

1. TYPE OF TEST: Shock Sensitivity

2. PURPOSE: This procedure is applicable to explosives with an unconfined critical diameter of less than
1.4 inches. If there is any question as to whether the explosive to be tested meets this criterion, the critical
diameter should be measured prior to conducting the LSGT.

3. BACKGROUND: This test has been used extensively for over thirty years to characterize the shock
sensitivity of energetic compounds. To some extent, it is considered the “baseline” from which most other
shock sensitivity tests have been developed.

4. TEST ARRANGEMENT:

4.1 A standard donor explosive provides an explosive shock pressure of uniform magnitude. The
shock is transmitted to the explosive test sample (acceptor) through a barrier of inert material which
functions as a well-calibrated attenuator. By varying the thickness of the barrier between the donor and
the acceptor, the barrier length required to allow or prevent detonation of the acceptor is determined. A
steel plate is used at the base of the acceptor to provide a clear indication of whether or not the acceptor
detonates in the trial. By a series of trials, the thickness of barrier (gap) material that permits S0% of the
acceptor samples to detonate is determined.

4.2 Specific details of the normal experimental assembly are shown in Figure 1. A detonator (#8
blasting cap or equivalent output) is used to initiate the standard donor which consists of two pressed 50/50
pentolite pellets with a density of 1.56 + 0.01 g/cm’. The approximate weight of each pellet is 80.3 g. The
gap between the acceptor and donor is provided by a series of polymethylmethacrylate (PMMA) disks or
cards with variable thickness. Standard attenuator sizes are 0.010, 0.050, 0.100, 0.250, 0.500, 0.750,
1.00, and 1.50 inches. The acceptor is cast, pressed, or machined to fit a cold drawn, mild steel (SAE
1015-1040) seamless tube with 0.22-inch-thick walls and a length 5.5 inches. The ends of the acceptor are
machined or cut so that they are flat and flush with the ends of the tube. A mild steel (e.g., SAE 1015 -
1026) witness plate is placed 0.063 inches below the end of the acceptor.

4.3 To assemble the test, a cardboard spacer is placed around the end of the acceptor tube. The
spacer, (measuring 1.875-inch inside diameter, 2.0-inch outside diameter, and 0.75 inch long) is used to
center the acceptor in a cardboard container into which all the test components (donor, PMMA spacers,
and wooden block used to hold the detonator) are placed. The cardboard container measures 2.0-inch
inside diameter by 2.23-inch outside diameter by 8.5 inches long. The spacer serves to hold the acceptor
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firmly in the center of the larger container and also to provide a stand-off of the charge from the witness
plate. The entire assembly is then placed on a 6-inch square by 0.375-inch-thick steel witness plate which
is used to determine whether a detonation has occurred

4.4 The test arrangement shown in Figure 1 is fully described in reference (a) and its calibration
procedure is described in reference (b).

5. TEST PROCEDURE:

5.1 If possible, prior to testing, acceptor charges should be conditioned for a minimum of 8 hours at
75°F. A #8 blasting cap or equivalent output device is used to initiate the pentolite donor which transmits
a shock wave through the PMMA gap and into the acceptor. If the transmitted shock initiates a reaction
in the test material, the effect of that reaction is shown as damage to the witness plate. The plate is
inspected after each shot with a positive result or "go” defined as a neat hole punched in the plate. An
example of a negative result or "no-go" is a broken plate or one with a poor quality hole. Twelve charges
are usually required to obtain the mean or 50% point.

5.2 For an unknown material, the first test is generally conducted at zero gap. If no detonation occurs,
two additional tests are performed at zero gap. If a detonation occurs, the next test is conducted at 50
cards; and thereafter, the number of cards is doubled until a negative result, "no-go," is obtained.
Subsequent tests are made by dividing in half the gap between the closest "go" and "no-go" until one
positive and one negative result, differing by one card, can be obtained.

6. RESULTS AND DATA:

6.1 The following information shall be reported for this test:

description of the initiation train (detonator, booster (if any) and donor charge)
material used for steel tube

gap material used (PMMA, cellulose acetate, or a combination)

result for the candidate explosive for 50% detonation probability

i. gap thickness in cards or inches

ii. pressure at the end of the gap

e. dimensions of the witness plate

oo

6.2 The pressure in the gap material at the end of the gap is obtained from the calibration of the gap
thickness for the donor system employed. The calibration data for a pentolite donor and PMMA gap are
given in Table I, which can be used to convert from a gap length in inches to a pressure in kilobars.

6.3 The pressure at the end of the gap can be converted to a pressure in the acceptor explosive by the
use of the shock Hugoniot relationship of the gap material and of the acceptor explosive.

Method 1041 2
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6.4 Results for some common explosives are shown in Table II. Reference (a) provides additional
data on the results of shock sensitivity tests on a wide variety of compositions.

7. SUPPLEMENTARY INFORMATION:

7.1 The small stand-off (.063-inch gap) between the acceptor and the witness plate was introduced
to prevent the witness plate from shattering and thereby facilitate interpretation of test results. The presence
of the stand-off has no effect on the 50% point for Composition B although the punched witness plate from
the standard test is somewhat more bent than that from the test run without the stand-off. PMMA was
initially chosen as the gap material because (1) it is stable to changes in temperature and humidity, (2)
it matches the impedance of solid non-porous test materials better than most other commonly used
attenuators, and (3) it is much more convenient to use than molded wax. Additional advantage of PMMA,
particularly over metal gaps, is that PMMA forms no damaging fragments. The latter situation complicates
the estimation of the shock wave transmitted from the gap to the test material which has already been
pre-compressed by the elastic wave. The disadvantage of PMMA is its viscoelastic behavior and the
resultant uncertainty of its relaxation times. Hence, in the low pressure range there is still some uncertainty
about whether a pressure lower than the equilibrium value should be used.

7.2 Some laboratories prefer to use witness plates with larger length and width, e.g., 9" square, to
reduce the likelihood of shattering the witness plate. This is an acceptable variation.

7.3
8. NATIONAL REFERENCES:
a. Price, D, Clairmont, A. R., Jr., and Erkman, J.O., The NOL Large-Scale Gap Test. 1II.
Compilation of Unclassified Data and Supplementary Information for Interpretation of Results, NOLTR
74-40, March 1974.

b. Erkman, J.O., Edwards, D.J., Clairmont, A.R., Jr., and Price, D., Calibration of the NOL
Large-Scale Gap Test; Hugonoit Data for Polymethyl Methacrylate, NOLTR 73-15, April 1973.
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TABLE I. NOL large scale gap test calibration data.

Calibration of NOL Large Gap Test for Lot 718 Pentolite

Number of cards in gap is sum of a number in first row and a number in the first column. One card is 0.01 inch; pressure in kilobars.

0 1 2 3 4 L] 6 7 8 9

0 213 2025 1929 184.2 1763 169.2 162.7 156.8 1514 1465
10 1420 137.9 1341 130.6 1273 1243 121.6 119.0 1166 124
20 1123 110.4 108.5 106.8 105.2 103.7 102.2 100.8 996 98.3
30 97.2 360 950 935 929 szo0 9 90.2 893 885
40 ar7 869 86.2 854 87 32 C 833 826 820 81.3
50 80.7 80.1 795 788 783 7.7 771 76.6 76.0 75.5
80 749 144 739 733 28 23 ns ns3 08 703
0 69 8 €33 68 3 68 4 679 €75 670 66 6 66 1 65.7
80 65.2 €48 64.3 63.9 615 63.1 626 62.2 618 61.4
90 61.0 606 60.2 598 392 330 S8 €& 582 578 574
100 571 56.7 56.3 55.5 356 352 545 5 541 538
110 534 5.1 52.7 524 521 51.7 S51.4 51.0 50.7 50.4
120 501 457 454 291 488 485 482 478 475 472
130 46.9 456 463 460 457 454 452 423 416 223
140 440 4317 434 428 422 @8 40 4035 399 394
150 389 383 378 37.3 38 3€3 38 354 329 324
160 340 336 331 327 323 ns 34 N0 36 30.2
170 299 235 29.1 28.7 284 230 277 27.3 270 26.7
180 263 €0 %7 %4 251 48 453 242 239 236
190 233 230 228 225 222 220 a»n7 s 21.2 2.0
200 207 205 203 201 198 196 i-X 19.2 190 188
210 18.6 15.4 18.2 18.1 179 12.7 175 174 17.2 17.0
220 16.9 16.7 165 16.4 16.2 16.1 15.9 158 156 15.5
230 15.3 15.2 15.1 149 148 147 43 144 143 1.1
240 140 139 138 137 135 132 133 13.2 13 130
280 129 127 126 125 122 123 122 121 120 1.9
260 1.8 1.7 116 115 1.4 13 13 11.2 1.1 1.0
a0 109 108 10.7 10.6 106 s 04 103 102 0.2
280 10.1 10.0 9.9 98 98 8.7 9.6 9.5 95 9.4
290 93 2.3 9.2 9.1 a1 2.0 89 828 as 8.7
300 8.7 86 8 €& 8.5 84 52 83 83 82 8"
310 a1 8.0 80 79 79 78 78 7.7 7.7 76
320 7.6 75 7.5 74 74 73 7.3 7.2 72 71
330 A 70 70 70 €9 €9 638 68 6.7 6.7
340 8.7 66 66 6.6 65 65 64 6.4 84 6.3
380 63 6.3 6.2 6.2 82 6.1 6.1 6.1 6.0 6.0
380 60 39 59 53 58 38 58 58 57 5.7
370 5.7 5.6 56 5.6 56 55 5.5 55 55 5.4
380 54 5.4 5.4 5.3 53 53 5.3 5.2 52 5.2
330 52 51 5.1 5.1 s s s$C 50 50 50
400 50

Note: Resuits are nominal for O to 39 cards.
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TABLE II. NOL large scale gap test results.

Density 50% Point 50 % Point
Explosive (_glcm’) % TMD Number of Cards Pressure” (kbar)

CH-6 1.70 95.5 267 11.0
COMP A-3 1.61 96.2 242 13.8
COMP B (Cast) 1.69 to 1.70 98.5 to 98.7 201 to 220 16.9 to 20.5
COMP C-4 1.56 98.4 192 22.8
H-6 (Cast) 1.75 97.6 197 21.5
LX-14 1.80 97.3 199 21.0
NQ 1.61 90.6 47 82.6
OCTOL 85/15 1.81 97.7 236 14.5
PBXN-7 1.79 95.0 217 17.4
PBXN-9 1.73 98.1 166 to 201 20.5t0 31.4
Pentolite 50/50 (Cast) 1.64 95.9 301 8.6
RDX 1.64 91.0 323 7.4
TATB 1.82 94.2 78 66.1
TETRYL 1.64 94.9 238 14.3
TNT (Cast) 1.58 to 1.61 95.7 to 98.1 108 to 198 21.2 to 54.1

* In the gap material
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