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The study on method of composition search and performance evaluation
for propellants consisting of energetic ionic liquid system
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Fig 1.1 Global Satellite Industry Revenues [1-2].
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T H[28], Hic LMP-103S O FHEEFiC 12, Fig13 @ X 9 i SCAPE A — YV & S HEH L 4 ¥,
PPE(Personal Protective Equipment) T{E¥ 43T 9 < & #3A[RET & 2 [20-30].
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Fig.1.2 ADN based monopropellant FLP-106 [22].

Loading PRISMA with LMP-1035 Lmdin-g PRIE“A WIH’I H"l'dl'ﬂllﬂﬁ

Fig.1.3 Propellant loading of LMP-103S and hydrazine [30].
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1a: X = NO;
1b: X =ClO,
e X= N[NOzh

2a: X =NO;
2b: X =ClO,
2c. X = N(Nc}z]z

Fig 1.4 Reaction between triazole and concentrated acids [32].

Fig 1.5 High speed camera photos showing a spatially resolved ignition
event for a droplet of salt (a) falling into 100% HNOs [36].
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Fig 1.7 Phase diagram of choline chloride and urea mixtures [37].
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ARRTHR. e FZ v BbaFl L HHEER L LT B2 AuFicc i ¥-PHE
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DESs # EILPs & Z&ESE { . DESs #ft#EAlic w5 2 & Ce F 7 o v ol icp %
THH>EHRFEEOHMASBFTE 5, WEE Tic DESs % EILPs OMERAEZToTw50
i, T A A[42-43]38 L FHA[4445]TCH 5, F A 1) A D Air Force research Laboratory #°Fd
F L7 HAN RHE#ER O AF315E i, HAN s e Fon ¥ xFae F7o=v LHEEE
(HEHN)#» & AL & #1. 5. HAN, HEHN Oz £ o £ 4 57°C L 44°C[46]TH 1) | AF-315E
DR E-22 °C[42] & & Y B EILPs 2L Twa brx h b, AF-315E 2### L -
Boflt EFR 2007 FC FEST T 5H[47].
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Ll d 44 vBECREUe)E ML =M% 0 A4 v RESRREAOMARERESTD
T 5[44], BkFiR. Figl8ikm+ k9 ic, B4 93°C @ ADN, 110°C © MMAN,
133°C @ Urea %R CTRE L. MR+ 2 ¢ H@MLBEE T 2H{ELTw5[44]. &
Lo, Dol EEES S LT, MOS0 CLTTRENRE FZ v 8.7%R
E L # ADN/MMAN/Urea=40/40/20 (mass ratio). Rlsi#4%25 °C fHificHENR e F 7o v
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. ADN % EILPs ORI mid 22 F 7 » FEABRREE R 2HME L T 3[45].
F 7. ADN % EILPs HBERE X e Fo o v IV BuioBFoMiSic L 53F K27 A
RO HESFOREHLP LMV LB TEF, FBlEKS A7 LR L CHAER
M =R Thh Ty 5[48-51].

Fig 1.8 Preparation of ADN, MMAN and Urea EILPs using melting point depression[44].
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Fig.2.2 Relationship between heat of formation and oxygen balance of energetic material.
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Fig.2.3 Molecular structure of HNF and ADN.

243 ADN cR&T+TH9E

ADN KBA&+5PELLC. 21 CEEL-BORETRICEEL:-VEEEL2T- 2. &
MmEENosHC T, ARNTAFEHSHSELLTT 2 FESH. ArE VB Ta
I—APEF LR LH[T]. AL TR EE~0RELFEL T, BEREFATHHETH
SREMNICMAPE-T I FEEP2RET2PED 2L LTGEELA, £/, ADN D
A4 EBEcEELRELBA2ET e 2PEHLLT. A4 v HEERTHEY, B i ¥
— KL, BEMICEET, poEBEE L HEELEE L .
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7r ¥ ADN O Tic G 2 5 B2 iRET s, F=8ci, LEo#EREEEIC ADNOD
MOETEMELALC L, ADNOMO2ET 22 2MEEEIC T 5 HH2RET S,

32 ADN 8k 11 5 4 7Hilk

ADN B F v E=T L4 vHI=r I V44O NEFEA2E 0 RFiciRii+sh
KE-T, Fig3l Kt XMzl s, AMATCRINEFCT 2= L4400
fEL 7-#§ifi# n-ADN, OB FicT vE=U LA A v HPRAL =#iE% i-ADN + + 5, ik
F Gt i-ADN #EZEMNTH ). B#fEIC n-ADN OFESES 24, n-ADN & i-ADN i3
FHacbP@HEETNT5[1,2]. ADN P s-THEA A v EgEL T3
DTt { .n-ADN®i-ADN® £ 9 7 complex#ifi# R L Tw b tFx b hTw 5[1,2].
W& G[3)ik. ADN @B 7 2 FLAYE2EBRAL. BEBTHE2MEL &ERET 27T
I F(AA. CH;CONHy)#: Urea bl Fic@lisiFE FEA K Z o L2 LT3, 2610, B
FLETEE o= vk aimo £ 6 Fig 32 ® X 5% ADN/AA @ complex #iifi % 125
LTwv5[4]. AA i3 3EEHi{krh © n-ADN ¥ complex #TERL Twaz the, BAETH
#n-ADN AR+ L C. BAHOEMS TH S5 -ADN B EML K (o LA
HET~EELTw3LELILRS,

o
o0 ®
o @ o d o

Fig_ 3.1 Structure of n-ADN and 1-ADN.
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Fig_ 3.2 Structure of ADN and acetamide complex [4].

33 ADN B& 5 O Wi
ADNR&GFROMEZ = ataims L VBT EEFER LT .

331 HERTFiE
3311 ZREHTicHF D 7= v aXatt

ADN R&EREZRET S0, MBGHl2 7 - 272 v MER2To . MBS
Hai—yicildrSvad 7y 78O 10036L. 7<= »4E0HTic 12 KAISER # RXN? %
Az, BIERFE 0 Smm. 25 mmo 7 8AvicHflemg b sk HicHFREL.
BEFRFeskt G d Xy icerPicidEE ARE, BEREZ-100°C 5 175°C O
TiTo7. HLDERRHSRH2ERT 5 CEEL W, FREFTHESGIT 2T,
FTOHBREEEZ T T ERAKOMEZT- . EEOHHIc I HAEZEFELA VL. 7245
STz, 1 400mW @ 1000nm @ v —F— i, B 10s, FERERIE S B CHlE L
fzo Ai-BEEBEOTH% Figd3 iont.

Fig 3.3 Heating-cooling stage and Raman spectrometer
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FervakatmoER2BHELEErOBOLETFe v AL A LHETS C LT,
ADN B&aRofEzHedic+ s, BALEFRE. Gaussian #HEBHLEFEY 7
Gaussian09[5] % H v» T 5 EE LB #E 0b07xd/6-311++(d.p)/scrf=(solvent=water)[6]D & * . i
RHE% R L - 8ifk 35 L OF complex §:EORERE % T - 7. complex f§ifiiz Fig32 ¢
7~ L7z n-ADN BL#LiC i-ADN i2 £ 5 complex JERL S FE L /= . IRE)EHT freq=raman ¥ 7 —
FERWTHESTOIwvR27 ik, ADNRESROEHGCFELEIFHTHS
B, AXvErB-C L E2EEL TRKEFEE S0)2HEMAL A, ADN &7 2 FlEaPo
complex H§ifiv 7w v a<Z bk R diw, 7 Ii FL&PoskodmiEiE: — Bk
L eHifim@l L. #FHHEER P E LTS RETO vy R22 b2 BHL =,

332 #EFIUFHECHWEZRHE

ADN izffi&5 & T8 % M\v7-. ADN it B&+57 2 F{E&® L L €. BiED ADN % EILPs
W SoRFBCMZ., HEFHHEL Tv5[3]. ADN OBSETELS K E v AA B LT
MOETESRAE Ly AT I FBzA)ZEE L 7. HEECow Tz, BfE® ADN &
EILPs #§ikD€ 7 2 F A7 2 vHEEMMAN)ICINZ, BoSES8HMA 7 2 HERE
THHWET v E£=7 L(AN). MMAN O 2 F A EEp -2z 2F 0T 2 viEEE
(DMAN)ZB#E L7z, 7 2 F{E&EP S X 0 AN B RDEME TEM 0 A3E, DMAN i ffE
BIORFEAER L 7z, MMAN i3, AOEMETERD 2 F 0 F 2 v kERE0 wi%) & i EE 60
wt%)d & L 72, Table3.l icAlv-7=PE o~ =4+,

Table 3.1 Properties of materials using in this measurement.

ADN Urea an BzA AN MMAN DMAN
Melting pomt[°C] 93 133 82 127 169 108 76
Molecubar weight [-] 124 80 59 121 80 94 108

2”\ NH, Hac\C/NH

Structure NH,* ["( @E‘?’NH’ NH,*NO;- [HgENHg]-'-NDg- [Hﬁ?c:':*]:m,-
0
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Fig 3 4 Raman spectrum of ADN at several temperatures.
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complex # B L =84, WELEIZ7 w2 n-ADN & complex #EH L =\ &I3 K E L
EEEEC 7 P LTS b ad s, EELEEL OREEREIC - 7 F L AEEER
RO MF A RL 2, sTEERICEH T Urea ® 1180 cm f1if @ NH; O#iE RS i
¥+ 5 — 7%, Urea #° ADN ! complex # B L = 8&. EHEHEEc 7 P+ 52 Litn
Aht, £oky, EELoBGons N0 anfFiior— 2 ADNK LS b D EH
Zbhd, ADN 8k 7 = v 48400 CEBE & 172 1200 cm™? @ NO, O W F A HEIRE) - B
k+ s —2ix, FFRERS S n-ADN @ 1260 cm! {1, i-ADN @ 1240 em™ {3 D & @ 5%
Hiah7o—-FichoTwad o ks b, complex # HALIC & - T, n-ADN OfFFESI&H
W5 kT, i-ADN @ NO, O W FifPfRiREI 23 = o, $ifkr B L TREF Cin{E#
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Fig 3 5 Raman spectrum of pure ADN, Urea and mixtures at several temperatures.
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Fig 3.6 Raman spectrum of pure ADN, Urea and mixtures at liquid phase.
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Fig 3.7 Molecular structure of (a) Urea dimer, (b) n-ADN/Urea complex and
{c) i-ADN/Urea complex (ob27xd/6-311++d p)/scrf=(solvent=water)).

- ATYN - ADN = Jrea
e 1}- ADNUtrea. = 1-ADN/Urea

Relative intensity [-]

ﬁjﬂ
_A._J\
M

900 1000 1100 1200 1300
Raman shift [cm™!]

s

A
N

Fig 3 8 Raman spectrum of n-ADN, i-ADN, Urea and these complex mixtures
calculated using ab initio calculation.
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Fig390 i1, ADN & AA Hifko il L U'E#. ADNAARGFOFEEL BT 7wV
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TaE—2OBESEERELCRESEI 7 F L, chbov—2{iB0E{LD
& ADN & AA PP oo TRIEAEREZERL TS 2 e — 2 iBE0EL» & R
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FEMic7 LTy, EEFER L AkOHFAZTRLEZ. —T. ADN @ NO, ® W FHiff
HiREE - BET S 20! fTiED v — 2713, BEEEcE L Twsctd b, Ura ki
AV IC complex 2 JER+ %5 Z & C i-ADN OFEMESHAI L TCwdtFEL1bhD, Ch
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E—ET 5,
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Fig 3 9 Raman spectrum of pure ADN, AA and mixtures at several temperatures.
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Fig 3.10 Raman spectrum of pure ADN, AA and mixtures at liquid phase.
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(®) ©

Fig 3.11 Molecular structure of (a) AA dimer, (b) n-ADN/AA complex and
(c) 1I-ADN/AA complex (ob%7xd/6-311++(d, p)/scrf=(solvent=water)).

m—-ADN e 1- ADN —AA
—-ADN/AA =———1-ADN/AA

Relative intensity [-]

950 1050 1150 1250 1350
Raman shift [em™]

Fig 312 Raman spectrum of n-ADN_ i-ADN, AA and these complex mixtures
calculated using ab initio calculation
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cm’! fTiE D BzA @ CN O fffisikE) » NH o ZAREI[11cHkT 2 v — 7 i@ 80k L L
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FLYEcr— /B E LSS - @EICER TS L. BzA @ 1400 cm fFif @ CN D ff
fhiRE) - NH o ZfAfREichdk+ 5 v — 7 i3, BzA ' i-ADN & complex #JER L 7R &
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Fig 3.13 Raman spectrum of pure ADN_ BzA and mixtures at several temperatures.
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Fig 3.14 Raman spectrum of pure ADN, BzA and mixtures at liquid phase.
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Fig 3.15 Molecular structure of (a) BzA dimer, (b) n-ADN/BzA complex and
{c) 1-ADN/BzA complex (ob97xd/6-311++{d p)/scrf=(solvent=water)).

Relative intensity [-]

Fig 3.16 Raman spectrum of n-ADN, i-ADN_ BzA and these complex mixtures
calculated using ab initio calculation.
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Fig 3.17 Raman spectrum of pure ADN, AN and mixtures at several temperatures.

—— ADN(liquid)
—— AN(hqud)
[ s NI ptture( liquud)

Relative intensity [-]

700 200 1100 1300 1500
Raman shift [cm!]

Fig 318 Raman spectrum of pure ADN, AN and mixtures at liquid phase.
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Fig 3.19 Raman spectrum of pure ADN, AN and mixtures at solid phase.

(b)

Fig 3 20 Molecular structure of (3) AN dimer and (b) ADN/AN complex
{obf7xd/6-311++d p)/scrf=(solvent=water)).
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Fig 321 Raman spectrum of n-ADN, 1-ADN_ AN and these complex mixture

calculated using ab initio calculation.
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Bkt . ADN * MMAN @ complex @ %E L TH 5. complex it n-ADN, i-ADN B%
EHlL Tk 7-, Fig328ix, BTLEELBH L AREMEEIcET 7wy
FAThs, Fig3ls i Lo w222 FrDBERO L 5 ICHEEA 4+ v o HikiR
BlichETsSr—20E BN hitdhbot, —HT, Y=F7 I F44 0 NO, O
HiEE I complex 2L TH e — B ELSE R (. EBFERcr o Td BlkHaw
e, 44 ZEHLUN D complex EREL TwS5a[REED FA LR 5,
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Fig 3 22 Raman spectrum of pure ADN, MMAN and mixtures at several temperatures.

—— ADN(liquid) =——MMAN(liquid)
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Fig 3 23 Raman spectrum of pure ADN, MMAN and mixtures at liquid phase.
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Fig 3 24 Raman spectrum of pure ADN, MMAN_ mixture and AN at liquid phase.
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e M xture( solid)

Relative intensity [-]

600 800 1000 1200 1400 1600
Raman shift [cm ]

Fig 325 Raman spectrum of pure ADN, MMAN and mixture at solid phase.
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Fig 3 26 Raman spectrum of pure ADN, MMAN  mixture and AN at solid phase.
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Fig 3 27 Molecular structure of (a) MMAN dimer, (b) n-ADN/MMAN complex and
(c) -ADN/MMAN complex (ob97xd/6-3 11++{d p)/scri=(solvent=water)).

- A TN
s - ATIN

Relative intensity [-]

700 800 1100 1300 1500
Raman shift [cm ]

Fig 3 28 Raman spectrum of n-ADN, i-ADN, MMAN and these complex mixfures
calculated using ab initio calculation
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Fig3.20 ¥, ADN * DMAN #{& oDl & *E#. ADNDMAN B&F0&REIC B
AV AATIATHS, FigdWhbo A ClicrwTHEoBEH B zhS X5 0H
VI v ALY Al E s ADN/DMAN B &% 5 ADNMMAN B& R, 20°C
PEA0°CIKBEXET 243 AR CHELEC g ok, /-, iy L vElThC
DI VA7 PAPFEEKL BT FRIAKRCBEME i, Fig330 3. #Eka L
ADNDMAN B&ZoililHicpdasvrvas2 bt ANOBEHO w2422 A Th
H, RBTCRLEBERO v vALs b Blknswrvass b B+ 2 b,
MMAN OEREFR L FAfkic. HEEA 4o+ 5 v — 25 DMAN oo v — 7
BTHT{. AN DRSO/ A o — i@ TH S L HHAL /2. DMAN i 31>
ThHH T ADN & A 43l T % 2 AR & fuz, Fig33l icik, ADN, DMAN, &
EFRBLUVAN OR#HTOFv vy A7 A% RLE, BlHKEWTH MMAN »FEfRiC.
DMAN it ADN A4 L Tw5, ADNOY =17 2 F44»® 1350 cm™ @ NO, @
HEBESO e - 7B FERL TCwE ot b A4 v c Lo TELEVAFAT I vy
—FFIiFckaboFFErLLNS, Fig3d2 i, BHE¥HI VHohi: DMAN ©
—HE{kL . ADN * DMAN @ complex D LE{LMETH 5. Fig3d i3z iz, BHE¥EFEIL
BHLA-HEEHSE 127wy 222 ATd 5, complex B IC L A8 e — 7
Eloev—rTtRrEBRLARCBBIZLTho kw44 58450 ADNDMAN BE&
EFTFELTwREEZ LT,
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Fig 3.29 Raman spectrum of pure ADN, MMAN and mixfures at several temperatures.
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Fig 3.30 Raman spectrum of pure ADN, DMAN, mixture and AN at liquid phase.

e ADN(Solid)
—— DMAN(Solid)
" —— Mixture(Solid)
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Fig 3 31 Raman spectrum of pure ADN, DMAN mixture and AN at solid phase.
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Fig 3 .32 Molecular structure of (a) DMAN dimer, (b) n-ADN/DMAN complex and
(c) -ADN/DMAN complex (@b®7xd/6-311++{d p)/scrf=(solvent=water)).
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Fig 3.33 Raman spectrum of n-ADN_ i-ADN, DMAN and these complex mixiures
calculated using ab initio calculation.
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ADN i 7 2 FE&PH L UBMBELBAE L RIcH L T 5= valtain B L%t
Rl rMEiTo4k. 208E. 7 FEA®ICH Tt ADN & complex f§ifi %
MLTw5c b BHLPICh o/, £7-. ADN ORSEETESHEMAZ v Urea & AAIC
BL Tit. complex FEEEFIC 3717 5 i-ADN & n-ADN OFEFIGICE GBS H 2 L AR X
hi-, EERAR T, ADN B30 F4 v 2F+% MMAN * DMAN 25 & L ©°
EHTA A vidmr L Twadc i gdhat,

34 ADNB&FOISEIC BT 5 BN EA 8T

T vttt B bt EolREiTic L3 v a2y bbb, ADN ETFIF
L& complex B DR, WHEHEIZ A A4 32 L OF complex W@ OERAFL L
fro £ 2T, complex TERL L 4 d v EEBMORIEC I 5 ¥ 7 Xz 50 ¥ —BL L FEEHE
STEEELLEHRL. BN ENEBH A ORIEOBC Y B X icowTHEHL -,

341 COSMO-RS #E#H\v:7 complex B EILO ¥ 7L 50— FEEHOEN

complex £ kB 0 ¥ 7 A = 5 A ¥ — F{L(AG) & FHEH(K)# COSMO-RSHE[14]ic kL W &
LA, FEERD S complexD EREIGEOREN 2T -7, B LRIz, TURBOMOLE
# v T, TZVPD-FINEDO FH R v < ChRER@E 21T - 2. stREICHV2{L¥E iz, ADN
iz, complex#EH L Twa tFELLNET I F{EAPITH 5 Urea, AA. 4 A4 vacHs
4 L A=MMAN%EFE L 7. complexiil: I(moltk) ¥ 7 A L 9 bc, B4 FHE L - ¥ 4AHEE
ZER L . Bol{b % ko -, AGE KiZ. COSMO-RSE##E# L /- 8 EMHEHER v 7 +
COSMOtherm# fiv» TR L 2. COSMO-RSikit, B L ¥FHECcH L W5 BH, Blh T
ORMER A icE-T T, BhoFEE SN, BE-EH, FN-E8s ol EFERE#
fliL. WP OBEE, BOLERTF vy A b b BN EME L RET I HETH L, Kb
B25°Cics T, BEFOME{LEES T T h, ko _BER(EFhfhoHifkiA BL
T AH)CHFEL Ty 2REED & complex(A ¥ B & 7t 5 complex# AB ¥+ + 2) % B+ 2 KT
(AA+BB<2AB)# HiF L 7z. ADN: MMAN® 4 o+ v ic#ao#iatic it. ADN:MMAN®D — &
AN MMADNG — B ER+T AR 2HEE L. RIDERE. BEa#EME O Bk
A5 % 8%E L 72 . complexi2EEC([AB]) . EGFR O FIHBRE A1 mol LT & 5 ([A]. [B]=1 mol
LYEe{EE L. E=[AB)[A][B]E L THa i,
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342 HRElUEE
Fig334 ok, FEFcHw 3 —BEOTEMMEL T+, Fig33537 i AT cHEL
7= ADN/Urea, ADN/AA # L 1 ADN/MMAN @ complex @ % E{LfEica 5,

Fig.3.34 Optimized structures of dimer at TZVPD-FINE level.
(a) ADN, (b) Urea, (c) AA. (d) MMAN, (e) AN, (f) MMADN.

(1) (2)

(3 (4) (5)

Fig 3 35 Optimized structures of ADN and Urea complex at TZVPD-FINE level
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(6) (7 &

(€)) (10)
Fig.3.36 Optimized structures of ADN and AA complex at TZVPD-FINE level.

(13) (14)

Fig 337 Optimized structures of ADN and MMAN complex at TZVPD-FINE level.

- 55 -



Table3.2 i1, ADN %% Urea * Fig3.35 ®(1)(5)I2 =+ complex DEMEILA 25°C THEL %=
B AG, AH, E 3 L UF K EH L 7 complex OFEREIE& 2%+ CTH 5, Table3 2 OF;
L0, Urea i1 i-ADN ¥ complex # R+ 5 RISHEETH ) T-8 FIBEEM L T b =
LS, E . x ORBEKORIGREREILTH Y B ERHSHKE O Fig3is
D(Q)THLAEMETH 5, n-ADN & LA E 1L 5 (1)D complex i3, fi® complex & Hlik+
ZrFord{EBHILTuILI LERLbICR-%, COBRIL. T viakait: BT
L¥STRO&F RS 5. ADN/Urea BEHOMMHP T o-ADN OFESNGHPI L Tw52 L F
Fohfzz bkt —H+5, > T. ADN id Urea & @ i@ifi{E+ C n-ADN Tit % { i-ADN
D% H 4 5 complex A EMAICBRL Tw5,

Table3 3 (X, ADN 2% AA » Fig.3.36 ©(6)-(10)i 7~ 1 complex DR EIGA 25°C THEL %=
B AG, AH, KB YUK HLEH L7 complex DEMBI&A2 R+ CTHS, AA D Urea
t F#kic i-ADN & 7 HIF2BED complex # B L Twa 2 L 4Gd oz, AA ORIGICEIF
Hrviav—itUea L HELTRKEWEHERLEoR, —J7T Urea L HHITH 5 D H,
n-ADN & @ complex TH 5 (6)OMEF RO LETH ) SHBREER LTS TH S,
CORMBEPCTL, Fvrakait BT E¥Rc o TR ETFw v 2A~T b
DFEFEPLREHE, ADN & AA O G i-ADN D FEFELFMA LTS v iR
MAEEFFT 5. ADN i AA & 0@k D C i-ADN 20 &7 % complex 72 iF T/ { ., n-ADN
W% H 45 complex #EEMICERL T35,

Table3 4 (3. ADN #: MMAN & Fig.3.37 @ (11)-(15)ic 7~ ¢ complex @R IL At 25 °C ©
LD AG.AH. KB X UKD 6HEML 7 complex D EHEEIS % £+ C Th 5, Table3 4
DFERLN., AGHE-A TR IBHEERIEZ—2TH ), MMAN 17 2 F{L&Y L L
L “C complex FERLH & HHE V> = & 207K 2 iz, Tabled 5 2. ADN & MMAN O£ -
™ 25 °C icFT, ADN * MMAN #hFho _BE, 6, AN ¥ MMADN o #hFho
TBRESERTAA A vERABELARISICETS AG. AH, K XU KEdPLEHLE
complex DIERB S 2 RT CTHEH, AGH <A FTATHYEHIENICA A st + 5
T lkdagdot, £, T0ERBGR 6 ABETHSS, 6> T, ADN & MMAN O R
HRICEWVT, Fig337 T L 7z complex §§ifi % B+ 5 55 4 4 v AL OIREER 4 4 v 35
BELFREXEFETCHILBHLb LR T,

Fwvaiatmt B BEciotHBoniv v A2 AR bRENE
Urea @ i-ADN ¥ @ complex JEF{ 4>, AA @ n-ADN * complex fEE{. ADN ¥ MMAN * @ 4
A v RO A REME & B MR SR T S LT E T,
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Table3 2 AG, AH, X and C of ADN/Urea complex formation reaction at 25 *C.

T 1 2 3 4 5
AG[KI mol™] 27.16 -6.63 -5.08 221 -6.28
. AHTKT mol™] 39.09 -2.06 -1262 747 -1148
»e KT-] 1.7%10° 14.52 7.75 244 12.57

Cl[mol L] 1.7x10° 0.77 0.70 0.53 0.75

Table3 3 AG, AH, K and and C of ADN/AA complex formation reaction at 25 °C.

T 6 7 8 o 10
AG[kJ mol™] -122 -6.54 -1.92 -229 -5.87
. AHTKT mol™] -14.28 -11.82  -1132 -1138  -1329
»e KT-] 18.40 13.96 217 251 10.67
C[mol L] 0.79 0.77 0.51 0.54 0.74

Table3 4 AG, AH, K and and C of ADNMMAN complex formation reaction at 25 °C.

T 11 12 13 14 15
AGT mol] 1.53 0.12 431 595 123
. AHTKT mol™] -4.30 -3.61 -3.07 1.53 0.51
»e K] 0.54 0.95 5.69 0.09 0.61
Clmol L] 0.28 0.37 0.66 0.08 0.30

Table3 5 AG, AH, K and C of ADN/MMAN ion exchange reaction at 25 °C.

ADN-MMAN ion exchange
AG[kJ mol™] -1.31
AHTKT mol™ -5.38
7=25°C ]
K] 1.70
ClmolL7] 0.57
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35 ADNOMSETcEIZTERE. 414+ Eo i

351 TEEEHMEBMEIC LS ADN BER OBSHE
FTIFEEYs L UHEBEEoBEEECA A v EXRITTADNOBSETE~oREE2 R
Hta-0, BEPORBS 2 3 0o mnEEERBHEDSO%2T- 2.

3511 #HIERHE

E ADN icimz, 7 FEEPE LT, BEUrea)., T+ F 7 I F(AA), AA L EREH
BRLLHToEA YT I FPrA), 7F 4T 2 F(BtA), lEEHE L L T, 87 v € = 7 L(AN).
€7 AFAT I vHEBEMMAN), 2 F AT 3 v HEEEOMAN) % v 72 PrA 3 L P BA
BRHAMBLERORIFELER =, ghblitoliiiz, sevakatric@ERLE-2b0%2H
iz, PrA » BtA offifi% Fig338 icmt,

Wﬁﬂ H:HH‘"‘\H /\“x, LS

o L8]
Propionamide Butyramde

HMN

Fig 2 38 Molecular structure of propionamide and butyramide.

3512 HIESRHEF

DSC mifEiz, FaAiea(@s =25 mm)@Hic ADN P BE+TI5HE L FeEH.
BERHS 45 mg L A2 ) C@BL:. BAFRCHAERTRCEARELZRZE S 512
HEBEFEER S, S E0E IMEROBRRT YL 35k 2H o, BT A A
Y(@6x 4mm)% flv>7-, DSC @ ¥E# i1 TAinstrument 3 Q200 # fiv:7-. #EHRHFIZ. T
e AFEET, SOmLmin! OFFE 70 —-TFTCHEL -, RE7o 75 413 3 BRECRE
Lz, BL®IZ, 40°C #» & ADN ORSfTATH 5 00°C £ C10Kmin! THRE L. 540
fRFFL7=. AA, PrA, BIABARE. ThifhiificonTPHEROER 70 °C T 1%0
HEBV P70, 60°C TO 5 afRig & Lz, FilftE#iE, -35°C £ € 10K min
'oEETHAL, 10 5BRFLA. BEEE TR, 35°CH 5 90°C £ T 2Kmin?! THil
B{To7, BREREO DSCHBEL,LBo @RI X 2 WO Onset Ho@E 2 R0 72,
Kistcr, BASFCLEABoRMARETEL Y : MY oo +Els L vHBEED 2 F
A FEOMFEEEREL -, 4T E S 74 04 7R i: FREE WHEEL Win software
HEAL. GIEZV v F2 20 LTHEL =,
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352 HERBIUEE

Fig3.30 i ADN ¢ 7 2 F{L&PodEs L URERO I A7 vy 7HORE 0 7 7 L
i} 5 DSC fli##% "4, ADN @ Onset ORlisIiX 92 °C TH b, HEoHEH[1S] L B+
% . ADN/Urea IB& % Tid, 40 °C &0 5 70 °C O CH -2 L 7o — Firi 3 8# x h
fzo Chii, BHIO 48°C O W ELAH ADN » Urea DE@ETH Y, Yo —Fhavr—2ii%e
nBEPEREMEE TR VAT H o7 ADN £/ Urea DRI EFZ NS,
ADN/AABAFRKHWTRIC KEBOsrBEBIEZh, 60°C £ T — FlhWEsFEL
Fro Z= v Nati G, -100°C I ETHHAIL T S 2 R L Tk, Bmi
KRBTt FELLNS, PrA BER T 11 °C cE@Asd Y, -2 74 i
70°CTH LicBo7, BtA 2, 51 *C it @GS /o 4L, Urea L RTEEORBLAE T ELE T
L7z, Fig340 il ADN B EH# L CRE/RO DSCHM#BTH 5, ANRBSR TR S2°C
57°C B EIH = hi- B, AIE I AN OEHEHEBRORE L 3+ 5420, BEFIE
BicrlomdrEx bh3, MMAN BER TR, 3°C k@O sBohiz, DMAN i3 9°C
TdHH, MMAN »EH ADN OS2 €T L /-, Table3 6 i ADN & F OBSAN ADN H
HEOBEPLETLAMEEATE L TREL A ATH A E WITE ADN Ol fE T EEA A %
W EERTS, X6iC, Figd4l icAT 7 2 FL&EP o4 TRy L UHEEBEo» F
v 045 FEBOMEL2 TR, Uea 2Bwi27 2 FEEDC BT, SFEEEAX L,
REHESE T ADN ORBABETESKE W LEHL L & o, REMCS TR
KECESLIEEEFCL > TADNDICEEL-TS6 (&Y complex AL HEEIC TS5z &
FEZLNS, Uea BB FHEBEI DX v, BABTEL LTI BA tRASTHo -
ckdn, FENFLHELXE TS ADN OB 2ET T2 FE2 005, HEEICHY
Tit, ADN B 3HF4v2FL, #F 4057 EREI S WEEEED /4 ADN ©
MEPETHa LML DIcE- T,
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Fig.3.39 DSC curves obtained from ADN, amide compounds and their mixtures.
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Fig.3.40 DSC curves obtained from ADN, nitrate salts and their mixtures.
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Table 3.6 Absolute values of the melting point variation

between that of pure ADN and those of mixtures (AT).

Additives Urea AA PrA BtA AN  MMAN DMAN

ATIE] 44 83 81 41 35 89 83
100
[ ¢ ..AA PrA
20 F MMA ]
! DMA*
60 F
% : Urea BtA
<40} o
I 2
[ NH,-
20 }
0 e
10 30 50 70

Volume [10-} nm?]

Fig 3 41 Relationship between AT and the molecular volumes of the additives.
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36 ADNE&FORMGRETEMC L RS RETALEERRE
BoEHoFEHELT, Kb oBoh ADNBERORMARETEE2 o & c@akE
THRIOBERERICOWTHERE TS, KETIE, HiE0 ADN 4 4 vk FHEER 0 El5 ©
HhERFEUrea)lcfREBEX 27 2 FEEME L/ 2 F07 I yliBEMMAN)IC L%
TNRHHEE RS L IR0 ADNRESROMELZHL b IcT 5 L CRIGET A=A A
OFEIAZ AL, ADNOBEHTR Y=+ 72 FA4A voBERTCTye=d L4 4w
Bl 7= i-ADN #EEMCH 54, MHTREER T T re= v A4 A B EL 7 -
ADN ¥+ 4, 2o, BEWPCEHEML =9EH 0-ADN  HAEH T 2 < & Ci-ADN
L HEREEHEEL. ADN ORI SET 22 F a4k, KHOMIEO =, BLHIZF
= YA esriT & B LS E S & n-ADN, i-ADN # K L 7= complex #ifid 5w v 2+
FarzBH L, ADNBAEFROMERIT 2 Tok. 2088, 72 F{LEYTIR ADN L7 2
FAEEPIEC complex # M+ 5 b CE4, 2bic, T FEaPoEoR I L -
THiPic 1} 5 n-ADN, i-ADN OFEHIGICE V25 D, n-ADN OFEHRED Urea L H &
WP FTIFAARERTR. HRILPATIR TS 2 2 B49b o7, HEERERT
1. ADN * P oA vl E L Tws s b iigdh o, HEBA A vETFTvE=0 A
A v #B|Z2FBCL T, Y= FFIFAA v OBEAEB( A VBASETLTS L
#Fibhd, complex TERL 3 X OF 4 A 22034 U 2 RIS o b4 2 B 0BT 217 - 728
8. complex BB L F4 A P ERENICETT o L PHL IR oA, £/, Urea
it n-ADN B @ complex # TR 4+, ROy 2o —3 AA P HEEL T/hEweo
A AA Y OBABFETEORB-THAILEZILNLD, Sbic, T VLAY LMEEDCE
REEF A A v ESRITT ADN ORISR THE ~0EEL+RET S o, "EEENR2H
WERGEVORMEHEEATo72. 20FER,. 72 VMLaP oy 7. HEEo»n 74 &
BADECErBOABRTESAZVC LERAL, R, T2 F{EAY T, Urea 0 X
FUAFHESBVIELY AA 704 v F I FoL) G EdHoMEc L 2@aBET
MERIEGC LR A, KEHPEVEEZ 0BRSS AE HRSFL R, HEEEC
WTiE, ADNOF veE=gbhddviBhdhFtvEaRL, 2F4 &SNS IHEE
Wofihi4yrZ2E L5  BABETESAKEZwWEEFzA:, L EOFE, L, ADN
OEEFETAE LTT 2 FEAYIR complex ERHHF. WMEHE A A v Ea@E0ALE LCH
VT4, complex FERAl & L Tid. n-ADN ¥ complex H#ifi # R L. 4 7R E .
IREMLSECPEFEE L, A A ESEFACOW TR, ADN LB 5 4 A v#Edho
AAvEREEhTuAFA v R2ETIMELEE Ly,
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Fig 4.1 Simplified scheme of initial thermal decomposition of ADN.
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5 NO: L ORIESEVPHEAZEEL., Rt eMs I rra2REsgso b
FEihd, HEEE v 2 D LE2RTHTPO HREFOSIE P MEZ2EETS
. i S SEEEs 2o — 12 O-H>N-H>CHOIETH 5O CCH» LD HAH
Az h et v LS 5[6]. X HiC. C-H it Tabled 1 IoR-H:@ b . RERELE
BEHOESRED 20 —BEL PR TV5[7.8]. #->TCoEEnRE
{RFEBPFZVPEIRWEFEz LY, REFZ L2 LERGVOEE 7 v 2AHE
(W BRESET T2, 20han, BREHIRY) R ATuAEB v, chooffdih s,
H{E ADN % EILPs D fERIYIE TH % Urea L h 2 F B2 &1 AA @74 ADN & 0 FIGHE
AEeCtATFHIRS, 2 CAETR,. NOL X > TRESPEPOkFELSSEIALDK
B pEE A ¥ -2 L. ADN % EILPs O R4 o 58 2 IS0 @b h o B
T 5,

Table 4.1 Bond dissociation energy of hydro carbon

A H [kI mol™]
CH:-H 435
C.Hs-H 410
n-C3:CH7-H 410
1-C;CH7-H 397
t-C4CHo-H 385
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Fig 4 3 Molecular structure of MEAN.
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Fig 4 4 Potential energy surface of reaction between NHs™ and NO-
(CBS-QBS3// wb97xd/6-311++(d p)).
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Fig 4.5 Potential energy surface of reaction between Urea and NOa2
(CBS-QBS3//wb9Txd/6-311++d p)).
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Fig 4 6 Potential energy surface of reaction between AA and NO,
(CBS-QBS3//wb97xd/6-311++d.p)).
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Fig 4.7 Potential energy surface of reaction between MMA cation and NO:
(CBS-QBS3//wb97xd/6-311++(d p)).
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Fig 4 8 Potential energy surface of reaction between MEA cation and NO»

(CBS-QBS3// wb97xd/6-311++(d.p)).
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Fig 4 9 DSC curves of ADN, ADN/Urea and ADN/AA mixtures at 10 °C min™.
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Fig 4.10 DSC curves of ADN, MMAN, MEAN. ADN/Urea and ADN/AA mixtures at 10 °C min™’.
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hFA w344 X4 DMAN LRIFTHYREEOBARETH#EEL 5, KB MMAN
EDH % {RGKFEOH L ADNORIBEXE{ AL LTEL TS FL 605, 8]
AlilLti, toRFEHOLZ2IPHFETH L, T4, FRTHETH Y, BlRESE K
s FEETH S,

B £/ xX) AT I viHEEMEAN - HOC,HsNH;" NO3y)

HFA v EEE MMAN FEELTARZ Ao, BABTHERSE IR EVWEELILR
5, HfkofEs S0 Cfiithy, HBOAIHEMCE  Zsc B TFHE RS, KEH
2o0&%Y, ADN L oRESE v icMiA, O-HEEGOOR T L VEEE- 72 b
Exhdc ol - At LT ELATHS2EFLLRE,

B b FOFAT ey ARNEERE [HONH:-R]" NOy)

REHs HoBGe FufoaFryea=y AlEBEHANTS 5, HF - vEBBNE L
ADN O FES{E-Z LSBT E 5. HAN © O-H @dflAfic KitEdi@Ee o & &8
HiGshTtwal)ks, @FA: LTHERTW2 L F2 6h 5, HAN O BEE I RERE S
ittt EeoRyRv-olcHREEH TS,
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B v FZY= 9 ARHEE(NH-N-R]NOs)

fifc Fo¥xoFe V7w (NH-NHCH.CH2OH]* NO3) 2 7 4 U ¢ Air Force
research Laboratory #3BH%E L 7= HAN & EILPs @ AF315E iICAV B TWA[R, 3], AF4
OEFEPERETNZ L0 ADN ORISR TEREVWZ EATFHEEIND S, HSEZBEW TR
MEAN tFAEOWMEZALTWAHZEhbENES LoD, —HTE F7UV-HEkIL
HFECHIGEICBEDRLORE], ARNETOREEE T LEZA6ND,

53 FHEiEtic & 5 ADN % EILPs fRR 5y D IR E

ADN % EILPs D I{TRR 4 & L T, #8055 Urea » MMAN #Si2EhT%4. &
Bt Lo TS T A L 814 - AT ORI £ BB 5 Z L 7, MMAN # L OF Urea
KELAPEPRENT AP TE S, Complex BEA L L ToD Urea OfUEIZ, AA &
FUPIADETLh, AL LTIHAADNPIA LVERTED, AAHEE L vy, MMAN
A4 v EEERNA 2 L CREF - w A e L Ol < 25, IS O R Eo8 S i, MEAN &%
REYEL LTEE Lec PG ko, #o TAWNR G2, ADNMMAN/Urea @
Ry Lc. BARTE, ERftola cEAL TS L Fi b d ADNMMAN/AA @ AL
FLU, RILETENLS ADNMEAN/AA O % FHH ADN % EILPs f§REAS & L TR
T 5,

-82 -



[1]

[2]

[3]

FhE ZFIH

Y. Izato, M. Koshi, A Miyake, Decomposition pathways for aqueous hydroxyl amine nitrate
solutions: a DFT study, Central European Journal of Energetic Materials, 14, 888-916 (2017)

P. Quach, A Brand, G. Warmoth, Adiabatic Compression Sensitivity of AF-M315E, Brefing
Charts presented at 51st ATAA/SAFE/ASEE Joint Propulsion Conference (2015)

TW. Hawkins, AJ Brand, M B. McKay, M. Tinnirello, Reduced toxicity, high performance
monopropellant at the U.S. Air Force Research, 4th International Association for the

Advancement of Space Safety Conference, (2010)

-83-



HNE  ADN % EILPs QRS I & UHEEMRE
DAY —=v rFHEDORE

6.1 W=

FARETIR., BROHASEFET S ADN R EILPs O EFEE R LT, Ehgha b
HEX AL IHREERET 222 ) —= v VY FRicoWTREST S, MA Tl
i, CALPHAD 2w TS oG 7 — 2 o E B0 @S 2 Bl 4+ 5, HEiE
theE: LT BN TR ch s kiEN 2R3, RENOFEERZ T h oo
SAHBRREEL, B THoSR» o BERF2REE CREAER T SEEE vy Y
+HZ LT, MENGEBEEOR ) —= v FEAELT5,

62 =7 ADN % FILPs fAf
I8 2 4+ 4 FILPs #§RLAESr 11, ADN/MMAN/Urea D =5y % icinz . EHECEREL -
ADN/MMAN/AA # k TF ADN/MEAN/AA @ 3 on#ll+AwTiHEx2{T5.

6.3 RbsTHl

6.3.1 CALPHAD #[1-3]
CALPHAD(CALculation of PHAse Diagrams) i {IREERI O G HE® = L TH h | L RINERSE
HoERREHiETd 5, Gt ci., AO)TRTF T2 0¥ -T(AGZGTEL.
EEOHEMKREIC S TAGHAL T HREEERT I L TRGROMATRET S,

1 1 1 1 1 1
AG = x,T(ﬂ. hl{?__J—i_ IzT(ﬂ hz{? —?] + ]L}T(ﬁ h;{?——] +xx2 ﬁ.’;_z + X2 i‘ﬂ;.a + X320 me

1 2 3

+x,T(A b1 ‘ L+ !+ :
X5 hs T T + 11X Et'.l'l,z"'xz Nl T X001 T XXt s (1)
3

TG i 0ensE TRHREGROEMAOK]. Tidpls i oA K] Ah i o5 i
OESICc BT SR v 2 —[kI mol]. ofy it COMEIERF A — 2 [k mol)%®
EWNTs, ii-HETREE T PRS- v oy —2RL, EOETEERTHO
HAFRO A% EE+ 5 ENEERZEE LRG0y —icllY+ 5, $ kol
g v 2 — 3 EMES L F DSC oFEREEZ M5, REROMA X DSC & bk
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. BBENERZ ) —=v VY FiEOoB IO, HAER A7 A —-23UTo k) cBHL
Fro BB, FHSFOBEZMEL. AGH O LR s L o RolHAERZ
A—2FEHLAE, F0%, ZHSF0MEEMEL. AGH O LTS LX) H=MuRoH
HiEM -7 A —2%#HH L=,

6.32 DSCic k5@las L oigsho filiE

SN TFEOEIO RS, LEESFET S ADN 35 L F Urea. AA i3, HikoRln &
b U v 2o v — & EME[4-6] % vz, Table6.l i # D2 R+, XEMENFEL &
v» MMAN & MEAN {0l L g v 20 v — 3 X UFHFIRE R OBS 3 DSC #E »
& e =, A I3 onset &0 &K 7z, DSC 2 i3 TAinstrument 3d DSC Q200 # Fv»7=, DSC
DEESRMFLE LT, diE AR il B BS# 6mg E R d K3 cFRL, EF% 50
mLmin! fii L %455 10 °C min! CEFHRARL . BEROMERFE. AlericFea
THIS6mgic 3 L9 cHRBL, 8% S0mLmin? #i L 7225 10K min? & &3 H il ©-35
~00°CETCHEL:. 208K, A—¥ v riciH L THERKROSRFTFTCHMEETok. =
B HOME CHBERBO 2R LAY 7 At L Tid, WEAD onset 2R & L 4. @iy
WKREL 7o b, ARETWE Y — 7 2R huilBion LTz, ¥ 0flE CEM = 1 - W o
onset # B&EF ORI L L,

Table 6.1 Melting point and heat of fusion( A Hfuwsion) of pure ADN, Urea and AA.

Melting point [K] AHfsion [kJ mol™] Reference
ADN 364.75 18.84 [4]
Urea 407.15 14.46 5]
AA 353.55 15.61 [6]
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6.4 HEMEYERE B
641 NASA-CEA #H\7-HHHENOFHE[7. 8]

HENUspitoyr v be— 22—z v vicfue 3 EERORBEEL TR+ 57 2
— & LTHeLRT WS, BB 2 ) 0BT 2 HEAN O EE mkes |0 FE+ 50
NFNE+aE, p[sld(QTCERENS, gO8ms?|ENMEETH S,

Isp= i @
mg

PMECELCAHENF RS = ORE TeK]0 FARc ki LT, By 204 7R Mg D
FARCEREFA L, UToRFBEFEILED o,

1
¥
Fm[g) =
g

2. G)EY., AP BHTERHEN Isp i Tg &< . Mg /b & EMEH A 24T 5

CEMEERS,
1
T |
Mg

Ispoc~Me/ 0)

AR ci, KN 2 #EEREOBELE LTHYv., BERE#EN 2 FHEFE Y 7 1 NASA-
CEA[9] 6B+ 5. FHEZEMA I3 HE D ADN % EILPs fE[10]2 BF i, F v v ~<— D]
HFE 10 [bar]. / XABHOH SO[-]. #EHO ST o&#HRO sp 25H L 2. FHEICHW
% RO £ EAE Table.6.2 iCn 1. A RUEME SCHNIE[11-15] % F v 7=,

Table 6.2 Heat of formation{ A Hy) of pure materials.

AH¢[k] mol!] Reference

ADN -148 [11]
Utea -333 [12]
AA 3156 [13]
MMAN 3527 [14]
MEAN -504 [15]
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65 EREwIUEE

651 DSCickdmls, B30 NG

Fig6.1 iZ MMAN » MEAN Hi{kd DSC fh# % 4. MMAN Tit, 2 2O EH T h
Fe s, AEIREN EHEHERC L 5B Ch 50, BESRERC L AW CH S, AR
FEix Onset T 109 °C(382.15K). M. o — i3 4857 gl CH H, 1 mol H7: h Tt
MMAN D4 7FB#% 04 L+ 4k 456 KT mol! & -7-, MEAN Tii. BB IL Onset T
50°C(323.15K). @i o —i3 1757 g ©H D, 1mol 7 Y Tit MEAN 04 7R %

124 L4+ 5 % 218kImol?t o,

MMAN

E.:.:n
-
<|

Heat flow[Wg!]

+—Endo.

20 40 60 80 100 120
Temperature[°C]

Fig 6.1 DSC curves of pure MMAN and MEAN.
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Fig62 icit. -4 FoFerBEY O DSC dhif %2 =+, MEAN BE&5% LU iz —FER
Brei-thic, BE3SCCETHAIL THGE LAFERTH 5. MEAN BE&F I3, A&
HLBENE LSRR cHRBCERT RBSBHN Wb oz L biBHHIKEL
TaoTwekltFzEibhi, 207, MEANRB&R I —RE REMEIC 372 DSCHR
A L =, Fig62 & & ADN/Urea iB& % Tit. 50 °C 1 i 8l & #1175 3D Onset & &
HES I 48°C X L7z, ADN/AA BEFRTit, W3O Onset S L HE@E 2 0°C » Lz, [
HRic ADN/MMAN &%, Urea MMAN B&F 3 L 0F AAMMAN BE&F ORISR, 3°C,
24°C, 13°C £ L7z, —H . MEAN B& R b0 BER L L CH@ic kL 5\ 7o
— Fixfzw, Fig63 - Onset & L b iciL A KEE TR+, BIRIRECeANICHFEL., @
BERMANCHEEI VEELAE 5 coh T2k IcER+ s 20, hoR&RLHBEL
THEICBVAERASZLEZ LN D, Figé3 L b, ADNMEAN, AA/MEAN © %€ iR&
Fogarshth, 11°C L 25°C L LT,

Exo
5
2

ADN/MEAN

Heat flow[Wg']

AA/MMAN

i AA/MEAN
l S~ 1

Endo.
{

-20 0 20 40 60 80
Temperature[ °C]
Fig 6.2 DSC curves of equimolecular binary mixtures of ADN/Urea, ADN/AA |
ADN/MMAN, ADNMEAN, Urea MMAN, AAMMAN and AAMEAN.
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ADN/MEAN

Exp.—

Heat flow[Wg']

-20 0 20 40 60 80
Temperature[°C]
Fig_ 6.3 D5C curves of equimolecular binary mixfures of AA/MMAN and AAMEAN.

DEroHEDBS, M vy 2o v—B iU lafo@adr s, AMEM-TAGH
0:H A3k 5 _HSoBoBHEER 72— 2 o0 2BHL =82 % Table6.3 icm.

Table 6.3 Interaction parameter @ of binary mixtures.

Binary mixture ea[k] mol™]

ADN-Urea -10.6
ADN-AA -13.8
ADN-MMAN -11.7
ADN-MEAN -12.6
Ura-MMAN 0.8
AA-MMAN -82
AA-MEAN -1.8
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Fig 6.4 iZ i ADN/MMAN/Urea. ADN/MMAN/AA ¥ L 1F ADN/MEAN/AA @ =4 F 0%
EMBEYIO DSC ii#f% R+, ADNMMAN/Urea ¥ ADN/MEAN/AA B&F OiE Ci@
BECHESRHLCHLAELAFRcp T BB L smBsEAchi, F0hoH,
ADN/MMAN/Urea & ADN/MEAN/AA B&FR iz =R H. ADN/MMAN/AA @+ ¥ 7 A j3—[g]
HoREMNEOEEETL T35, ADNMMAN/Urea B& % Tit. FiBHE o B g
TBRGHITH - 2B o Bl ot 5 BB 282320 °C ffiEH» & 0 °C ffifE THBAIz h
Fro £ O, WEAHPEM & iz 72 0, Fig64 Tt Onset TRLL % HE L. ADN/MMAN/Urea
DFerBEVOEBMAIZ1°C & L 7. ADNMMAN/AA O FeBE&H T, 10°C {1
& 35°C fhic gAY i BARE R R B v — 2 Sl X A BEF o i mihy R+
%-8°C & L 7. ADN/MEAN/AA B& % Tii. ADNMMAN/Urea IB& % & BBk ic A+
ArEZ bhdBERNTERIEMZAE, LEL,  0ZHE)E MEAN O 4R THE
M-z kb, MEAN $fkichEkt+5b 0 L, @b E, fofcB8Mshi)
WGB3 Onset i*5-5°C & L i,

Heat flow[Wg']

-5°C
[ = ADN/MEAN/AA

-20 0 20 40 60
Temperature[°C]

«—FEndo.

Fig 6.4 DSC curves of equimolecular binary mixtures of AA/MMAN and AAMEAN.
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Table 64 iit, F=FSFORELE Table 63 TR L= _BEo#HAEFR 7 A —4 81
U, HfEopa, Mgy 2 — ZHaROoMEaER T, AMOAGHO LD LS
KEHLE=K45F0oHEER 2 2 -4 &R+,

Table 6.4 Interaction parameter & of equimolar trinary mixfures.

Temary mixture @[k] mol™]
ADN-MMAN-Urea -26
ADN-MMAN-AA 87
ADN-MEAN-AA 43

LlEoESR2RECEHL MO PMEESE%2, 6541 T ADN % EILPs O HHEh o =M R
Eicww w5,

6.52 ADN % EILPs 0 FRHHENEH

Fig.6.5-7 i~ ADN/MMAN/Urea. ADN/MMAN/AA # L 0f ADN/MEAN/AA @ = f$RE i B
st fENOFTEEE oy FLAKRE RS, oy PR EERENDORHESREEEDM
HETH -2, ARoFFcRDAERTOHEEN e F7 02355 L olkE Lo
LOTH S, HEEMNORFEN ISR E+5 EERL LA AT SRS, 0k, e F
7 VT, 0% F(HfR). 0~5%(Ffa). 5~10% k). 10~15% @A), 15% kL E(RE)ic
STy Lz, ETOEMIKE T, BEAL &5 ADN o840 wuEllic 50T
. BiTo#EATH e F7 Y voRENDI D DEGERLE -, LEFEIIRECRY
HRElORGEO B3 EFRI AT vz, ADNNMMAN/Urea & ADNMMAN/AA #
;45 L, Urea % Cii ADN BHXREN AT WEETH AAR I Y & NP EIEBDTF
f£+5, ~HTAARTII. ADNESS{ 23 #lHETH Urea H LYV D BuHEENEZH
HPEE A FEES 5. ADN/MEAN/AA Cii. MEAN it MMAN I b RERS S { EmE4 K
wize, ADN B2% i tofEficswTe F7 2 v ) BN S#ENHEE S+
5T ko,
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Isp (v.s. hydrazme)[%o] & L]

+15%~ v

+10~15%
+5~10%
+H)~5%

~0%

100 80 60 40 20
Urea [wi%s]

Fig 6.5 Isp of ADN/MMAN/Urea mixtures versus that of hydrazine.

Isp (v.5. hydrazme)[%5]

| +15%—~
[
+10~15% -5,9
[ | +5~10%
] +H)~5%
] ~ ()%
2%
'4-"‘
%
g
%
-
S \ %
100 80 a0 40 20 0

AA [wt%]
Fig 6.6 Isp of ADN/MMAN/AA mixtures versus that of hydrazine.

-97 -



Isp (v.s. hydrazme)[%] $ &
+15%~ ~
+10~15%
+5~10%
H)~5%
~0%

100 80 60 40 20 0
AA [wi%]

Fig 6.7 Isp of ADN/MEAN/A A mixtures versus that of hydrazine.

653 ADN % EILPs O F#lle L B HEER 2 V) —= v FFik
652 THIH L~ ADN & EILPs o RN o =AEHoMS FRER2ev e v+ 5,

LI, ADN % EILPs OBE PRI 2{TH. MR TFHliE. 651 TR 5@ 7 —2 L
HAFHRET vy yrZ2HOTHADCEEDORE., A4 r b cfAALTAG 2Kko
5k TiTof. ik LT, ADNMMAN/Urea RS R D 0°C ic 11 5 AG OF55 % Table6.5
Kht,. ReAFTRLAEAGHALZIMMETROCics T, Hk2ER+TI L
BFHRHEILD, AROFE2Z2EEMICE W TTo . FIECRBRTEENO e F7 v O/l
HTHBH2°C KY€, 0°C. -5°C, -10°C #HUEEE L L THw =,
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Table 6.5 A G of ADN/MMAN/Urea mixture at 0 “C.(x; molar fraction)

ADN MMAN Urea AG ADN MMAN Urea AG

X1 X2 X3 [T mol] x1 X3 X3 [T mol]
0 1 0 1297 03 0.4 03 -264
0.1 09 0 590 0.4 03 03 56
0.2 0.8 0 116 0.5 02 03 625
03 0.7 0 -124 0.6 01 03 1443
0.4 0.6 0 -131 0.7 0 03 2511
05 0.5 0 05 0 0.6 04 322
0.6 04 0 555 0.1 0.5 04 -2
0.7 03 0 1249 02 0.4 04 -71
08 02 0 2176 03 03 04 114
09 0.1 0 3336 0.4 02 04 553
1 0 0 4730 0.5 01 04 1247

0 09 0.1 758 0.6 0 04 2195
0.1 0.8 0.1 139 0 0.5 03 570
0.2 0.7 0.1 -242 0.1 0.4 03 355
03 0.6 0.1 -383 02 03 03 400
0.4 0.5 0.1 -287 03 02 03 704
05 04 0.1 49 0.4 01 03 1268
0.6 03 0.1 623 0.5 0 03 2092
0.7 02 0.1 1436 0 0.4 0.6 1014
08 0.1 0.1 2488 0.1 03 0.6 914
09 0 0.1 3778 02 02 0.6 1078
0 0.8 02 416 03 01 0.6 1507
0.1 0.7 02 -110 0.4 0 0.6 2201
0.2 0.6 02 -302 0 03 07 1656
03 0.5 02 -430 0.1 02 07 1674
0.4 04 02 -224 02 01 07 1963
05 03 02 225 03 0 07 2522
0.6 02 02 019 0 02 08 2404
0.7 0.1 02 1857 0.1 01 08 2637
08 0 02 3038 02 0 08 3056
0 0.7 03 271 0 01 09 3528
0.1 0.6 03 -157 0.1 0 09 3802
0.2 0.5 03 -335 0 0 1 4760
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Fig.6.8-10 i2 ADN/MMAN/Urea. ADN/MMAN/AA # X tF ADN/MEAN/AA OFERHHEN D
“HAREICES TSRy vy VL AEKRE LT, Fig6.8 ® ADN/MMAN/Urea B %
Tit. KR O EERIC B Te F7o v E ) b ANE S, BN ol EE2E+
HZldard b, — T ADNMMAN/AA BRE% Tid, ADN ORGRET RS K E v AA %
Ghfw, UealBEHR L HEL CoCUTORS 2 oMMERLEL{ s kPl
-, ADNMEAN/AA BEFR T, i : <7 0°C BLIT 0B % 52 M A o i
ARG, e P iy @REN G SFET S L PR TEL, £, -10°C LY
ToRa 2k oHREERRFEL o7, cOFEEE LT, MEAN &% ik MEAN
DMEET ~0FSHhE w2 L% DSC CoRMSBIE oM BmHAIc G Y, EFETRESR
OEENAECETwboc bELILRS,

Isp (v.s. hydrazine)[%o] &, o

| +15%~ S
+10~15%

| +5~10% s A >

| +0~5%

n ~0%

Melting pomt iction

100 80 60 40 20
Urea [wit%]

Fig_ 6.8 Isp of ADN/MMAN/Urea mixtures with melting point prediction.
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Isp (vs. hydrazme)[%a]
+15%~
+10~15%
+5~10%
+H~5%
~0%

Melting point prediction
Nieting pomt 20°C.
Melting point <5 °C

100 80 60 40 20
AA [wi%]
Fig 6.9 Isp of ADN/MMAN/A A mixtures with melting point prediction.

Isp (v.s. hydrazine)[%o] S @
+15%~ ~
+10~15%
+5~10%
+H)~5%
~0%

Melting point <0.°C" -
Weling pownt % 5 °C

100 80 60 40 20 0
AA [wi%]

Fig 6.10 Isp of ADN/MEAN/AA mixtures with melting point prediction.
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Fig 6.11 (2 X, /& 5[16]4%. 40 °C THELE ¢ 7= ADN/MMAN/Urea i85 %% 20 °C o b
M EHEZiIc0°CcFomilL, 30°C THHEBEL -HHOREBCBEF s8R L KEEt
PoRonT-MOTMGEREHE-HER . HPOBENIZ-30 °C THRIETSH - A,
RAE30°C CEETH - TH L, RACREhAEMEIASTF#IE S, 30°C
BEMSUTTHAC L LEYTHL, LEL, 30°CCHikch a2t EERIL
FHITE T, CcOFEE LT, ADN/MMAN/Urea iB& % i3 DSC O $£40 5 $-30 °C
PoDoRBABCAGHEE,ELL A, B 0EBRC T HhRmHREY &
aTwahtFEIbhA, £, BREFOBAOREFECHAERL 7 vy OB L
FhRZoERCETF LS, ERTBO T 3dESBETH S Z Lot —h
T, BXRicH S5 ADN £ EILPs OGS FET ST, kv N2 H+ 5 €A
FHEEEZFERETSHMNE LT, AN FETCTHBRTESZLPHEb LT,

Melting pomt prediction S o
Melting point < 0 °C >
Melting pomt < -5 °C
Melting point < -10 °C

"""h..r

33
(O Liquid phase at -30°C é &
@ solid phase at -30°C 5

100 80 60 40 20 0
Urea [wit%s]

Fig 6.11 Calculated and measured melting point of ADN/MMAN/Urea.
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6.6 ADN % EILPs D& L UHEEMRED 2 7 ) —= v F FHHoRE

FARICHWTIE, ADN % EILPs ic#f L T CALPHAD 2w ¥ 7 X x5 ¥ —FH
kSRS THIRS S 2 NASACEA o bRy A ESREHEN OB R 2 ¢ 28 L RO
A7) = v FFiEORER{To 7. CALPHAD ikic & - T, DSC ic X & #3057 —
A 6@ ADN % EILPs OBS FHlZalfE L Lz, 2o cBREHENEZ oy F LEZAR
Hic@arilER, - BH LA ERGEREERO -y v P 2fTo /. IERESRBS T8
KL TREZZNFHELETCHI LB LT o7%0, BRCFETS ADN &
EILPs O o#fl&ed o, BRES L REEL L &b M o2 ESHIC
IREFT S LAaREL oz, B ER#EAFE T2, ADN % EILPs ORd 5 L U ElERED =
IV —=v7FELLTRETS.
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Fig 7.1 Flow chart of developing of ADN based EILPs.
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Fig.7.2 An ADN/MMAN/AA=50/37.5/12.5 (mass ratio) mixture at approximately 10 °C.

Fig 7.3 An ADN/MEAN/AA=60/20/20 {mass ratio) mixture at approximately 10 °C.
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Fig 7 4 Schematic drawing of a chimney-type strand combustion apparatus.
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Fig 7.6 Pictures of burning ADN/MMAN/Urea=40/40/20 (mass ratio) mixture.
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Fig 7.7 Relationship between regression distance and time of burning
ADNMMAN/Urea=40/40/20 (mass ratio) mixture at 1 MPa.
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Fig 7 8 Pictures of burning ADN/MMAN/AA=40/40/20 (mass ratio) mixture.
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Fig 79 Relationship between regression distance and time of buming
ADN/MMAN/AA=40/40/20 (mass ratio) mixture at 1 MPa.
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Fig 7.10 Pictures of burning ADN/MEAN/AA=60/20/20 (mass ratio) mixture.
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Fig 7.11 Relationship between regression distance and time of burning
ADN/MEAN/AA=G60/20/20 (mass ratio) mixture at 1 MPa.
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