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Research and development of high energy and low toxic propellant using ionic liquids

Hiroki Matsunaga*l, Masataka Itakura, Kento Shiota”, Yu-ichiro Izato >,
Toshiyuki Katsumi ", Hiroto Habu*, Masaru Noda™' and Atsumi Miyake ™’

ABSTRACT

We focused on ionic liquids for rocket propellant based on high energetic material, ammonium
dinitramide (ADN). Energetic ionic liquid propellants (EILPs) are promising new liquid propellant for
thruster which have high energy and low toxicity because EILPs are solvent-free and low-volatility liquid.
On the other hands, there are many problems to realization of EILPs due to characteristics of ionic liquids.
We firstly researched on energy source for ignition and are developing thruster system and studying the

properties of EILPs.

Keywords: Energetic Ionic Liquid Propellants (EILPs), High Energetic Materials, Ammonium Dinitramide,
Thruster
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Laser ignition of hydroxylammonium nitrate based monopropellant

Toshiyuki Katsumi''

ABSTRACT

In most researches on a green monopropellant thruster, a catalyst is employed in order to initiate the
chemical reaction in the monopropellant thruster as is the case with a conventional hydrazine thruster.
In the case of Hydroxylammonium nitrate (HAN) based monopropellant, SHP163, the catalyst is easy
to be degraded and/or broken because its flame temperature is too high for the catalyst. In order to
extend the lifetime of the thruster, we evaluated experimentally a laser ignition method for HAN based
monopropellant. As one of feasibility studies, ignition tests of a propellant droplet were carried out in a
closed chamber. We measured inside pressure of the chamber and obtained shadowgraph movie by using
high speed video camera at several different laser energies. As the result, it was found that HAN-based
monopropellant gasified at more than approximately 20mJ of laser energy. And, the behavior of a droplet

was observed successfully by high speed shadowgraph when a laser was irradiated.

Keywords: Hydroxylammonium Nitrate, Monopropellant, Laser Ignition, Droplet

B %=

BIE, FHEOBBHEEICHNOND 1IRAT AZ T, il LTe R VUM SR
TWEN, BWEMEE AT 2 2 &0, F, REMHEEANTER Z2EDTWn5, HARENTIX
AFHEREmNZ D, EIZ Hydroxylammomum nitrate (HAN) SRIKFEME 1 HEHER] D SE B r']
AR N D BN TWD, 72, WSRO RT P —]RAT AX TIE, filfic X - Tk
ﬁm%%tb AR LT T A BV UHED 215 TV 5 2%, HAN SRIKTENE 1 il kAl oo W8k 2%
BENREN EICL2BEEOLLNREE > TWnD, 22T, mEREERKIZB O THEL
PREDIZE A LN —Y—UKIZEH Lo, ABFETIE, HAN RIKEN: 1 RHEA O L —3F—
KD FEBTREME AT 5 2 L A HAYE L, HAN ZRFHM 1 iHEERIGT O L —H — Sk E
BRAiT-o72,

* SR 27 412 H 9 B2+ (Received December 9, 2015)

*1 0 RMBARFE R RSB BEARANE T K
(Department of Mechanical Engineering, Nagaoka University of Technology)
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1. IL®I

BUE, vry hONTERERR EORBHEIBAA T 22 OHEERIE LT, Z2< OFEENH VG
HOENE RTZPUNIES AL TS, L, B RTUIIRNAMES I OEWEEEE
T 5720, BOFNEHCEROEHBLETH 720, (EERKIROSHAD HIRNSMLETH -
20l BARENEG, B BB KO - 2 2 FOEIROZ®, B RT Y ACED S
KHEMEO RHEERI O N E NI CIERIITOILTWD, 51T, T4, vry hOALHE
EAOMFL - (KA MERRD LN TN D & &I, FEWESEREARMYE ORI OB
b0, BENOKEREAMN OB ICEN - SERHEER 2 RO 5 KE N & E > T D,

2T, Bt Z, ReEdtE, BN TOAFMD LOHEEMRICENL 7 HAN 2 ERr & L
ToARFEME | IRHEEANCIE R L7z, HAN R 1 IRHEERIZ DU TIE 1980 4R L 0 ENSL THFFE 23 it
HHENTEY V2, EHNTIIEEE SR PERE 2 HEMEFIFLAL (SHP163 : HAN / iR 7 > £ =7 A
(AN) /H,0/ A% /7 —/L (MeOH) = 73.6mass% / 3.9mass% / 6.2mass% / 16.3mass%) H3BH% i 7,
1A T A% OERAICET T2FZERED 5TV 5 *Y) Table 1 (2 SHP163 L & KTV D& FE
R 2 R,

Table ] SHP163 &t KF 2 (N,H,) OFFREFMEAE D L
¥ HESME (NASA-CEA?) : [£7) Pc=0.7MPa, #t/1#%5% C,=1.875

SHP163 N,H,
TR p [g/ec] @20°C 1.4 1.0
EE[E A K] <243 274
LeHET) Isp [s] * 276 233
WK SR EE K 2394 871
i LD50 #% 1 [mg/kg] 500-2000 60
= y
LD50 #¢5Z [mg/kg] >2000 91

HAN 3% 1 {lRA T A X O KIFIEIZOWVWTIE, B RTZ VU 1RA T AZIH, itz v
VAT ANERTHD, LLARRD, B RT V0 LT HAN R 1IRHEER O Bk 28 16 %
< (Table 1), ERBMEARPASICI T D AMBEOHLLCHREN B S S D L3S, filfiEo B
VETHDZ EDDARFICER ST 2 EBNEELV, BRI, ARV T, ATHEZEOHM
(XA T A DOFMIKITT D72, HEOHEMREZmRL, BHFMORKTIEEZEBRT 2 LEND
Do

EIRBEEHRICBIT DMAEORER NS, FxldL—F—Ic kD kIcER L, Lb—H—mK
KT, HMKOFA I T ENE, BETREICRETELZ LD, BRI mUKEN Z M5
D EMNMTED LI, BIEENTICHEED D 7202, BREEC X 20N E L2, 2
NOEDEELD, Lz Do R0H AR — DU 8 G E TR R PR R~ 3
WNHIE S, TERICHIZEAED STV 5 7y HAN % 1 RHEERI O L —H — 5 K120 TiE, W
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K ONPMRHERENPREEINTNE YY), LaLAans, HARENTO®RERF T/ <, SHP163 % xf
Sl L= DIERIMBIA 2V, L7 - T, AWFZETIE, BARENTATFHEZ: HAN R 1 iRt
A SHP163 O L —H — kK DOFEBLA[GEMZ3ME T2 Z E 2 B & L, SUkSFEER %2 320 L7,

— ¥ — KUKER

2.1 BB
ARG AZNZEBNTA V=7 Z XD WEH S HEER OWRTFEIC AT H 2 L2 BEL, BHAK
P CH AR E UTo sk FER A Fifin Lo, FEBRAEE O % Fig.1 (2R,

Pressure
sensor

Closed chamber
Fig.] L —%— Rk SRR E ORI X

PRGN 2 ROA G (EAE 00.1mm) 24272 SHTRE L, ORI HAN R 1 ik
ﬁwﬁmmwwmﬁ%%ﬁéﬁ =P =z L TR RS L7 o_w&%,@%®%4
RILEAERD @1.0mm (F) 0.5uL) & L7z, £7o, FMHARGHNORMKITIZER, WIHES % 101.3kPa,
QQME%QSC&LKO

¥70, EBRTIE, L—¥—I12XK 25 HAN R 1 ikt ﬁ@%k%i%@%#étw PR AN
BT DEDREE Y RO T I 7B 2@ ERE TN ENFER LT, EEOHEG L, £
JIE & mlERE & IR — @B A AT L, JENRETIE, SUkH L —%—IZ Quantel
#l EverGreen 145 (J& & : 532nm) % H >, £/ % (Metrodyne Microsystem Corp. i MIS-2500-
015G) & 5 — # 1 7/ — (National Instruments $ NI 9205) (2 & » CJEH 1kHz TT — X Wik & 1T 77,
—77, ERERE T, Sk L —3—|Z Continum % Powerlite DLS 8000 (4 :1064nm) % V>,
EHE ) AT (BHERERTHR HyperVision HPV-2A) (T & - T 250,000fps (#8J6I#fH] : 2pus) THese
1To7,
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2.2 EBRERB L OE 5

ET, L= -0z 3N F -2 B ETERZTY, ENEROET Lz F—I1TONT
Bt Lz, ERTHEONIEAS L —F —= VX —E = 15mJ, 20m], 25m] OEFEOE I ERE %
FIEINFig2 127, [P TlE, Lb—Y =% LIERFERZ =0s & L7z, 246 DETJEIE
XV, EZ20mJ ICBWTHMNIENRN ERA L TCWDEZ ERXbNnD, —J, L, ZhbeT
DEMFIZBNT, ERBICITAFEROOLHELL TNV, IbDZ XY, E=15mJ T, L—
=l Lo TIPSO FEROBEV KR L2 ER RSN D, £/, E=20m] TiE, 7272
ROWATZT TiE7e <, RALDLDOTAEBNEL, EANREALIEEBEZBND,

=
=]
=]

100 100

80 80 80

— 60 — 60 - 60
£ £ £

£ £ % 40

e 20 & 20 // \.\ 2 20

0 M 0 e \V-— 0

-20 -20 -20

1 05 0 05 1 15 2 25 3 <1 05 0 05 1 15 2 25 3 -1 05 0 05 1 15 2 25 3
Time[s] Time [s] Time[s]
(a) E = 15mJ (b) E = 20mJ (c) E = 25mJ

Fig2 L ——MREKEED T T ERE

T ROV T 7B K o TR ERY LIcBEig % Figd 17, AL —F—=x V¥ —E =
15mJ, 20mJ, 25m)J OZNZENDOLEIZIT 5 dus HIROWKF O T Th D, ZoLx, L—%—
FWITRKOLEM[ME D AR L=, F£7=2, Figld FORZNL, L—W —%2 WG L7zRF2 L =0s & L7
L ORZ T %, E = 15m] D4 (Fig.3a), L —H =60 H Al G AR 22 S & L,
Z D%, L—HF =D > TN EIET DR R b, KIZ, E = 20m)] O34 (Fig.3b)
(21, L=V —F B LZEZIZE = 15m] OBA L RIS L— =0 H 0{ll)s 5k 30 &
L7zis, L—HF—OHEIZih> CERENERT 20 Tide <, HOMnsEE H LRAEIEYS
LR RBIE I N, S DI, E=25m] o84 (Figde), E = 20m] %4 L 2< [EkIZ, o
BN SMEEH LR AIET 2Bl ST, ENWNEORREEZEET S L, BHRGBAOD
JENIDN ERTHEM4THE, b——ROH IO E M LZERSIEE L TR D Z &b,
ZOZENL, WEHOLV—F—HOHNITT LA 7 XDy, b LI E DT A4 T T
WHZERHERISND, 722 L, MOFEROBAORTBROND Z 0D, AT SR
LOLEZLND,
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=3us =Tus =11ps =15pus
(a) E=15m]

=4us =8us =12us =16us
(b) E=20mlJ

=4us =8s =12us =16us
(c) E=25m]

Fig3d U—¥—MEREOEHOKT (v K77 7ik)

3. FLOESBOREY

HAN % 1 i&HEHER] SHP163 O L — W — il K O FEBLATREMEZ M55 Z LA B E L, mk3E
B FEi L, EAMEBINY Yy R 7T 7RI EEERE 21T 12, TOME, AfL—
P—Z RV F— E = 20mJ PL EIZBWT, BN ESAPHER I, RALPOT AN ELTZZ &
BRI ST, 72, ¥ U I 7BICK2@EEREIC XY, L—F—toHnflicisnt
TVLAIEZTH LIIH AMERAE LT TND Z EAURE S LT,

SVE, IREFHST A58, L— P —RIN= R F—DRER EEITV, BRKEMITONT
ERANZEFHE 2 & 1T, EBLRTREMEIZ DWW TRl L 720,

A

A2 1% ISPS B2 15K18282 DBk 252137 D Th 4.
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TYVEZAYZ NI I FORBEEFT VR L ZOME
FHE E—]", =FEe™?

3%

Modeling of ammonium dinitramide (ADN) combustion and its problems

Yu-ichiro Izato™ and Atsumi Miyake™"*

ABSTRACT

The purpose of this study was to develop a combustion model of ammonium dinitramide (ADN).
The combustion model include the elementally reactions, rate coefficients for every reactions, and
thermodynamic data of corresponding chemical compounds. Combustion reaction of ADN can be divide
two part, gas-phase (flame) and condensed-phase reaction. Past-study models for gas-phase reaction have
many estimate values and amount of elementally reactions are lacked. In condensed-phase reaction, there
are no elementally reaction models. A combustion model is improved on the basis of ab-initio calculation.
The heats of formation for both gas and aqueous-phase were calculated by quantum chemical calculation

with SCRF and the traditional atomization method.

Keywords: Ammonium Dinitramide, Combustion Model, Reaction Mechanism, 4b-Initio Calculation

# =

AWFZED BEE, ktRe Y MEEERILAITHLT v E=U LAY =R T I FEFALTR
NV —WE R OIRBESSE T VAT 52 L Th D, RBENISET V&1, FUSHK -
IRTGA—=L ACFROBN)FT — 2 D3 \T —FOMAGDLEZLEtET, 7V E=ULY=}
7 X ROBRBESUN TR RITRFE SN D KA & BRBER T AT O BEFABOS IZ KBl S D, BETE
DRIABET 7 /ATEE ST A = ZIHEEEEZ L < EH, RO S 15 L1352 720, EEffitd
BOGIZ B L TIRBISET L OBMEFID 20, AR TII R LR Z AT, #HENRT A —
Z OEEL X OISR OBMEZITo72, & HIZFH A 1L SCRF Z B A& Lt RS L O
ARM-1 6% VT, SAMEZEREISIN A KR LA OB 27 — 2 G 2l a 1o,
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1. IL®I

PR, @V — W OB (R, ) P oRISHEEICET 2R RS E > TV 5,
ZIUELE TR — W E ORBERED, FRIARERBEEIEIC B W T, EEHORINC L > T v
TIETARENTNDZERHLNDIZARY 22BN LTHD Y, BAIF=FLX—E—
R OBRBESOCHIBEET VAR T D Z L 2B E L TIFEZ1T> T D, Afa T, B r /L ¥—
WEMRS L L TEMMLE BT HREERN DO—oThsT7 v E=U LY =5 I | (ADN) %
HEESEDIRBESUG T T /WIS DR L WFE RIS O W TG T 5,

ADN OWRBEIX, 722 KISHH (BEFE + #AH + &) 1210 2L RIG & Eh b 2§ Sksl
LNEMECR BN T 5 BUOSERGR R E L CET LT 20BN’ H 5, RISHERATIEY I 21—
vald, ZRAX—WENRORLELT, FIZIXABRET Y URHBMESe E%< o T
FHHTHELE SN TWAHIZHEL LT, HRAMICA T REAREKTHD, TORKE LT,
fift < R E FRRROBAMEFREEIIE U TR D 2 & RIS R OMIEMEOREN H 5 Z &
RENRFT ONDD, FRIRIG L 72 D RICBIT D50 7 SOSHERE D BRR D 72 STV e 2 &3
METH D, BEVET RTS8 2 I RAGK 3R R ORRBEROGBRRIY Z ZHFE TR E <Hf
HELTWDL—HT, TR —WE TR L e D EHR BT E & 5 A 72 RO HEAE O BRI
FRCREA E W R D, SOICERMBISICE LTI, EEEORITE & 7 AL HR 2 B S Bt
fRHEA TN D28, EEMEAE (AH, [EAE) BRAZICBI LTIt mic b BEmiE o —o>Th 5,
TRNVF —WE %G TEMICEERONTRERIS Th D, 2 b Z T 2 EHB R RS>
Ral—va BV UHRMELB B L ZHROKIEY I 2 b—2a UBARKETH LA, R
AN BT E A EFER S TWRYY, T EMFHRT 2 72012 S K BOG I & TEEMIFE SO 2 BRAF
THZEWRETH D, &2 TR CTIIFILFSUGE T MR OBLSIZHK > T, ADN Ok
FISETNAREEICBE L Cilan 9 5. SOy R 2 b—3 a3 VU B RSN &k, FOGK - 3
FENRT A —H ACFREOBI)FT — X D3 1T — X OMBEGOE I & &2ET, AL ADN O
KB X OBHEHEENENORIGZOWT, Tb 3 17— 22 EL, HAEDLEDZ L TR
JSET AR BT,

2. ADN OSAMRBEE T VKR

JT4E, Ermolin®, Thakere & 2, Lin & ¥ |2 Xk %5 ADN OBRBEE T L ARG SN TS, 2 b
ETVIERBERZ LSHIL TS S22, BECHALTEILICHEORIMRH S, BiR
I, ZAVBBRBERISET VH D% DFESIGET MZB W TR/ T A — X ITHEEE?Z <
BENDTE, BIOADN ICBHETARISET ANARELTNDHZ L ThHD.

Fig. 1 IZBEEDRBELUSE TV D & W CBER % & X = L — 3 > (CHEMKIN PRO” f#i /)
L 7o RICxE LT, B3RS0 HDN VB 2 EMIT 21T > 7 b D Tdh 5, ADN OIRBER
JSIZHBIT DY = 87 X N2 HDN O T 2 KRS DBEMIT#ERTH D, BIEDOET L
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TIE, JRES 2 (OO HDNANH,=2NH,NO, D /R T A — X %

k=1.00x 10° s (1)
ERESNTWD Y, LavL, ZHIIRIEEZ2WHEEHB TH DL, ok o, HikosT
TIFRIUCZ LWBUENNT A —F ] LIe B SOGBEA SN D, £ 0 OB FHR R R
LThRYVETATHITHRTEZDD, EROIIITEEDOEWKISIZE L THMEERMLETH
Do Fx DWFIETIE, THOHERTA—=FZ2ER, D, vIal—a UER~DEENRS
WEOSZBI LT, ab-initio 3t RIZ L D HENRT A —F DEEEIT> T\ 5D,

3113 Gaussian {18 Gaussian 09° % 7=, # fﬁ%ﬁ%m%ﬁ@%ﬂH%ﬂqﬁVAW”
T O S RGEAL R L OEBfT 217> 720 =R F—13 LV IEE DR\ CBS-QB3 4% ¥ |2
VRDIZ, BEFALFREORR A RIS RIS DL T A — &%mm@%%wf%mbto

RRLBOG DA R 2 R T, ﬁmHmwMﬁNHM)+MmOH®izw%—$TVV¥W
Z Fig2 1T LT, WEBSOSEEREGHRIZ Lo T, REUSIZERM D 2 43+ & 1T NHNO, T7: <
MmQHﬁéﬁﬁé:&ﬁméntoL%%m FIZ LY, ZORILDEEEEIT

k=1.77 x T*% exp(13484/T), s~ @
ERE 0T, RHEEEIL, HEEMZ AW EEEE L e U CiE M b= r v X —, SR T
REERE BICRRHMEE LD, 20X, MRICH L TEEENOHEE T A —2 Gt HK
S RETT VIMELESNDMLERN D D,

Ahsolhnte Rate of Production HDN

HOM===HMMNO2Z+MNO2
HDOM+MH3=2==2MNHZMNO2

HOM -+ ===HMO3+MN2 0+
HOMN+OH===HMNMNOZ+HMNO 3
HOM+H===HMNMNO2+HMNO2
HDOM+MNHZ2==HMNMO2+MHZMNO2
AD+M===MNHI+HDMN+M

&
&

e

Fig.1 ADN REEW T2 F1F 5 HDN T2 SO0 0 R FE AT s R

‘e~ :
® o0
+122 kJ/mol
o ®
A, 3
3 © ®
0 kJ/mol ,‘ ® .e
2
L4 [ X
9 . 9
-138 kJ/mol

Fig.2 HDN+NH, — NH,NO, + NHNO,H D= R V¥ —HKF L v v L7 a7 7 A )b
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BNV TARE L TWARERISET BEINCRET ARFICHOWTHT 5, BEEORETEE SN
TR DA ADN B L O HDN O B (K TdH 5, HDN 1 Fig.3 12”9 & 9 (2 B ARG 2 # o,
TNBBEMERIIENENSOSER R D Z ST 7, b RIEREEELZET
JAEDS, KV EREEE 7 ADNBRBEET VAT 5 ECE Th %, Figd X HDN, & HDN,, DOfif
HiE 5 HDN—HNNO, + NO, @ @& EMRIRIC 31T 230 EROWERTFIETH D, T OFBERIS I
ADN OHIHI RIS & L CHERKETH D, BT LEHEBRICE VMBS ORT vy
NI X =R E RO, BoRAEBRERREH O TCRNEE T A—F 2R/ L7, Figd
LV BEET AV THER STV HDNyy, OFFBEHREE X HDN, K0 & 1 HEL ERE W Z &3
Hoe TOZENDLREMEEERE LEET BV ETHDHZ ENbND, T HRERIGZ
W, RETVEEHIET 2 2 E RS H%ROBETH 5,

0O (@]
//
| — P S i
2 P— o N == o0 o === | | == | I
I I \ RN O 0 oL, ©
H O H H
HDN; HDNy;, HDN, HDNnc HDNIld

Fig.3 HDN o B {AH%

1E10

100000

1E-5

1
TN T TV WA T TP TS T TN T T

1I-10 E— 1 1 1 L 1 1 1 L 1 1 1 L 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1000/T [K™]

Fig4 HDN — HNNO,+NO, O &5k DR FEfR A7

3. ADN D& A B € 7 Vi 5%
PO G722 P CRIGET ANIREI N TS %ﬁ(k%)l‘ﬁéﬁmkﬁ&b,ﬁﬁmﬁ

JET B ITFFICRATH 5, FH A TICB T 28 %T7 — X XS TREIRIC
KELT%D,%§i<%w¢éy::v~vay%&%ﬁﬁbﬁmoKﬁ%f@,ifﬁm¢
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\ZB T DAL DS 1% T — 2 O TFRITHEIZOW T, SCRF W= B b et R 21T - 72,

F %1% Gaussian 15! Gaussian 09 % fiv 7=, SCRF= (Solvent=water) @ | CEEE T R/ X —F
RPETH D CBS-QB3Y, G3'", G4E P ZHVWTULFEEOBRN 2T — 4 2 HH L, KL%
FEOAERT 2NV E— 3BT FEERE S 5 ARM-1 (Atomization reaction method) " % F\ T
ROTz, KRR EFEDER T XNV E—TROXI VR LT,

AH, =AH, +A,H (3)

A H = H o= H (4)

ZIZTALH L, KDERRATH Y Hyoy BE O H g FFHEIC X0 RO TR T 5 L O

solv

KA LFEREO AR T Z L E— (298K) TH %, Table 1 3 X2 (X540 « KFHF O(LFFEZ I
ZFNOBNET —2 ThbH, [KMOCFERICE L CHEAMITIBRE 2T EZ 5255, KEOLF
FEICEE L CIEERRE & DR NP KREV, ZORKIINS DB X BNDD, RRKOBERITAKERK
H{E PO ha E—N SCRF HAETIXELSFHMETE RN L eEXbND, ZHITEED
AT, WO AERIC X0 IECIRERES S AE SN TV AHICH B 59, SCRF §HHE Tk
ZOMPEFHHTERWVRICH D, WHETLFEREO EM ) %7 — 2 TR R0 b i
TARECTH Y, SBROI LRI BENMFIND,

cale,gas

Table | fLFHE (5KAH) ORI)FT—4

AH.,, .. [kI/mol] AH,,, [kI/mol]
CBS-QB3 G3 G4 Experiment
H,0 -243.6 -240.5 -240.1 -241.8"' -241.3
NO 86.7 91.3 89.0 90.25' 90.29°
NO, 25.0 34.1 29.4 33.18' 33.10°
NO, 58.4 91.5 70.8 71.13°
N,O 76.8 89.4 79.6 82.05"
N,O; -12.4 7.9 23 11.3"
HNO, -147.4 -132.5 -137.3 -135.06' -134.317
NH, -43.9 425 -42.6 -46.11" -45.90
NH,NO, 2426 -225.7 -229.3 NA
0, 3.5 4.7 1.0 0
Cation
H,0" 600.6 603.2 603.0 NA
NO," 952.9 961.5 950.9 967.8'
NH," 632.1 634.9 636.8 NA
Anion
NO, ™ -194.3 -185.9 -192.0 NA
NO, -324.3 -309.5 3143 NA
OH -133.6 -136.3 -144.7 -143.5"

' Reference [17]
? Reference [18]
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Table2 fb5FFE OKHH) OET)FT —%

AH,, . [KI/mol] A H,, [ki/mol]

CBS-QB3 G3 G4 Experiment

H,0 -262.0 -259.0 -257.6 -285.83'
NO 85.9 90.2 88.1 NA
NO, 22.1 31.1 26.6 NA
NO, 54.2 86.2 67.0 NA
N,0 71.7 84.4 74.6 56.1'
N,O; -20.9 1.8 -6.2 NA
HNO, -165.1 -150.4 -154.4 -49.6'
NH, -57.8 -56.3 -55.8 -80.29'
NH,NO, -299.4 -280.4 -281.9 -339.87'
0, 3.7 4.4 0.7 2.8

Cation
H,0' 276.7 279.1 279.1 NA
NO," 651.8 659.9 649.7 NA
NH,” 328.7 331.2 3333 231,77
Anion

NO, ~ -466.1 -456.9 -461.3 -104.6"
NO, ~ -581.8 -566.7 -570.3 -205.0"
OH "~ -478.6 -479.0 -482.8 -229.994"?

' Reference [17]
* The experimental values for ions assume AH °(H") = 0. To compare with the calculated
values, the estimated absolute value for A//°(H") must be added to (cations) or subtracted

from (anions) the given experimental heats of formation. This is required to properly

calculate deviations for ions. For example, calculated A H °(H") = 386.3 kJ/mol".
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ADN ZRE T ANV X — A F VIR DO BRBEDAE 5 2B 9 A58
SR RE—EE " EE A S R Y, BRI S R AT, R E—Eg

A study on combustion wave structure of ADN-Based Energetic Ionic Liquid

Yuichiro Ide", Takuya Takahashi, Keiichiro Iwai", Katsuhiko Nozoe ",

Hiroto Habu™ and Shinichiro Tokudome™*

ABSTRACT

JAXA and Carlit Holdings Co., Ltd. study ammonium dinitramide-based energetic ionic liquid
propellant (ADN-based EILP) as low-toxic monopropellant instead of hydrazine. It is made by mixing three
solid powders: ADN, monomethylamine nitrate, and urea. The theoretical specific impulse is 1.2 times
higher than that of hydrazine and the density is 1.5 times higher at certain composition. Although ionic
liquids (ILs) have been believed to be non-flammable for a long time due to the low-volatility, combustible
ILs have been reported recently. The combustion mechanism of ILs is not figured out yet. The objective of
this paper is to understand the combustion wave structure of the ADN-based EILP. Temperature distribution
of the combustion wave in strand burner test has a region of constant temperature. The region would show
boiling in the observed foam layer. Thus, the combustion wave structure consists of liquid phase, gas-liquid
phase, and gas phase. The dependency of boiling point on pressure might identify chemical substances in

the gas-liquid phase. The dependencies of liner burning rate on ADN content are also discussed.

Keywords: Ammonium Dinitramide, Combustion Wave Structure, EILPs
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HZEEHMNET D, ARNT v RRBERBR AT o 72450, BRIBENE O IR L /370 (2 - HH 7298 FE Ak A3
B STz, ZHUFBR SN RIAEICB VT L TWD Z L 2R L TWD, 6o T, BRIEHK
MEIEIXHRAE, KUK M, KA CHER SN D, IR OEIKFEMEIC X0 KK A OL P E D E
TELAREMD DD, E72, ADN GAHRITKT DIRBEEE DRI OV T HELET 2,

TL®IZ

EMERE AR HEES L e T DU Al L TROD BN TN D, B RT T UIEZED
TS LD, FEEBORMESCERICa A MA#EHNE Y, ZOROIREEICBWNT, B Rafy
T =T AEEEE (HAN) RKIEERSST V=7 AV = 7 I K (ADN) SAKIRK 72 ER—
HEER & L CHFgES T g 2,

JAXA L 1=V v MAR—NT o 7 AT AHEER D 1 DOF J)EH & LT ADN RT3
IV X — A A AR HEEEA] (ADN 5% EILP) 2422 L T\ %, Z#UX ADN, &/ A F LT I U hEERIE
(MMAN) , J#5% (urea) ZJFM B ET%, 20 3 SOBEIEKHREZRE TS 2 LT, EEAETIC
L VIREMDEIL L, ADN R EILP BRI D, > T, W7V —DHfERITH 5, £z,
HOHREITB W THRILHE) EBEIXENERE TV D 12 L 15EE 75,

EF O OB KX, 10 wt% Z & IThA 2B X T BEOfA LR Ofl & % ADN/
MMAN/urea=30/50/20 wt.% & 8E LT, 4% 0 ZAOMEREE FICHB W T ESRBEZ iR L7= Y,
F 7, BRIRBEEE SO K SR RE S D SRR IR BE RV  BUS L7,

ADN % EILP |3 ADN X° MMAN D A 7 % & HEHERMETH 5 L 9 mTA A IR ELE -
TMETHD, T TAA R EIL 100 CULF TR Z RO Z & TH 5 7, A A4 U ikikiE
HEDOWE L B2 DN TEER, IIFEITRA DA A VBELHE S TND O A F U IRD
B REEPEC S KA DWW THFE S N2 BN H 508 7%, BRBERERE IC S W CIER7ZMI ST
AN

A 3D B AL ADN 5% EILP OBRBEHAEIC SO W TR 2 72012, REEREE AR 5 2
EThDH, o, MTFAX AL LTaH5 ADNIZHEH L, ADN &4 RIZkK7 5 BR15E
WEERAEMEIZ OV T ST 5.

EERTIE, 1 RTTORERESEEZR L7, AT NREEBRAEE L7, A NI R
BBERBRIT B KT 20X HAN RHEER] O MRBEE 2 7 9~ 2 iif) 72 ik cdh v >, #vE
%tz AW IRE DA ORI TS Z b d 5 ", ABFFETIEL, ADN % EILP O JE /34 <08%
BERE D[4 72 & % IV T 3212 ADN 5% EILP OBRBEI RS I >\ T T 5.
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k12, ADN % EILP O EE 5340 & Fig.3-5 1287, AU B I3 EVExF CTHURS L 72 iR LB IR & FR ek
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Fig.2 775 ADN & AR O3 U CTHAIER a L ENFHRHE a1 3HEINL T 5, - T, (4)
K&V ADN ZAROEINI 5 U THEFABOSHE o 238835 2 L 233D,

WITKAHRETIZ DWW TEEE T 5, Figo 22 HERBEN 2 TTIT(LF M IZE L T 5, NASA-
CEA #7555, ADN % EILP Db 7 1 Tégﬁk ITEASEOEWIEIZ H,0, N, H,
CO,CO, L 72 olz, - T, BRBEN AT Z NIV Z RO EE 2 DD,

4. O

AWFIETIE, HEEFRECTH D ADN % EILP OREEREAE 2 fiE 3 5 72912, Bl ADN/MMAN/
urea=30/50/20, 35/45/20, 40/40/20 wt.% (ZF\NT A b T > FERBERBR 21TV, RBEI OIRE /5 Ah &
FRIRBEIRE 2 BfG L7z, 2 DOFER, ADN % EILP OBRBERAREICOW T —E DL 572, £z,
ADN & A FITx 4 D BER AR EIZ DWW T b am L7z,

PRIEIE IR 53 A0 N2 F 1T 2 VAR 72 1R BE BRI PRBE AR C Ok EORIE D 6, PREEIR AR E X
WrE, R AH, KT ESND Z &N hoTo, R HIZOWTRD X 9 22kt Ok
A BT urea 23RFE F I ITEVE L7215, ADN,MMAN (328 % 58 X OV M o fig e 2E sl ~
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ﬂﬂ%%t L, TIRAETAZART D, KEROBRAESEE LT, WAOENMKFENSHE LR
ST I #R Z ADN,MMAN,urea X°Z 40 5 OIRA H A LD B KDL E T 5 Z L BFETF o
%o %@@Aiﬁ:ﬁ@wg%#V7UyﬁbimWBbiéﬁx\ﬁ%ﬁéﬁﬁ%ﬁﬁfké
WIZKAZ BT 2 RBERFEIC DWW T E LT 5, FELAICHEIT DA b T v FERBERBR OSSR,
ADN 473 30-40 wt.% (23T, MRABERE & JF 1H8 %03 ADN ST R OB % L CHE M
R LTc, - T, KMHTOTIRGREZIEST HZ LT, TIEA ﬁx®M%ﬁmLfﬂAmq
GHBEOEINIK L THINT 52 03 0hole, Fi, KRIREIXIZIT L EHEIREICEL T
T2 EME, BREET ADFRSIE H0, N, H,, CO, CO, EHEHI S5,
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Preparation and thermal behavior studying of ionic liquids
based on ammonium dinitramide and acetamide

Kento Shiota™, Yuichiro Izato™', Masataka Itakura™', Hiroki Matsunaga*z,
Hiroto Habu ", Atsumi Miyake™*

ABSTRACT

To obtain better understanding composition ratio and thermal behavior of ionic liquids based on
ammonium dinitramide (ADN) and acetamide (AA), we trial prepared ADN and AA mixture by various
mixing ratio and measured thermal behavior and evolved gas analysis. From the results of test preparation
ADN/AA ionic liquid, ADN/AA=5/5 (mass ratio) was more stable at liquid phase at room temperature than
other samples whose mixing ratio of 6/4, 7/3, 8/2 and 9/1. For the differential scanning calorimetry (DSC)
of the samples, no significant difference was observed in exothermic onset temperature depend on mixing
ratio. The thermogravimetry—differential thermal analysis with mass spectrometry (TG-DTA-MS) result
of ADN/AA=5/5, the 1% Mass loss was observed at 70°C, and portion of AA in the ionic liquid vaporized

instead of decomposition or reaction with ADN.

Keywords: Ammonium Dinitramide, Acetamide, lonic Liquid, Thermal Behavior

W

TUEZUAY=RZ7 IR (ADN) Z7E 7 I K (AA) LIRATHEZFLWVELEBETZRL,
WRIEESD Z LNk, & 2 TARMIETIE ADN & AA O [l RA A kK (ILs) O
FOBFHERR D720, RAEEEAENE (DSC), BEE - RER - H &8 (TG-DTA-MS) %
R T2 BE Bl RS X OVERR Y A DT 21T - 7=, fEb A2 28 L S ADN/AA R ILs 2Bl L= & =
5, ADN D& b %<, TR TR L LTLE LIoMRIX ADN/AA=S/5 (&) Thd Z
LMoo 7o, ADN/AA=S/5 2N %, 60°C DANEMZ K - TRElfiF 23 #esd T & 72 ADN/AA=6/4, 7/3
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DOFREHI S LT DSC 4T o 7ot 5B, MBI E D% L WA LIS S o 72, RiRICE
WTHR b IEIRTRE Th - -k ADN/AA=5/5 ® TG-DTA-MS 7> & 70°C THEED 1% 4 L,
FIRIZEES T AA O—EBRGIRETICTRIMIER L TWD Z RN oT,

1. ZL®IT

L% DIRAHEER T FMED 1 < BIECIEE OB ML Z O TWD e KTV (b % EithE
THEEDMES T BANREGS LWERRD BN D, ZORBEWEE L TEZRLF—RT E=
v AY=hk73 K" (ADN, Fig.l) ®ILs|ZEH L7, Fx ik, 7 b7 2 K (AA, Figl) #H
W5 ZET, WA AW, AT LY ADN Ol 2 KIS T S Sl EnTRETH 5 =
EERELEY, TR N7 NIMBT V=T AL RFELE LR TRAT L1200 TR LT 5
TEBRHESNTWDS ) WA VR, A A R ARHEER] (BILPs) 13RI & OBA %
N7 72 D e OVEREIN EAEIREE LD,

Z ZTARMIETIE, A% 0 ADN RA 4 IRIEO LR RLIC 2 0155, &b il Zar R
Td D ADN/AA ZA A U RIEORM L VL EROMAZS5Z L ENE L, REMROEER
K OB R DIRMT 21T > 72,

/Noﬂ_ Hﬂ&¥NH2

NH,"
4[N\NO2 |
0

Fig.l1 Structure of ADN and AA

2.1 A
PRIk THID ADN, Frt sl TERIOME 98.0% D AA % V7=, RIERA DD Fl s kg
THITHZD AA DWYE% Table 1 ITR7T,

Table 1 Properties of AA

Chemical formula CH,;CONH,
Molecule weight [-] 59.07
Melting point [°C] 81
Density [g cm”] 1.16
Color Colorless
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A F AR OREZ BN T, BERO BN T OGN TH D Le Chatelier-Schroder D' 7> 6
B BIRRUS 72 TRy R OMER L Z RS D L, ADN/AA=63/37 (Wt%) & 7a-~7=, F7=PEREmH Tk
FNT AN O0IZEL 725 L) RIBA L CTHENEE LS, ADN & AA D5, REHIZ ADN/
AA=85/15 (Wt%) & 725, & 2T, AW TIX ADN/AA=9/1, 8/2, 7/3, 6/4, 5/5 DEEL TOR
AT o7z, REHIEESK 500 mg L7225 X O ICHEL, AN 7RO FIZ ANEIR (15°0),
20%RH LU F OWE CH#iE L7z, 24 BT, SERICIKE GRIKHICEER G BEW) Lot b
DIX 1AM Z DO EEORE T CREF L7, 24 FFHFHER IR L 2 b o T2ilBHE, 3612
60°C T 24 IEREIRFF L, INEMC X ZhfiR 237 7o, MNEVZ X0 S22 & 7e o 72 30RHE 1 E
IR, 20%RH LA T O E DOBREE T CREF L 72, BT X o THIRIE(L LA WEEHI % L TRk
LA ATHE & Il L7z,

2.2 BEEF O

ADN/AA IR A% OBEE O 2 121F, TA Instruments £ DSC Q200 (2 L 5 /= 2 £ BVE M E
(DSC), VU 7 BURFEBCKRFE TG-8120 |2 Jid B UFFr T 2 7 v~ ~ 7 F 7 B &5 Hr it GCMS-
QP2010 % #fot L 7= BAEE & - /R 72280 - ' B0 AT (TG-DTA-MS) %17 7=, DSC JIE S/ 13 a0k &
#) 1 mg, SUS303 #PHE /L, JEIREIL 30~300°C, FHUEHE 5K min' TfT-72, TG-DTA-MS (I,
He # %+ U 7 A & L 200 mL min" THA S, #REHY 2 mg &2 Al OB vz A, JIERE
JEIX =R ~350°C, FIEEE 5 K min' ORIESRMETIT- 72,

3. MR EEL

o
W

3.1 ADN/AA £ 7 Y itkos
HIRTHRIROREEZ RS LR E, ADN/AA=5/5 X Fig2 ® X 5 ([ZIRA 1 FE & I3+
(ZE RS DIAFAE L7 W SE RIREIRIREE & 72 5 72, o FEHZ 60°C (2hE§ 5 Z & ¢, ADN/
AA=T/3, 6/4 IT5ERITHRIRIZ/e D Z L D3R TE, ADN/AA=9/1, 82 IXf5MM kDR & 72 o7
(Fig.3),

Fig.2 ADN/AA=5/5 mixture after 1hour
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5/5,6/4,7/3,8/2,9/1

%(m}.*ﬁj{/ﬁb [}
)4
RlfiE 2 AR LA P RE
9/1
5/5 YES 8/2
\ 2
WKL P RE
%“E \,—1—.,—'—»
i 2 > RAETE
7/3
YES
— 6/4
SR E R

Fig.3 Results of preparation of ADN/AA ionic liquid mixture after lhour

AR & 72 > 72 ADN/AA=T/3, 6/4, 5/51Z%F L C 1ERLLES=IERFF LR, 5/5 Xk &R/
Z LR SN, ADN/AA=6/4 TIXih O —ERICHE S O H L7 (Fig4 (a)), ADN/AA=7/3 TiX
BRI LV [EfL L7 (Figd (b)) 72, BHEANREL 2> TWDH Z ERE 2 HLDH, Le Chatelier-
Schroder ? 22> B 3K 60 7= BRI ClX ADN/AA=63/37 (Wt%) T 5745, ADN/AA=5/5 /3R THRIA
L7200, ADN/AA=6/4 1IFEMPHTIH T DfEH & 72 o7-, Z4UZ, Le Chatelier-Schroder D=3 BRARHK
BEEL, BT 2L E—DHNOHMRE TRT 2015 L, EEORTIIKERGRED
DM EERNAEL, BAERERENBSL L2 WD THh D & %7_ bivd, tb?&)‘? 7e EOMERE
% 5ET 5L ADN BRSO FBMERED M LN RIAE D, AAICINAE =My ZRE L, Wi
R OBEZIZ I2H HRE % TP 5 Z & T, ADN @*ﬁxﬁéﬁfxg%tﬁ%’@“ DR D &%‘7_ Hivd,

(b)

Fig4 (a) ADN/AA=6/4 mixture after heating at room temperature
(b) ADN/AA=7/3 mixture with impact

3.2 B OHLE

2B W CEIRAT THAIKTH > 72 ADN/AA=T/3, 6/4, 5/512%F L CTDSC 217> I=fE R %
Fig.5 127", DSC OFER LV, ADN OFREPHIRIRE 1T L WA RIZEIH S e o 7o, FEEGE
X ADN O&EREINT DIz RE < leoiz,
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Heat Flow [W/g]

Fig.5 DSC curves of pure ADN and ADN/AA mixtures

Exo0.—»

< Endo.

ADN/AA=T/3

i ADN/AA—6/J\”__

| ADN/AA=5/5 / \

pure ADN

Temperature ['C]

50 100 150 200 250 300

37

WRIZZEIR Tl b K E T > 72 ADN/AA=5/5 DFEHZ BT TG-DTA-MS %17 - 7=, TG-DTA-
MS OFER % Fig6 12737, TG OFER LV, 2EMOEERDNAELT, 70°CIZHB W T 1% &
B UGN T AMEZRIT 95% THDH Z L™ mhoT-, F72 MS OFERN BB E - T
ADN H3k @ L& % b 5 HMBLY (NONO,LN,0), HNO, =° NH,, AA H{EE L < 1% AA HE
D CO,, HCNO 2 E L E X I D T ADAEMNHER TET, T AA L FEZXBND m/z=59 DT
AN HEIEEE &Pl U IR B AR Lz, 2O Z Enn AA O—ERIX oI RIMI AR L
TWbEEZHN%, TG-DTA-MS OFERN D, ADN/AA=S/S ITEIRIZTe D & AA BSRNN DD
AT H LT L L, FEXAY7e ADN O X A EEROFT 2 E PRI,

DTA[mV g]

Intensity|[-]

30

O'T 0.0 _
> L L
= -0.2 .8 m/z | Evolved gases
X 5
-
049 | 59 | Acetamide
06 5
6= | 46 | NO,, HNO,
2]
él -0.8 é 44 | O, N,0
M- = -1.0 43| HNCO
30 | NO,NO,, N,O
= A= N O
= = 17 | NHs, H,0

130 180 230 280 330

Temperature[°C]

Fig.6 TG-DTA-MS result of ADN/AA mixtures and evolved gases
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4. L9

TrE=ZULY=FT IR (ADN) RA A CRAEHEEIE O B I 2155720, ADN &7 &
F7 2R (AA) O R FA A P RE ORI L OBGHTIC L 2 BCEENOIRE 21T - 72, iR
BT ADN/AA=S/5 BRIR & L CTRERMR Th o7, HEORE /2T H 2R, THIFD
LY TE DN, FEBFER L B o7, ADN/AA=5/5 OB ORE, AA ZHNT 52 &
X BB EOBEERETIRBI SN2 N EATFRIESNZD, S22 lrwidiiE 2385 &k
N L, ADNRA A REDEILAEZ 5 Z ERBEZ b D,
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Study for the Continuous Mixing of Solid Propellant by Peristaltic Pump

Akihiro Iwasaki ', Kotaro Matsumoto ~, Shun Yoshihama ", Yasuyuki Yamada™,

Taro Nakamura * and Hiroto Habu

ABSTRACT

In this study, a peristaltic pump is considered as the application for a continuous mixer of solid
propellant slurry. While this pump can achieve a drastic cost reduction of solid propellant manufacturing
process, mixing efficiency and factor(s) of the pump for high viscous slurry have not still been examined.
Dependences of time and working gas pressure of the pump mixing were acquired. As the consideration, it

was cleared that, by the working gas press, the slurry was mixed.

Keywords: Solid Propellant, Continuous Mixing, Slurry, Peristaltic Pump
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1. #5

KRN, A7 vmrnly MIRE SN L FHEENKRLEL D 7 v S OHFAREK= 2 M
NEBECHFG T 5 HEE LT, ERHEEROFIREE FIEEZAIRT 25O Th 5, ITVFEE,
GPS i BEXCKASHMEITNBIN L2 EAMEZII LD L LT, ATHEMES ML L2 »EE
BB 2, ZOREENMETICE Ry FOITH BFIXEEELT S TH S, Lrl, E
AR 2T bifsnlry b Co, HRAFOEZZ/TH—#E~HHEMNZ T 280k
TIE, ABEED EFIFBRER TEZ512h 70,

INET, EHEery hofKa 2 MezHY, BEEe sy MTH RIFv 27 AR ME 7 1t
Z DA - KT A MMERe, EAHEER OB M EHE I XD EE e 7y M E'—F DT W
k, vy NE—HBREEN A ORBEAMRBAITONCE T, Bkasry o H BT - il
BT 2RI LTIE, A 7vuralry hOTAALIVER AT L) Bz ons, o
DYAT ALY, BfFoalry ML EFEAA A -2 REEL, BEED RFIoxt
I LD B0 NEEONENFT S BIFER N AIRE & /e o 72, BERHEEIK O F M EHI B3 2458 &
LTI, #lE = r ¥ —EBbA R O RESBBE OB N ETH 2, BUEDOBERHEEELD =
i, W@¥EER T =7 A (Ammonium Perchlorate: AP) # (A, &EREHZT VI =T A
(Aluminum: Al) 3K Z VT IS & TLNA, U X THEASEZ AP R a Ry b ERHEE SR
ThbH, ZOAPAIFZA L RY y MEAHEEIRIIK LT, APORZELLTT UV E=U LY =]
Z 2 F (Ammonium Dinitramide: ADN) O >7, AR RORKELE LTI/ Ry v LT LI =
U LDEE TS~ 7 F U A (Magnalium: Mg-Al) 5K 05 ] ¥ 12 & o CEAHEESE o &
IHER BRI AR RIAD 5,

IO OB L FRIOWR T, MAITE R DEERE 7y hoa X MET~EHENEMREZ DS L,
EEka sy hE—XZD0b00RET oA, ZOT o AOFTHRERDE—F 7 —AHE
XERHEEILIE 7 1 2 OFEF 2> T D, BIE 2 OREFIEITHEE A BHE A - HEESE X
7 VR - HEEEFR O S BIELZIBFIITO Ny F et XA Th D, IhE: —AICIED RO
BWif 7 n A4 52 L C, EiEn sy bE— X OFEMERRFIEOERS 7 1t AN
HEMEO B B HI D LAY, o5 IKa X MERATREE 72 5,

M AHEERE O Efr SIS 1T B LTI, BEARHEERRE TRET S N&E T —v L LTRLETH
n, EBRECHEEe v hE—ZoREL B 2biiz >0, L LD, REEFICEMRL
SNDITFE->TWVRY, FEERHEEIRORFREEL K Z 20K 912, @RIREHR I & b5
KDY & 5 [E A HEE SR A B IS RN 3 2 1F, BT ORI CIIIEw Il 2 mat b
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Dispersibility Evaluating Method of AP particles and Voids in Solid Propellant
by X-ray CT

Akihiro Iwasaki "', Kotaro Matsumoto *, Naomasa Hosomi ", Kana Otake *,

Soichiro Yamaguchi” and Hiroto Habu"

ABSTRACT

In this study, dispersibility evaluating method of particles and voids in solid propellant is considered.

This method is need for the optimization of solid propellant slurry mixer. The inside structure was imaged

by X-ray CT and the luminance histograms of this image was analyzed. Their distribution shapes were

changed by the texture of AP particles and the presence of voids. Therefore, those changes are used for the

dispersibility evaluating method.

Keywords: Solid Propellant, X-ray CT, Particle, Void, Dispersion
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Burning rate control of AP composite propellants
-Effects of TiO, additive-

Kotaro Matsumoto ', Akihiro Iwasaki >, Hiroto Habu"

ABSTRACT

To improve the propulsion performance of third stage solid rocket motor, high-performance solid
propellant is required. This propellant is needed to inhibit Al agglomeration on the combustion surface
and decrease burning rate. In this study, Mg-Al particles are incorporated into the general solid propellants
in order to reduce Al agglomeration since the agglomeration characteristics of Mg-Al are different to AL
However, the burning rate of propellants containing Mg-Al particles is higher than that containing Al. To
control the burning rate solid propellants, the catalysts are generally added. In this study, the effects of
titanium oxide as a catalyst to burning rate of AP composite propellants are obtained.

Keywords: Aluminum, Magnalium, Solid Propellant, Burning Rate, Titanium Oxide
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FLDIZ

EREOBEERa 7y MEIRORMTH DA T
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WTIEFITENATWDS, 2, A Fvrrnm |
7 FDRTHEM -V o IR () |
SN EEAEEE AR RS E o 28 |
ea@ﬁféoﬂﬁ?ﬁahﬁAuxw7yb%%
T TWHHT, EfRe sy hEdz 5
RYEITLREF L CODRIT IR 722, [Eik e
7 b OKRETERE 2 Rl D FRIR O — O A
HISHE /1 CH D, [EiRa 7y v MI, BEEEREZFEEMA~FRAT L7201, ke v hE—
% (Fig.1) #at 3 BTV, 3ERER e 7y ML D ZMEEE IR D I 5 L 72 5 DN,
853 BefE ik m Sy ' — 2 AEEHEEE O sERR b Th D,

B ARHERESE O FPERRLIZ R LT, iR LR IT e 60 WD —o2 L LT, @RI TH S
THI =0 L (AD RLFOERPET b D, —MKIC, BERHEERREERE ETIX, @BRETH
D AURL 12530 - Wt - BB L, WIHPRI 728 & B U I D SR & B8k T 2 TR 95 2,
LI ALK, BERe Sy FE—2NTORBETZREMES, Bk 7y bE—Z OHEENRE

(A NAE T, ARBFSECIE, ALRL 12k U C, BB E D B 72 5 Mg-AlL KL O /D BIRINC
T, ZOMBEMRRST 2 HRERFTL T D, M@Mﬁ%%éﬁ%ﬂkbﬁ.%%@%@%%%
HEETIE, &R TORE - EHN/BRINRVW I EAREINTEY Y, TN Mg-Al
L7725 ALRL - OB A I35 Z E 03I CTE 5, L LR, MgALK %4 BREH H
W72 B AR HEE SR D IRBEEFE 1L AL RHEHESR & e L CRE < AR 2 EAmMB T\ D Y, kbl
oKX, BEEelry he—4% 2 VO (Ae/At) Z/hEL< T 5, Bk sy hE—Z D
R HEHENERE T d 2 LEHE ) (Isp) 13X Ae/AtIZ LB L CHIR T 5 723, RBERHEE OB KIZFE R 2 7 >
FOIsp ZIEFEHTLE D, 207w, FEEHEEROKIREEEE LN LETH D,

B A HEE SR DR BE R B I, A CTH D 7 vk F o A (LIF) A4 %% 2 F ((HNOC),),

R (CO (NH,) ,) Z ¥R L 7=AFZED it STV 5, LiF oA %4 3 FIXEAHEER ISR LT,
2-5 parts YS9 2 Z & TEREEHEE DI EA /RSN TS ™0, L L, Ao FbnilE At
HEIROHERHEEME A IR NS ETLE I RRN DD, £z, JRFEIL 2 parts DU T KINE I BRHEHR
AT IE 50, BEARHEEROFERECHEN B bid ¥, 207w, 1 parts KO0 BIR
DN CRRBEEFE 2K 5 = & S ATREZ R BEAR I 23 sk o0 B D, BEDOHIZERI L v, Mg-Al R
FIZERL T 2 > (TiO,) KL% 0.3 parts I 5 2 & C, JBRBEMEE 23 KIFIZIK T 95 A 035 &
TV DH, IRINESCKL TR OFEEDOFHEMIISE STV,

LR, BiEe sy bE—2 OHEEERGEE RRIRICHEIE S 5720121E, ALK OB
il B OVE A HEE SE O BRBE R I A LT & 72 5, ARG TIX, SBIREHT AUKLT- K O Mg-Al KI
& AT [E R HEESE O PRBER 2 BUS L, TiO, hi I ORh R A Bifs L7,
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2. BRI I B

2.1 FEBRH
B[R 7~ b~ A% Bg 1729012, fﬁﬁ@ﬁxu/fy MW S AT B [E R HEE
L FSEOBEZEBET =7 L (AP) TRy MHEMESHAL (Table 1) Z2 AW THIZE 24T

9. MLAITH D AP (£ 50, 400 um DRI % 25 : 75 wt% OD%J/\“C#H%L/\%)-ELKO INA U HIT
K/KERHEAR Y 742 v (HTPB) & W o, @Bbi1121%, AURLF (Spum) M O Mg-AlL KL (50
umpass) % AV 72, Mg-AlRLFIRA T 0,50, 100% & L7, TiO, 1&7 F % — BRI DK+ % 44ET
0.3 parts 1 % 7=, TiO, H 71Z1% 100-300 nm, 5 pmpass 0 2 FEEEORL T4 VN, B AHERE 2 X
FRMTREL, Bef Ol EZITo7-, A T2 FRBAICIE 7<7 mm & & 70 mm O [FE{EK
HERESE 2 I o, RBEEBRIZIE, F o =BBRGESR 2 7o (Fig2), BRBEREIZ 7T LA 27 U A ¥
EEFHOWTHE L, BEa— X3 03mm THY, 10mm HICHE L=, PREESRNE L 1-7
MPa THEERZ1T > 72,

Sample

1
Table ] AP R ARYw HEHEEHA J K
Prop. 1 68 14 18 0

AP HTPB Al Mg-Al
Prop. 2 68 14 9 9
N, N,
Prop. 3 68 16 0 16

Wt%]  [wt%]  [Wt%]  [wt%]
Fig2 F & =RUREEaAEng

2.2 FEERRER R OE LR

Fig.3 12 & LR AT 33 1 2 R 2 K OF TiO, ki 1 VRN R O BR BE 3 S 4 7§, Fig3 (@) LV,
Prop.1 (25 LT, Prop.2 DIRBEEFEN K E W &5, Al SRHERESK O BRBER FE AS Mg-Al KL+ D

BAIWCL S THRTHZ RGO, £72, Prop.3 DEABEHEE L, Prop.l & [REDEZ R LT,
— %I, AP/HTPB SR [E(AHEMESL CTIX HTPB IR & EO NI U CTRBEERE N BT 5, 20
72, [EAHEE SR OBREL RSy T8 D HTPB 728 16 wt% T 0, Prop.1 KU Prop.2 & Hil L T\
728, Prop.3 OBREERE DS Prop.l L[RI% L /po7- & 2 Hhvd, Figl (b) XY, 5MPalZBiF 5
BAARR OBRBEE L, TiO, ZEFRINT 6.9 mm/s, TiO, FMMIFIZIE 6.9 mm/s (100-300 nm), 7.0 mm/s
(5 pmpass) & 72572, Fig3 (¢) £V, TiO, MUHIKE (5 MPa) (28 1F DEBEHEE 1L 7.9 mm/s & 72
0, TiO, WMEFIZ X, 8.1 mm/s (100-300 nm) & 72> 7=, Fig3 (d) £V, TiO, FIRIMEE (5 MPa)

BT DRBEHE X 6.4 mm/s, TiO, FRANEFIZIX 8.0 mm/s (5 pmpass) & 720, 4 BEEEHT Mg-Al

&%%ﬁﬁv\fzﬁﬁz%ﬁkﬁ@wﬁﬁﬁ L TIO, DA BRI L > THKRT D Z EnGonT-, £7-,
Fig.3 (b) X0, Al RHEHEZEKIZ 0.3 parts PO L 72ED TiO, B F-EROEEITIT LA E7pn T2 LG
bz,
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10 : 10
i i L ()
L »
g g [
B B L
=10} =i]
E oProp. 1 E OPmop. 1
= OProp. 2 = O Prop. 1 +Ti02(100-300nm)
AProp. 3 AProp. 1 +Ti02(5umpass)
1 — 1 : —
1 10 1 10
Pressure, MPa Pressure, MPa

10

Burning rate, mum/s
Burning rate, mm/s

O Prop. 2 oProp. 3
O Prop. 2 +Ti02(100-300nm) AProp. 3 +Ti02(5umpass)
1 . 1 1 .
1 10 1 10
Pressure, MPa Pressure, MPa

Fig3 APRarRYy MEESEDRSEE

3. ¥

TiO, KL A I L7z AP SR 2 ARy MEESE O PR FERIEFEER LV, 0.3 parts IRIIRFIZ I,
Al ZRAHERESE D IRBEHE IS ZALITE S 2o T2, L L, Mg-AlRHEMESR (O LTI, IEfilfl
ELTERT 2 Z G bz, TiO, hi+f 12 K 2 Afi s Bis S e - 7208, TiO, i+ 2%

Mg-Al RHEERR TR U CHRRIEME L LTI 2 Z &G b, S%IF, TiO, R E-0U
InEE2Z S, SRR RZ RO L TETH D,
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