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Research and development of new rocket propellants using ionic liquids

Hiroki Matsunaga*l, Kento Shiota*z, Yu-ichiro Izato 2
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Toshiyuki Katsumi*3, Hiroto Habu™* 5, Masaru Noda*l, and Atsumi Miyake*z’ >

ABSTRACT

We have been focusing on use of ionic liquids as a new rocket propellant for a thruster
based on high energetic materials in order to replace of hydrazine. Energetic ionic liquid propellants
(EILPs) are expected to have high energy and low toxicity because EILPs are solvent-free and
low-volatility liquid. On the other hands, there are many problems to development of EILPs due to
characteristics of ionic liquids. The most important problem is ignition method. We are studying new

method including laser ignition.

Keywords: Energetic Ionic Liquid Propellants (EILPs), High Energetic Materials, Ammonium
Dinitramide (ADN), Thruster, Laser Ignition
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A review on research trend on energetic ionic liquid propellants.
Yu-ichiro IZATO"' and Atsumi MIYAKE ™"

ABSTRACT
The paper presents research trend on energetic ionic liquid propellants (EILPs) in the world. We reviewed the
literatures and reviews on such fields. Recently, researchers has arrived at agreement on appropriate propertied of
EILPs. There are two type of EILPs, monopropellants and bipropellants. For developing bipropellant, researches
have explored the hypergolicity ionic liquid with nitric acid or N;O4. In fact, some types of ionic liquids have a
hypergolicity and the mechanism have been investigated. Development of monopropellants has lagged behind that
of bipropellants. However, the new promising EILPs for monopropellant, so called AF-315E, has been reported

from U. S. researchers, recently. In this paper, we reported such trends on developing EILPs.

Keywords: Energetic ionic liquid propellants (EILPs), Required performances, monopropellants, bipropellants,
hypergolic
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Table 1. EILPs & L COERMEHE
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2IRHMEERIZH OB KICE Y BB A& AR L, #ENEHELHES 2T LA THDH. BIE, BuAl(UE
(b ZEBOREEE e O DIRAIZE Y BOCEAKEZ R TET AT —A T UHENRZ R INT
Wa P O ACEAMEATHA A VKDL LT =4 A dicyanamides, nitrocyanamide,
cyanoborohydrides (2 & - TR S 5. BIZIE, STk 7R 2B Enz .

D EILPs O HAEKEHBIZBE L THH 6202720 555 5. EFL EILPs (30 fFiEfE C= N U v &4
L, ZTWOAESTLHIETELEOEANELHMNT S, ZOEAKISZEILAIGERRR E)MeE L, &
BB X o THEEAIO DA S HITE S, HOHEKICESL E RICEZLNR TS 2. BEHEX
FERSICRE L CiE, B - EROMmEN D S SR LB RA LN TS, 72 & %1%, Chambereau © D
2016 EDFH L 'O TIE, dicyanamide A A G A Z KIS, TOF-MS Z ] L7- AR A 2 %8O U 7L
S A LFHINZINZ T, BV RHESE TR RIS X D SOSHEfRIT 21T > T b, ZOREE,
dicyanamide 723 lERIC K BB A %217 C, HNCO, N,O, H,0 (25395 Z & 2K L T\ 5. HNCO L
HAICLVEBEEEKTD.

BT, TN AD=ALEZRKICLEHBAOFETRERICE DA CEREA T BIEDORA T ) —= 0 7 F
ERELMEEND LT TX, Bl bDTIE, BETH DA 4 ik HOMOUK & 54
H) & FRLH T dh 2 iR D LUMOUKIEIE S AHE)DE &, A 4 LRI RS K OMRBEENZ L7 & D
H5HZETHOEAMA AL HiEE A7 ) —=0 75060065 V. KTk, MRk smbshn
X9 X % HOMO-LUMO B =3V F —2E TRl L, IS L7BEO =3V — i 2 ARG L <134
BEBACRMI L TV 5. Zofth, Fix OISHEEZRET 237 A —2 Z B0 IAATZEKENRER T A 2
V== FREREBERENTVS D, 20X ) AW E T K A B =X MBI 5 FE2 R
PELNTERLZ L 2EKRT 5.

2 WRHMEMESR EILPs BHZE Tl, B KENRFHD R b EERMEE N T A —F L7225, 2 RHEERIZR T
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DA RENEN S 1L 2 WA RA LIERAN O EKICEL L TORBMTHL. BERENERIZE LT, F
BT HIE 22 30 3 2 72 O DY 2 BN & LT 5 ms IARERENTWD Y. Bz A L,
72> Sms LAN D 4 KN A AT 5 EILPs G Ak & FHMIZ B~ 2 e b THEFT L T 5.

WL oD B B35 k%A H 3 5 dicyanamide, nitrocyanamide, cyanoborohydride & A 4 L RIA T kB
B 5 ms LT 2 b ORMESNTND. LvL, ZNbA T U HIEOMEOFEIIZEETH S.
BOVHOEKMEEZGET 20, BREENS ML —RAF 7 TERDRTLES>TWDHIDOTHD. b A A
IR DR EACZBET AIEHME £ SRE X 5T TETND Y,

ADN ZHER T 2V = T X A A OS5 ElLs THOEXKMED & HHBITHA SN TE
59, ZOREANBKROLNATWS P, LiL, PY=rF7I FBROSFEENOEZ D L, SR T=
N U AR SIS Wes, ERLEILPs &3R5 ACE KA D= X LR T HMENH D L E
FIIB 2 5.

5. 1 {RHEER OB SEBh A

1 HRHERESR EILPs OBAFEIL 2 IRHEHERICH R TENTE . ZOERE, AiHE TR 7@ v & kK
DEIRENNETH DL TS, £72%< O EILPs (3l A %2 T 57200 FOEARFHKICKE 2@
HABANLUTRER, BEESY TV LA AF—ENMETLTLE . 2O OHS T
TRBEMERE 2 O NV 2 E LIRS/ ER TS —NTHh 5. g TR & L CTRERET R
X —WE D% < (ADN, HAN 72 O)IFEIR CEIATH H. LvL, Ll w2z v b2 2
EIFEE LRV, 2 CAMMRS MBS 2N Lizm 2L X —WE, FIZ ADN OHRIR(IZE
THHFZE & 1R~ D RBICET 2RISRV A TE D Th o727

1 RHEERI B T8 1L 2 MRHEE R & Il U TN TV D LR 728, Filt, 7 A U o OFFGE S v— 7 (NASA
EYVE D AF-M3I15E LRI S AL A | RHEER N Hs Shukd - . AF-M315E #EER I3 e 1
m ¥ T F Lk KT Y2 (HEHN; [HOCH,CHNH '[NOs] ) & g b R 2 L7 I (HAN;
[NH;0H]'[NO;] YDIRAW T 5. SHMIE L VEREIEA Table2 & 3 1R L7 Y. 2 BRoal S IE#
24 HEHN; 57 °C, HAN; 44 °C'CToHh 0 BB RIZ L V(b L TWA Z LRI SN 5. HIEIT
AF-M315E Z il U7 HEdE S 2 7 S IEREERR 2 B0 LT % 10 RHEEAINC BT 5 21 s0id &
LR, SHOBAEMZ TR BENDHD EEHITEZD.

Table 2. AF-M315E & & 52 DLk

Wy AF-M315E Hydrazine
HZ2HHET) [Ibf-sec/lbm] 266

(/ ANVBRIEEE =501, E77=300 psi) (PREmE) g
I [gem”] 1.465 1.021
KT [torr] <0.1 14.3
Al [°C) <-22 1
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Table 3. AF-M315E ¥tk « ZEME

Wk
75 °C SR TR 2 E 0.24 wt.% loss (24 h)
FI8E - BRI 60 kg-cm
JEE PRI 300 N
B9 — FX v v 7R ER) RL(< 24 H—F)
i UL 117
RLADFEME M

6. £¢®

TRV —WE 2 LTe A A A HEERI OB RIZ DWW TAREICE L 7. ez iED 5 Lk
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PN AR L —F— & RO TARTR —RHEER] D RUKIZ B 5 EE AT RR A
Weky (2™, iRt
Feasibility study on ignition of green monopropellant using a pulse laser

Toshiyuki Katsumi, Masaya Furusawa '

ABSTRACT

Monopropellant thruster has been widely used as a reaction control system of a satellite,
spacecraft and so on. Currently, HAN-based and ADN-based green monopropellants have been
researched and developed as an alternative of conventional hydrazine monopropellant because
hydrazine has high toxicity. These monopropellants cause combustion because these contain an
oxidizer and fuel, and flame temperatures are higher than the hydrazine. For a ignition and
combustion methods, high resistance to such combustion environment as high temperature and
oxidation atmosphere is necessary. We focused on laser ignition which has high durability in a
combustion environment. As one of feasibility studies, ignition tests of a HAN-based
monopropellant droplet were performed in a closed chamber using a pulse laser. We measured inside
pressures of the chamber and analyzed product gases with several different laser energies. As the

result, it was found that propellant droplet can decompose and gasify partially by pulse laser.

Keywords: Hydroxylammonium nitrate, Green monopropellant, Laser ignition, Droplet, Pulse laser

B

FHEOBREHE 2 LMD 1 AT AZ TR, BifE, #ERELTE TP
DEHINTWER, mWEtEs a5 2 Ln, IEH, Hydroxylammonium Nitrate (HAN)
<> Ammonium Di-nitramide (ADN) %E%’Jkﬁ‘éﬂif& 1 HRHERER DA TR FE TR FEITHED &
NTWD., ZHbDKE 1 RHEERI IRy & RE ) & & R BE A LD 2 &b,
ERFLIRH U B W TRV AN Z A3 2 mKHE - BRBERIE T ERLETH D, £ 2
T, BIRBEFRARICEBN THECHEEDIZFEA ER N L —Y—SUKIZER Lz, AF%E

doi: 10.20637/JAXA-RR-16-006/0003
TP 28 4 11 ) 24 A% S (Received 24 November , 2016)
T RIMBARTRE R R MR T R
(Department of Mechanical Engineering, Nagaoka University of Technology)

This document is provided by JAXA.



14

FH ML LS B TSR 2 B 8 s JAXA-RR-16-006

TIE, HAN ZEpor &3 2165 | iiER 2058 L, A L—F—2 Wi kD%
BUATREME 2592 Z L 2 HB9L L, HAN RAKHE 1 HRHEME ARG 0O mik S8R A F2h L 72
FRTIE, L= =D AR —DWE, FEHRE, HAZHITLD, mKERED
BAHICED MHATE. FTo, RUKREICE S, SR L—H—I2 X 2 KO EBLATREMEIC
DWW THRF EIT - 7.

1. LI

FHZERIZBW TR v MO N THEORBCHLE Ol D72 %, RCS (Reaction Control
System) & LCIAT AXB™MEHEINTWD. 1IEAT AZ TlE, #HEERZ Mz X - T
SfRL, FBAELEIET A LB LHEENZ55. £7o, HERIIE, Z2<0EFE1PSY
FEERENZ END, EHE RTIVURMERIN TS, LavL, B RTVUEEWE
PEEFBANEEZFT D0, HETE RIDUERVIEEICTBWTE, EE#RD
EH, ZHREOES, SLH AR S, BERLAERNLETHD. IF, B KT
CUOEmWEME, BIOMERLAFHICET S aX MaMERE S, HRNICE KI Y
NCED DR L IRHEERI O ZERHED STV, b, F—r w8 T, BRIE
ST 2011 RIS RI DU E2ERSWE Y A N MBI L2 Enb, Tk, B R
TOVIMERTERL 2D ENBESN TV,

BE, 3—n v/ TlE, ADNRIKTE 1 IRHEEAI WL N HED 5T Y, 2010 4
(3 ADN 5% 1 HERER 2 W A T 2 2 2858 Lo N TE2 (PRISMA) 23415 EiF b,
HMigzE 2 - L= P, 7 A U AT, 1980 4B X Y HAN RIKHE 1 HRHEER| O RFFERI %2
W HATEY Y, 2014 4E128 LV HAN R 1 EHEEA] AF-M315E ZBA% L, EMAkICH
FERE 2D TWD T ERESHTWD V. £72, HARTIE, FHZemrse i s
(JAXA) 3L L7200, BAMEA O HAN 5% 1 RHEERISC ADN % 1 HEER OBFTE 03 D
ENTND Y. 2 6% < OBFEEIC L » TRF | HEERI OMRBEICBE T D HF521338E0 &
WTWAHN, KFE | RHEEAZ 2 1 IRA 7 AZIIRERFEE ETH L. BIfE, B KT
Ty RAT AZITM, FEICHBEE WU AT AOMFEBIR B ED STV 53, b
LI % PR S B 72012 280 CLL EOYIIMEABMKE TH D Z & BbhroTing >0,
E RTVV 1 AT AXOEA, OIHMBUISLEZR L, KRB W T LAk X 2538y
fERS % AT D, IKHEE 1 IRHEERIO X5 IR LETH D &, RIRHEE 2 T &,
=2y T U OEHBMETH LD, B TV 1 KA TAZ L HATHIEME, 8%
BYEICRIT D, E£7, KE 1 RHEERID —RANITREL L B LA DIR B T 5 Z &b,
BRBESOS 24 U, BBERRN S ER (9 2000 °C) 2 IR LBEFAKIC /2 D12, filtidfeit L
7L, STV, B OBRE-CIHBIC L > TA T A X OMREIE T3 5720, t
R0 1 AT AR LI_THEB RGN EL 70D, 20X 51z, itz AWz A T 24
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IIEREREN £, BREATIEE R DU RIS EOMRENER SN TV e, EiT
D XD e DR A kT 5720, AARENTIE, HAN RIK#E | BHEER 265 L L,
JKE L OYRBESIE T 1EIZ DV TRk A 2 B0 M A HED HILTW D, @O R & muv
MAPEZ A LI O ZER TN D BTV D V& & bIZ, A L 23— 27 %
BT — 7 EE AT KIZTOW T HBANED b T s M sk k- T
HAN SRAETEME 1 IEHEEER O sk ds JOVRBERITI AN \RECTH 5 Z L WE SN TWD N, £
NI E N S TR Y EARIZIEE > TR,

—HT, HEEHAZ L DR T RAE— DR BB WT, TE, TL—#—8
K] BDHEABINTWD. b= —kiL, SkOXA I T EMEMEBEICHRERRETH
DT EMD, PERMD A= 7 MO X9 7 kB (BIERMMN G A= BETLHE
TOEN) BN72<, MEERFLTRALLY, BEEEFTTAALEV T LICks Tz
VIOV EN ESED I ENFRETH L. Eo, BEENTICEmR & OREEY N2
<,5Wb¢ﬁﬁ%<iéﬁﬁHﬁFﬂ@b%Jb A= T Z 7L FEMPENT L HFET
HbH. ZOLIC VYR KIFENRFEREEAT 50, L—F—EE T RICREITH
DIEENCHWEERESR CTH D20, TERGLE L TERMEEIND Z Lid7e <, %%@V
SUVDORFFRIZE EFE Tz, oL, EFEO~A 7 aF v 7 b—F—HIFOFREIC
mﬂ-%iwo%mﬁ®v~f~ﬁ£ﬁm%&@0,mnlﬁmﬁﬁﬁiﬁiyyy@xx
— 7T 7L RRRE DY A XD EAKARER L —F —FZ ZB3f%x S 1, R
B M HED HN TN D,

EIREE LIRSS BT DI AMEDE 2D, Fex L —F—IZ XD A KICHEH L7Z. HAN
ﬁlﬂﬁﬁﬁ®v~#~ﬁkmowfu,M<Oﬂ@%ﬁ%ﬁﬁ%éﬂf“éww.LWL
G, ARENTOREFNTZR<, BAME O HAN #K7H 1 #HEEH] (SHP163) % %t
L L LEEbOIERIBIN 2. 22T, HxIXTAARENTATAHEZR HAN % 1 fEAEES]
(SHP163) Zxt%E L, HEHEMAZ Y VU LR, 7OV A L—F —&H iUk ko5
BAREMRMEICE TR L. 2hETIS, AFL—F =0 %X —728 20 mJ UL LB
B AMEEMER L TEY, WV AL—F =L > TLEHGEFH TE 5 afREMEI R &
nTws Y KIFRTHE, CRETORREEEERZ, L—P—ZFLXF—DOFBEB LU
— P —DOEEERF OB OV TIHMET 2 2 L A B & L TRk ER A I LT,

2. RKEBROFELB IOSRMHE
2.1 {63 1 IRHEER
HAEN T JAXA 1T & - THE 2B & 7- HAN RAKEE 1 icHedEH] (SHP163) "% xt4:

& U Tk R A I L7-. HAN SR IK 3 1 iHEER OFLE % Tablel 1Z7x7°. £ 7=, Table2
IZ SHP163 L b RT Uy ORFEEMAE A 7T,
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Tablel SHP163 O#HEL (B &)
HAN Wle 7 v E'=17 L H,0 AR ) —)

73.6 mass% 3.9 mass% 6.2 mass% 16.3 mass%

Table2 SHP163 &t R (NH,) ORFREAE D Holg
W OEMELE - £ Pe=0.7 MPa, H#E11%5 C,=1.875 (NASA-CEA'?)

SHP163 N,H,
p [g/ec] @20°C 1.4 1.0

&E.m (K] <243 274

LEHETT Isp [s] * 276 233
WrEl kK RIREE [K]* 2394 871

b LD50 #&1 [mg/kg] 500-2000 60

LD50 #%8 [mg/kg] >2000 91

2.2 EBRFE

AFGAZIIBNTA Y =7 X X SN HEER ORISR KTHZ L2 HEL
BEPARGP CH M AR L LT K ERZ e L7z, FEhRsE @%%%Fgl_r#
EPARZIZ 2 KOA TR (B 0.1 mm) ZAR7ZIHTEHE L, DR MIZ HAN & 1K
HEtEA] (SHP163) DA I, 20L&, MOV A XILELEN ol.5mm (5 1.8
ul) & L7z, 7o, BHARBNOFERITZER, PIHET1% 101.3 kPa, FIHIREZ 25 C

L.

Pressure
sensor

Closed chamber

Fig.l L —W— Uk FERREEE ORI X

F72, RKHDO/ VA L—H— & LT Quantel B EverGreen 145 (Nd:YAG) Z#Hw/=. L
—f—@iﬁ%isn nm, ZUVABEX 10ns LR CTH D, EBRTIE, Figl 1T L51,
—JeE L X (AR 0 170 mm) THLY, SHP163 OIEMICHS L7=. T & [H
H#C BARGHRNOEE v —F—2 VX —%2WE L. £/ (Honeywell H
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FP2000 FPG2AN1AJ2G5G6A) & L —H— U —+ 4 (OPHIR # PESOBF-DIF-C) % H\>,
F—% 11 H— (National Instruments # NI 9205) (2 X > CTEM | kHz TiogkL7-. X 51T,
EFRBAIM B J O RALRFEM O A (ERMIEWH  GASTEC 11L, —F{bikE
Hl : GASTEC 2LC) % HIVy, SEBREE D PR N O AT A DTSRI 72 38 24T - 72

3. BAEBROBERBIUEBE

3.1 VA L—PF— T RV F—DEEE

PVA L =P —=DEFRLF—% 20, 30, 40, 50, 60, 80mJ &ZH L CHRAEREIT,
FPARERNIE ) ORFRBRE A TS L7z, #R % Fig2 177, =0s D& &, /S AL—H—
% SHP163 &I HRI L T D, R TOERMFIZBNT, L—F—%BHET 25 & FRFCR2MIC
JENRERLTWAEZ ENbnG., ZOAERENEFIZVL—Y—FRT LA 7471
E2bnEEZLND. ZOEM%, EHEILREL, BLE—ElEHR-> TS, Z0—
EREINE SHP163 WKEH D I AMUIZ L > TAL TS EEX LS. VAL —HF—DxT 3
X =73 20 mJ 725 40 mJ ~HEINT DI O TR R ENEIZE S > TS —H T, =
ANAF =340 m) L ETIIRERBIITRVESICRRD. ZDZ &b, SHPL63 Kl D
H A EFGT B RV AL —F—DE I AR T LBRH D = ENTHEID.

60

Pressure P[Pa]
w
o

Time X#£[s]

Fig.2 Time histories of chamber pressure

3.2 2OV AR L—Y — D5 B R DR
PV A L=l LC 2 ARG L2 E O RICHOWTORT. 2ol 1HH-Y
DNV AL =P =D)L X —%30mJ] & L, 1[EHE2EHD VAL —F—DOREHHE
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IX20ps & L7z, 7OLA L—W—% 2 [IRS L7- 86 O BRI ORI EEE % Fig.3 <
R RO, 1 EBEOEES G0ml, 60ml) bFEIFFHIRT. SULAL—H—% 2 [
MU L7234 (Fig3 H30mJ (Double) ) D) EFIE, 30 m] D/ VLA L—H—% 2 [/}
LS AOEF A F—LEL60mI D/ VA L—F —Z 1B L-5HE L0 bEn
ZERbND. ZOZEnb, SNVAL—Y—% 2 [mhEkE L CHRET S Z &3 A AR
ETDENSDZ ENMAZD.

60 T
: i i [ —30mJ(Single)
50 Lol ______________ —30mJ(Double) |
| —60mJ(Single)

Pressure P [Pa]
[€%]
o

Time X+t [s]

Fig.3 Pressure time histories in the cases of single and double pulse laser

SHP163 ¥i&iii 0 & K 0 BOPEERRIEIC BT 2 BRI E ) R BEE RO D L, SERREEL T2
BAIZIEK 115 kPa, EBEOZER OB OLAITIIN 248 Pa TH DA, FEREIL 1 BRSO
BAITRKK 25 Pa, 2 BIFBE OBAIZR KK 38Pa TH Y, EERELIBKBEOEEDO LD
LA LD B/NSWN ERDND. IBEIAToTemEHE D A TIREIZBNT, L—F—
PR ZITIRO £ ETROHE > TV DERFABIE SN Z Lnd, L—F =R L 2 7 21k
TR THD LN ZENEZLD.

33HE T AT

AR & O CTHRUK EBR S OB BRI O T A Z SN LB R, —ibix
FKITRHTE oo, EFRMBIEY (NOx) 1 IERD DM Sz, 7L AT R LF—
2330 m] D & & DEPARERN AT A D NOx IREE % Table3 |2~ b—HF—& AT 252 &I
Lo TNOK AR LTS Z D, SHPI63 IZE D HAN B LN AN O3 R E
LTV Z BRSNS, LaL, ZEMEREPRE SR -722 L2vD, SHP163 1T
EENDAZ ) —IVORBERUNIAE Cle o To [ REMER & 5.
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Table3 NOx concentration of product gas with laser energy of 30mJ

Single shot Double shot

1.8 ppm 2.2 ppm

4. FLHLEBRDORE

7V A L—H—{Z X D HAN % 1 i HEdEA] SHP163 D sk D EBIAREVE A MM+ 25 2 & %
HigE L, mkFEBREZFEML, JEIER L OME T A a1To7-. T ORER, /<
VA L= =D RV F— 20 mJ~40 m] OFFHTIX, =X —0me & Hich A1k
BN Z D ERbhoTz. —F, TRAXF—2340m] DL EICB W T AMEEICK & 724
fbixBHE N2 hotz. Fiz, 7L AL—H—% 2 [mHEFGE CHRFT 5 Z 212X -> T, AL
IIMEESIND Z L Bbholz. 72720, EH EFREIFHEREICEL TBLT, TAIR
P Th L Z RSN, 612, ESRRT AT L > T NOx B S/ Z &
235, HAN & L <13 AN OSEISHNAE T TWD Z ERHEI Sz, Uk, <=z
— Pl Lo LG EFBER L, TASELZ L EFEES 2D, L, e
BITRBESE DT ESTE LT, HiloeXT A—XOFBIONTHRFTL, TS
DEMEER LT HMNERHD EEZD.

S, 7OV A LY — %t T 2 [R5 BR 0O IR ] [ IR 0D s B0 IR B AU T D S
2 EITOWTEHMI 21TV, ZHE TICEM L TOWAEDRESS T A5z T, 3o
DA EZATH Z LT LT, BRBBET 2ROV TIHMET 5 &3S, 5 KEpE
REKAD=ALEH BT LIz,

e

AFFE1% ISPS BHFE: 15K18282 OBk %% 3 7-HDTh 5.

e Z BN

1) European Chemicals Agency, Candidate List of substances of very high concern for
Authorisation, https://echa.europa.eu/candidate-list-table
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ADN ZEH| & UT-HAERA VR IED -V 2 L —W— sk gt
Pl &, e mA

Study for Ignition of ADN-based Solvent-free Ionic Liquid with Pulse Laser

Noboru Itouyama”', Hiroto Habu
ABSTRACT

ADN-based three-component non-solvent ionic liquid has good characteristics, low toxicity and high
stability, and is suitable to apply for liquid propellant. On the one hand, its flame temperature is too
high. In the case of contact-ignition, for example heater or catalyst, it is easy to break the engine
system. From these reason, we focused on the laser ignition. It can achieve high energy density and
non-contact energy input. In this study, we evaluated the possibility of combination ADN-based
ionic liquid propellant and Laser ignition. As the result, it was found that propellant became gas

compound from droplet with pulse laser.

Keywords : Energetic Ionic Liquid Propellants (EILPs), Ammonium Dinitramide, Pulse Laser,

Breakdown
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1. LI

VT4, % 72 & 2 2T Green Propellant 23558 4T % . Green Propellant (253" % 22
RIBIZZDOHBIZE o> TR A TH A, EOEERWME, BRBEMEDSGE, &% b7
EWTHNOMRIZONTE e Ty = D0 N LEREOEMMEOM F, o= X Mb
WCRE<EBRT2bD LS. ZOXK D RERDOAMIETIL ADN 234 & L7 3 plidrsk
MEPRIEA A IR O AHERE IR~ DI 2 BT L C & 72 Y. Skl ST DI IR HEE
DN FE Th D Hydrazine & ARBFIETEY Fao TWD A A AREHEHESE O M) PEE A Table 1
IZE L DT,

Table | ASHEEROYIEE X & 0

Hydrazine =~ ADN-ELIPs(442) ADN-ELIPs(631)

Density[g/cc] @20°C 1.0 1.5 1.5
Freezing Point [°C] 1.4 0 25
Specific Impulse [s]* 233 250 285
Adiabatic Flame Temperature [K]* 871 1986 2640
~_ LD50 Oral [mg/kg] 60 - -
Toxicity
LD50 Transdermal [mg/kg] 91 - -

*Calculation Condition : P,= 0.7 [MPa], 4,/4,= 50

A F R A HEEERICH T 25830 < 2 E S TS, Ziu I Electricspray
Thruster”<° Electric propulsion mode & Chemical propulsion mode i /5 DEI{E73 7] HE T & % Dual
mode Thruster”7g ¥ OHEMEF & L TRETESN TS, TS A A U iR HEER DO FA & 13 ERK
DA AR, FRCA I FY = MERICHT RV F—WETH Dk R L7 Iy
R ADN ZWEN LTI bDTHD. ZDDA T AREKITEE L L THEH S TR Y, #HiELR
DOYPEIIEN T 24 FAAIKICKRE<KFET D, MATIND DA F AR LY
LSRN T &R0, WMEOEM S ORBEEDORME, FIIERT7 IV —ThborZ e ElD
TAY v bEEE. TOR, AWFETEDY O BWEEEA A K RIE 0C W ElR R~
V—ThsZ LR EISHAMEICEND L E2%. LL, Tablel ® NASA-CEA (2 X %75 7
MOAINDIER Y, WIEVKRIRE DS IEF T @m. LEHE TR RIREE OV 2 123 5 729,
WrE K RIREE DS m N 2 & I3 HEESRMEBE D 1) B2 BT 5. Ly LIEROAREEE K0 A /3 —
ITTTEK, B—F—EKEITOHLGE, TOWECKKIREIZ LD @EERBRESM TS S
NAHTZD, HAE723E K CIMANYEICHER S 5. N THEEDOHFMITIA T A X OFmIZHE
L, BFRMRRKFTEORFIVLEATHS.

Z TR T THO = RV F—HEN G, M THEOD RV UL R L—
P—IC L DRKITHER LT, b= =R KkOBE, TOMBIIEIC 2 >B2bnd. —>
X7 OANERIC L D88 2P, DI T LA I X TR DT T A RS 2T
T H D, TUBAREIITECE X Vv L — i EEIMEIR D LA L — 3
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Ind., =Xl —HF—IK5RK L —F —TREEHOV A ANRRKENT AV v FBH Y
AMFSE HANZIX M 720, IR TEAME O EZ [EIR L — Y — Tl Z3581E3~4 kb
L <IEZENLL EOIFRENFNRIC L - THESRT 220, Zo56, HondEkeEiil
Wz O 108 5 % it i O S LA A D E A WITIRTET D D2, AR5 0
THRLX TR T SNTHRERO & ZARBMER L —F =B NE L e D ISHBEE L.
—HT VA7 B TIREREFEEESIZERELSDREEZ 200, IGHMEREV.
TUA T HE TR DEKIITTIcLyTromr Py WD 22—y 9%
E OISR, IREE R A A H U IR ERHE/ A & > i D 2iu v b
Dl EADISHAEINHE SN TWD., AR TIEINALOHE R LD SV AL —F—% [
W T v A I XNk Bk E T E LT

Lo, A7 X0 NCKDRKOBEFNIFSEED T A %22 —7 v e LTn5D. K
FFRTHH LTV DA A R IEITE OREFHZ2FFEE U TRMEFERMEZ BT 5. D720,
EEDOA T AL DENEEBETHEA T Z R8Il AEFELRT-KITIEKIETH &
R L= =R SN L DOBRRER- T EERD. WHRICHT DT VA7 XD
Y OMEIZIEF D22, FHAEERTH HAN'S ) 7o 823k & USROSk e LT
WMEINTHDER, TR EITHE > T REAKOREITR. £ 2 TARMZETIX
PNV A L= —% A LTe 6 O A A R HEESIRR O ' 2 B2+ 2 2 Lick by,
VA L —H—|Z XD R OFEBURREME A2 MG LT,

2. EBGMH
AEfEH L= L—H—13 PIV-400 (1 = 532 [nm], f = 10 [Hz], #3/L A 1iE= 8 [ns], #HSpectra

Physics) CTd 5. PIV-400 D HE SN L —P— X T —%@bY, £X 12 X f=100 [mm]
WZRETT 7 U bt)L (40%40%x40 [mm]) OF~ENEN D, FEMZREIKE A Fig. 1 ITRT.

Mirror %
. N

Iris i Iris

xzéﬁ_ % ; e '% H H

Laser
532[nm] Focus lens -5
f=100

Acryl cell on xyz stage
WL A%
@ X<

&2 Mirror

Fig. 1 LRI
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AT AL ~DIGHEBRE L, Wiz x5 L Uz Sk R 21T - 7=, WIS 1.13 [mm] (&
& 1[ul]) OHEERZ AT v R 0.1 [mm] 2 RAESELLOORAIEEL, £IIZL—
P—ZME L2, KEBRTIXADNTE /) AF LT 2 VR (MMAN) JRFE =44 2 #Lk
HEEEIR 24 1) L 72, SRR TOMAE S 1 [atm], PR 23°CE Lz, L—H—HBEHC
X DWW OERE N 1T A — FH AF FASTCAM Mini AX200 (100000 [fps], shutter
speed : 1/100000 [s], #R~7 + b &) Tiodk L7, JENHE X XT-140 (Kulite Co.Ltd.) & Hi1iE 7
7 AM32 (R =L R) ZfiFH L, NR-600 (10 [us]V> 7V v 7, RF—= > &) |2 TYL
L=,

3. 72V R L—Y— kR
3.1=100[mm] EREHITBIT 5K L —F—RXNVF—IZBIT 5K DORE

EPEAEIMTH D f=100[mm]DALEICHEHAKS L OISV XEREBL, L—H—x
FAR T BIF 7R L FREH R 23 & D 5 (TR D 5 20 & I7E L7k

16.4[mW] 95.5[mW] 500[mW] 1.03[W]

,"1

b’

Fig.2 &L —H =R LX—ZBT DEHEOIREV (£=100)

E=11.4 [mW] ETIEENTET L—WF—Z S L THHMEICEIZ e - 72, E=16.4 [mW]
AT 2> BRI O FREUDHERS S22, MRBOBREIIRE S Rholz. I HICHEEZ LIF T
WS E 100 [mW] BN B L0 MIWTRECRAE & 7o > 72, T4 Ist pulse THIE S 41 2nd
pulse TR L LT\ D Z EARIREILD. Z DA, pulse to pulse 0 FF R g 138 il B od fi
BTHDH2, 1/10[Hz] = 0.1 [s] & 720 HHE VIR & 72 5. BiIC= 1L ¥ —2% 1T 500
[mW]2> HRBOFRE X 16.4 [mW] HiZ DA L RRRE L 72572, Z DA, 1st pulse THE
BOL~VUIELTEY, —J7T 164 [mW] OFA 1 2nd pulse THREL L 72 AJREMENE 2. 5
Nle. XX =N 1.5[W] & LES &, KEORBLANII LR PR SN, 7 1V
X550 [nm] L EDONOARZBEBSETCNDHT0D, L—F—8ELE LD 7T X~k L
PL7 ibEZEFELEDHDE =100 [mm] (28T D AT RVF—0 728 Lk OREREE
WZHFIBER A B D Z LB gtz

This document is provided by JAXA.



Y L UL R L e e S T %

32 E—ABREEHICBIT 2% L —F— XA X -2 BT 2 REDORE N
HRKICEDIZIE, WBWEPD BT AT D ENRMETHY, ZTORITAFE~BITS
WD LT D. ZOT= ORI Z RS A2, WINIEE O O—i %= T AL x4,
ZIWRL—Y—ZRIN L TCHAT VA I X T EREISEDLZENAMEEZT. Z0%
B, DD DT AERT b~ A X ANRIE 72 SOSHEIT O AE MR & 22 5. RITHKTE %
BREL H A T h~A LS D120, B— L8 &R OB W T,
FERENITRIT 2 Hm Lot — ABIIU T OXCHEILFARETHS.
_AMPAf

d,

do I E— 28, M X —2AT— NEEK, [TV BB, XL —V—EEE
T HAL—TF—OfHIY L XOAIGETEHETE S 00, ot A FTIVIGETE
RTERWEOEMCEDEAROILBENLETHD. WA THT VL EHEBSIE AW
TER LR, 22E T 25 E— AT 100 [um] FRE L2V, WRICH e — L85
NS NWZ ERghote. KoT, TvA XY UBRET LIRS 72D, BhEFEMIC
R BARTHE L RAEIE LD, WRELFEEH LN LD REVWE—LF L
THIET, TVAV XU EREEBRTRAESEDLZENREE D, BE—L2DT= )L
X —HEIIHEMNEREICE SO CGEHET 5729, A=A F—HE T — 222 ad
BAICOWTRIEOMBCREEZ hlg+ 5 Z & & L7z, Fig. 3 12 L—W—MREZRERRIZ BT
LENENORBMOMTFELZRT. E—ARITHEN L U X EBRBEREOREREZ T A —
HICRREARE T H 5. FBROMERE, W L0 b REVE— A& AT IUEh Rk %
MRS EDZENARETHDL I AR LT, 72, RFBIE LRI ARELEEb
LBLG AR LT

d

(1)

Fig.3 [AlT 3L ¥ —FHE L L TO B — LREOENC L 5 IRIE O R
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3.3 EAWREIC & B BSHME

3.1, 3.2 ZE x, EBRCHTADERN EOBRERZ > TV E0EIETDHZ &L THA
b« 7 b~A ZROFM 21T -T2, EFEONA A= RDAZHENSGNDHEY, i
HIEMCORISETNREZEZ b L T=OENE L IZEe — 27 4 VX IZANT, £F—
ZLELTIROES Z & & L. R~V OERWTEREN £ =100[mm] DGH & B — L8>
HEMESR R DG A IR W TREEE L2 b D % Fig. 4 IZ/R7. Fig. 4 TINA AE—RKA AT
MOBEINTZ L=V —BEOX A I T a2 t=0[s] ERELTWD. FT7I7MbLn0biE
v, SERENDGE T [kPa] ITHl7Z2WES B THLHDITx L, B — A8 >HEESKIR
HROEGATILS [kPa] IEWEN ERANA SN, ZOd, TR T b~ X2 HW L
T 556, E—LRBEZRHTA XLV RES LZRXAVF—8Z LIFHZENEETHDH Z
EMGZMND. ZDOENE I WS T HEED EIZAK Y ST > TV DD DOANES%OETH 5.

6 ' ! T
T 4 (a) f=82, E=2.28 [W]
& 1 | |
— 2 1 3
g 0 M'\'M'A HAIAA AA"AAVAVMI\.W..
@ | B A
()] -2 S
2
o 4
05 0 0.5 1 1.5 2
Time [ms]
1
— (b) =100, E=96.2 [mW]
Qo5
)
§ 0 v vM'nvAuﬂvWWNWVw MMMV
()
E-O.S
-1
-0.5 0 0.5 1 1.5 2
Time [ms]

Fig. 4 HE&MFICBTDENTa 7 741
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4. FTLOLEBDOREE

ERERE ORI LD B — LB O, HEEEGIHIERE & v — L8R HEERR D T
~ A K A AGEEE E AR D D LSRR SN, B ARSI A XEo L — Y —
TANF=N—EU LD L5568, BWIRBEIRE T AERESED LRIk, 2
WL 1TEIEDOAR T AL, 2B H TRAKSEDL X TN OV ADFERBEKICEDTH D
AREMEDN R STz, A R%IZ EIROBRGUZE S BRI L0 OFEMEHRFT 5 FET

Hb.
i Iris

Mirror ¢ Focus lens o

a | @ EE}
S H 7N
E 21
Iris
ERER
Acryl cell on xyz stage

%ﬂ Focus lens

ol

Iris

Las= =%

Beam splitter Iris ==
-
‘Eﬂ\
Laser “%
532[nm]

L e
2 Mirror

7

% :

» Mirror

Fig. 5 X 7NV A gUKIZEe i) T 0BG 2 R i Al

T

AWFRIT R EANFZRT B R ZMBLOEMKRT  KIEENEO ZH 20T
RPEELE. Zo%zE) THELZRSETHE £

51 /A 3CHR

1) V. Bombelli, Non-Toxic Liquid Propellant Selection Method — A Requirement-Oriented
Approach, 41th ATIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit (2005),

This document is provided by JAXA.



28

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

FHITZEIF I BRI HEAE T S0 B s JAXA-RR-16-006

ATAA-2005-4453.

mokiEE, PAEZN, ZFELD, SRV —WE %2 T A F R RHEE ] DA 5E,
T ML ZZBIFSE B T AR AT 72 B J8 i, JAXA-RR15-005 (2015), pp.1-10.

POk S, RETES, HHMEA, FRA—H, @z, PEZEAN, FHE, =EEE,
A A AR A O T m P EREAR B M HEE A O AT FEBR FE, 5= ML 22 A0T 52 BR FE A A AIF ZE B 56
A, JAXA-RR15-004 (2016), pp.1-8.

ks R, EEBA, FFHRA—H, Bk, PAEZAN, BHE, =FEE, s=x/Lx
— A A AR HEER OWF TR TS, KIS 2016 FEFKTFFIER K 2 (2016), No.5.

L. F. Velasques-Garcia, A. I. Akinwande, Member IEEE and M. Martinez-Sanchez, A Planar
Array of Micro-Fabricated Electrospray Emitter for Thruster Applications, Journal of
Microeletromechanical Systems, 15-5 (2006) pp.1272-1280.

S. P. Berg and J. L. Rovey, Assessment of Imidazole-Based lonic Liquids as Dual-Mode
Spacecraft Propellants, Journal of Propulsion and Power, 20-2 (2013) pp.339-351.

S. Gordon and B. J. McBride, Computer Program for Calculation of Complex Chemical
Equilibrium Compositions and Applications, NASA Reference Publication 1311 (1996).
R, S, AT, @G ek, W, SRICER S A X U ERIRAERD
ATF =% 2= L—=HPIZ L D8 KICHET D58, AABBASHICE B ), 69-680
(2003), pp.1009-1016.

M. Lavid and J. G. Stevens, Photochemical Ignition of Premixed Hydrogen/Oxidizer Mixtures
with Excimer Lasers, Combustion and Flame, 60 (1985), pp.195-202.

H. Furutani, K. Kawana, N. Shimoura, M. Nishioka and E. Takahashi, Influence of Preliminary
Electron Feeding on Breakdown of Air by Laser, Proceedings of Advanced Solid-State
Photonics 2009 (2009), MB20.

T. X. Phuoc, Lase-induced spark ignition fundamental and applications, Optics and Lasers in
Engineering, 44 (2006), pp.351-397.

H. Furutani and T. Saito, 3. lonization Dynamics and Structures in Laser Produced Plasmas 3.2
Dynamics of Laser Ignition and Combustion of Engine, Journal Plasma and Fusion Research,
84-6 (2008), pp.362-368.

M. Yoshimura and Y. Mori, 1.2 Basis of Harmonic Generation in Nonlinear Optical Crystal,
Journal Plasma and Fusion Research, 85-5 (2009), pp.239-242.

MclIntyre DL, Woodruff SD and Ontko JS, Lean-burn stationary natural gas reciprocating
engine operation with a prototype laser spark plug, Journal of Engineering for Gas Turbines and
Power, 132 (2010), pp.1-6.

T. Taira, M. Tsunekane, K. Kanehara, S. Morishima, N. Taguchi and A. Sugiura, 7. Promise of
Giant Pulse Micro-Laser for Engine Ignition, Journal Plasma and Fusion Research, 89-4 (2009),

pp-238-241.

This document is provided by JAXA.



TRV =R R VRS P TR R T & 29

16) J. Griffiths, C. Dowding, M. J. Riley and Bickerton, Gas Turbine Laser Ignition via Solid Core
Optical Fiber? A Photon Flux Density Approach, OSA/Laser Ignition Conference (LIC) 2015
(2015), Th3A-3.

17) C. Manfletti, Laser Ignition of a Research 200N RCS LOx/CH2 and LOx/GCH4, 48th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit (2012), AIAA-2012-4132.

18) L. C. Liou, Laser Ignition in Liquidrocket Engines, 30th AIAA/ASME/SAE/ASEE Joint
Propulsion Conference & Exhibit (1994), AIAA-94-2980.

19) A.J. Alfano, J. D. Mills and G. L. Vaghjiani, Resonant Laser Ignition Study of HAN-HEHN
Propellant mixture, Combustion Science and Technology, 181 (2009), pp.902-913.

20) Ws& 2.2, Hydroxylammonium nitrate % —{&RHEERI O L — — s kIZBET 2 0F%8, FH
WLZEHI 72 BRI FS A T T B 78 2, JAXA-RR15-004 (2016), pp.9-14.

This document is provided by JAXA.



TRV =R R VRS P TR R T & 31

BURHERITIC R DT VE=U AV = b T X FRA FVIBREOE JENRE TR

BT EE AT, ;R A8
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Prediction of ignition delay of ADN-based ionic liquid propellants using thermal analysis
Mamoru Hayata"', Kento Shiota”', Yu-ichiro Izato "2,

Hiroki Matsunaga*3, Hiroto Habu*4, and Atsumi Miyake*l’ 2

ABSTRACT

Ammonium dinitramide based ionic liquid propellants have been studied as monopropellant in
terms of high specific impulse, low melting point and low toxicity. The purpose of this study is
construction prediction method of ignition delay and combustion temperature against heating rate of
propellants for establishment of combustion control technique. The prediction method of ignition
delay and combustion temperature is constructed by combination of thermal analysis method and
combustion simulation. From the result of prediction, ignition delay is 0.5-4.5 s and combustion

temperature is around 2000 ‘C in the case of heating rate is 50-600 K s

Keywords: Ammonium dinitramide, Energetic ionic liquid, Ignition delay, Kinetics analysis
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TUE=ZT LY =TI RRA A UHEIR(ADN % EILPs) i3k oo &, f@ius, Btk
EMBWIARD 2 T A & i —ili SR & L CEMABICET 2R ED ST b, K
WF7ED B BIERRBERIEI B AR e 212 [F01F ADN 5% EILPs OMEGEFE 1253 2 35 KB &
PRBEREE TR FIEABET 5 2 L Th D, A KEIRFRIS L OVRBEREE T T 15 134 FE L
T FRIEERIES R 2L —va vV EOMAR LY L VIBE L, RFEO RSN &
OB T 50-600 K s THIEL L 72456 0.5-4.5 s, BRBEIR ALK 2000 C L2 o7,
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1. [ZC®HIZ

ADN % EILPs |3HUfE & T2, WO, Mk, sk BT 2070 EfThbh T
7=V, FERMbAE R X, OB & U CTRRBERIBEIHIN OfEZIZm T e at B ngE e e %, B
RHZIE, a5y b OFIEEDOBLRD B A KA, A 7 A X MEE OB b A BER
FEOTRNEETH 2, HEEFIINEGEEE 2533 2 35 JORIURFR], PABEIREE 25 T W EE & 7o
(TIRBERIE I SZ I 10 T A 2 7o i & 72 D ARWFSE TUX, BRBEHIEIH AT i 212 M) B AT
FIEEBEEY I 2 b— a U EAE DY, AR, RBEIRE TRIFIEEZHE LT,
BB B Ui, INEBREAD b U AL E TORsfE] (7 ZLiRsf]) & 0 2 b B35k
FCORE (AR A& KIRfH]) OFnE EE LT,

TFRF 237 A =213 70 AU, AR A& K], BBEIRE CThH 5, 20N, T A4k
REFIC B L CIXE B LA RNER G & LT ERRMEITIC X 0 PRI AAT o 7o, ARRT 255K
R, PRBEIREEICBI L CITREES R 2 L— 3 R0 PRIZ T 7, REES S 2 L —3 g
VEAT DNTITBRBERIIIAA R, BN O HEEA AT A UIRE D 53 fif 2 & BNy AR T AR A R ET D
VBN D D, T AR ORI E 2 e G & LI ERRTIc L0 FRIL, BVt
XA AFEITAERR T AT L » TR,

2. FEB - RTE

2.1 3

B U THRRCIEREA TH D Z E R RIAE N TV D ADN/MMAN/Urea=40:40:20 wt.% % 1%
& L72, ADN ITAIA K T8, Urea I3FYEHISE T2 o, MMAN (CB LT, Frokii
FETERATF LT I KR (40 wt.%) L HlE (60 wt.%) % == CIRG, —IFHREESRHROR%,
WS 5 2 & THR LT,

2.2 AW - B fRIE B fRAT
W A« BAREEEE 0O 7- % Friedman V£ 2% W2l EERAT 21T - 72, EEZIT

Netzsch ! TG-DTA STA2500 % AT, JE#EAE X Mettler #! DSC HP827e % AW THlIE L 7=,
H 2R g, DR apse IFRA(D), Q) L W EFK LT,

O = (mo _m)/(mo _mf) (L

mo:SOGHTE &, mARE R H OB &, meFOSHRE &
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Upse =010, )

Q{?’Cﬁﬂ#Fﬁﬁ ji ‘(“ @%?&i, Qmm[:%ﬁ%%&%

TG, DSC HIE TiL, 3BHE 5 mg % Al Bt VICHE& L, FIEEEE 1,2, 4, 8 Kmin, REH
FAIE 50-350 °C, TG TIIFFICFHEMAIE L, EZ0REIGEVRIESRFT GREF=E 8X
10 mbar) , DSC T/ 50 mL min” O & T Ar & 7 10— SHHIE%1T -7, Friedman {512 K
% R R AT A 2 FEUS, AT O WA LR 63 D A AL B L OV il & - —
EXRT 47 AV 7 MU =7 AKTS prediction £— N & HWTTHI L7,

2.3 B FRAERR AT A KT

BRI ATRE A HBY & L, BV &oRZAE 8- 775093 650 T (TG-DTA-MS-IR) & &
HIE ZAT - 2, iEHE, oL, JIEEEHRPIE TG & RS, FE#HEIXSKmin', ¥+ U7
A A He, A A AETIEIL ELIE (f AP 300 C) 2 HViz, MS, IR ~H A & #ikd
BHIeHDNT VAT 7 —F 2—T OWREIL 230 CTE Lz,

24 EV I 2 L—va v

RBES X = L — 3 a ITEEMME A ROSIRNT SX88 ¥ 7 b 7 =7 CHEMKIN-PRO % 1V 7z,
2.2, 2.3 ORI OUTE UTZRBEOIIIAL R Clili7e S 25 2 48 L, MUG#ET /L& LT
B PRGEARIR AT NG, PINREIL 3.1 THRIR T 2 7 A{b5E TIRE D 250C, [£—&E (B
2SN A LT MFAET D LB L TIRIED 0.01 atm) OS5, WiElkEZ > I 2 L
— g UL Lis, BRBEE T L & LT, ADN IZ Ermolin®, Daimon & ¥, MMAN X Y 4 U %
AF LT 2 2% Mendiara 5 VD, Urea® |2 B L Tl Alzueta & D55 B E |1 CRES LT~

3. MR- BE

3.1 TR« FREE TR

R R AT RS B A HL 2 AKTS prediction &— N2 XV T U 7= i AH HIREEEE 12 %f 35 T A
LIFH (one=1 (Z3ET D) & fRROBAKRA Figl ([ 7, THIFER2 B 1X, #HHFE
WEE S < 72 20F & AU M S, 0 fRRIUR < 72 o 7o, AT AR E EEREPH T3
ZALIF D43 fEFR1ITHKT 0.1-0.2 T D 728D, BREEWIHIRER & U ORI 23 TRk 5y & 72
L2 ENHBMNERoTe, EDTD, T ABITITEGRIZ K 5 B CFELSMIANET ) LD
HEAG NN 22 D, F Tz, TRIFERD S IXW TN OHAE FIR S LRI W TH T 2T T
IREEIL 250 C Lotz
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Fig.1 fEE O FARIEEE 9D 3R & A7 A BRG]

3.2 B RAERA R AT « BRBERT IR AR '8

TG-DTA-MS-IR ORIERE KA Fig2 1277, MS, IR OFER L Y ADN 5% EILP OEiFIC
£ U NH;, HyO, HCN, Ny, CO,, NyO, NO, RS 5 Z & AR Sivlz, MS OfERZIICT F
T A MR EZE L TR RER T A GRS U, BN R AR T ABREE & 3.1 THRGE
L7200 (apse) 7 HIRBENIHIFAER 2 U Lo, Fig.3 (SR BERI AR Rl ik & J7 1k O #
RS, IRBERIIRLARI I R AE R A (apsc) & RFEEALR Y (1-apsc) & D AR S
5L Ui, ROFREALRL Sy DPN ADN (290 Tl NH; & HN(NO,),(HDN)(Z MMAN (3 CH;NH,
& HNO; [Z i U 72 IRBE TRAL, Urea 132 D £ £5ULT 2 L IE LT, EEDOSRRIZE T
%R & Fig.5 (OR L7z,
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3.3 A R A& K 6 & OMRBEIREE T
HEE L7 RBE IR IS RE S &, RBES S 2 L — 3 a3 U &ATW, AR A 35 KR & R
IRE DO PR ZAT > 7o, WA FAIRHREE TR 2 8 KBV (7 ZABIREH] & AR Rl T 2 78 KR
M OF) 3 X OBREEIRE O T HIFE R % Fig.s (Or Lz, BREEIRE X5 2000 CHHETHY, &7
T E SRV EE L R DA G DI, T AVEF-IESE 2SE T SRR SME T
L, ROMRZALER D OEIGREL e bl LB 2 biLd, FHKIEFURERILA-REEE 2358 X
CEIE S, 50-600 K 87 0 F IR EEHIPH THY 0.5-4.5 s & 7oz, A AR, Ak
AFKRRNL 1 A—F =< BN LD, FXENREFIEI A AN XER TH 5 Z
ERHSNE o T, HRENRM OB I AL OEHEN A TH Y, 2R K
AT D AT LOBENEE TH L EE2 DD,
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4. &0

PREBEFREIH AT #ESNZ I Z M1 T, ADN & EILPs O 75 KEIUERFF 36 K ORBEIREE T i ORE S &
1To72, PHIFEEIS, ADN & EILP O3 KIEIFFE X 50~600 K s1 THIEA L 72834 0.5
~4.5 s, PREEIRIE I3 2000 C & 72 o 7o, AFEAT ARG I B\ T fEsRII T A{EFFD

1359 0.1-02 TH Y, ROREKALRD N ERD ERD ZERHLMNE 25T, ZDT20,

T BTG RRIC K % B RO N D OBDRIE N EHE L R D Z BB LN
7o FElo, AKENR NI AMEEFRIA AR TH 5 Z &b, A5 KBV O FEAE 1T A
ZALRFH OBEREN AR TH Y, ZIRBSEHZMES DL AT LOWEREE L 0D Z &

NEZ BT,
23 3R
1) MkiGE, AL, HEA, tREA M, BBFR2, PAEZA, BHE, =£EE,

2)

3)

4)

5)

6)

A A AR 2 ATz S P REARER M HEE A O AT TEBE I, T HT A 22 AT S BR FE R AT S E BH 58
Wi, JAXA-RR-15-004,(2016), pp.1-8
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HEMEHT DM TV IREHEEEDOERBI S KITOWTOHSE
el &, WA EA7

Research of Conductive Ionic Liquid Propellant with Electric Ignition

Noboru Itouyama*l, Hiroto Habu >
ABSTRACT

Ammonium dinitramide (ADN)-based ionic liquid is possible to substrate hydrazine, it is
conventional liquid propellant. In considering the construction of propulsion system, it is important
how to ignite this propellant. In case of conventional ignition, there are energy loss on the energy
conversion and it is demerit. In this study, we focused on ionic conductivity and evaluated the
possibility of electric ignition with direct electricity input to propellant from battery. As the result,

we measured the combustion of ADN-based ionic propellant with CuO and pressure profile.

Keywords : Energetic lonic Liquid Propellants (EILPs), Ammonium Dinitramide, Electric ignition

M =

YV%:?AV:FiiP(Mm)%ﬁﬁ&Lk3 oy RDA A R (LT ADN %A
ﬁVW%)itP39VRH® REARFEMEHERER] & L CHIfF STV D, Z OHfEtESR A

umkﬁéﬁ#%%MKVXTA%W%%ZéLTEET%@,%%@%kﬁﬁfii
RN —FWRFICRET DXL —a ANRETH DH. £ 2 TERIE TIEA T U RKIED
%@T%é%ﬁyﬁ% WCEHL, A3 REHEERICESREEREZAMNT 22 & TEAS

% BRI KO FREMEZ G T 5 & & B ISA A IR HEER OB R ARHE & A LT
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R R LR SR AT A LR I
(Graduate School of Chemical System Engineering, University of Tokyo)
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(Division for Space Flight Systems, Institute of Space and Astronautical Science)
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1. IZT®IZ

A, RAEHEERIMR B m B E S bR ERRO LN TWD. 2 b O3t
FTRTHAeTy b RN THEEOEVERMERR, K22 b - mtEgbicFHE57 5.
INOLOERERE 2, MR X—WEIES TiX ADN R A A R EHEESL O W58 %
DT & ADN FRA 7 o R A HE T S T0E 3T 0 7 S HE T S\ 2 b~ 8 LR AE b & ik L
T 5 (Table 1), A A U IRITEE 2 e a2 i > TR 0+, Lo — oM ERERETH 5.
ZAUT XD IERDOHEMESE & LE X THPEMEICEN D E WO RIRE AT 5.

Table 1 HWMHEEE &
Hydrazine ADN-ELIPs(442)  ADN-ELIPs(631)

Density[g/cc] @20°C 1.0 1.5 1.5
Freezing Point [°C] 1.4 0 25
Specific Impulse [s]* 233 250 285
Adiabatic Flame Temperature [K]* 871 1986 2640
. LD50 Oral [mg/kg] 60 - -
Toxicity
LD50 Transdermal [mg/kg] 91 - -

*Calculation Condition : P, = 0.7 [MPa], 4,/4,=50

Z D ADN R A A U RIEHEESR 2 W N R SN E D ORERE L AT 2 EeBE 2 5 |
THELRD., (EROMKT AT AL LTEMEEE A Y, e —2—FAkRERHE. VX
T LAOBHES OV A R HEBINDIN, WONTZETEMET DI v a N TRAR
DEZFAX = ANHDHZ E1FH LL 2. fl 2 3iis kogs, Bl (BT rLx
—) = b—¥— (BAxxL¥—) = il F=xLr¥—) 5 KL (BFoxrE—) o
BEDOAT v T E2RLMN TR —DEHESND. BERZRLF =LA R L F—
DERHE, b —F =0 DA DIREL L W o T TRAET D =1L F— KI5 S
Z Z ORI ClEA AV IRIKORHE Ch 5 BERUREMHICER Lz, 29 Vol mE A
F BRI EBMA~OISHARHEF STV D ). T R AF—FITEMHRKOBL = %
NX—=ThHdHIH, ZNEZOFEEHERICHNT DI L TRV —MEEORT » 7
HEMET H I E TR —m A f/NMRT D2 LA EEE D, RKDOAREMEE LT
b, BROFIMZE YA A REBHENBEINHET D2 L0 AV RIKAHIZY 2 — L
ERHRAEIHEDHZETHMOEKREEBITEDLZERHFFCEX5. LrL, HEMEHD L
3% ADN 2 A A R IEHEEERE O BRI/ EORE I/ <, BRIWRAKIZONTH R
WAL, AR TIIA X — F T v 7 & LT ADN RA A i IRHEE SRR 2 x5 & LTz
BN K DR & HEEER 0 B SR E O S 2 1T - 7.
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2. BREIAKDRRET & HEEIR O BRI Rtk O R

2.1 EEANABR
2.1.1 EBRFGE
M 30 [mm], WS 20 [mm], /A& | [mm]DO TV U 72 =7 1 A% 02 [mm]%& 2 A
90 FEDONLE Thedin A |[mm]FEEERIFEZ BT EE LR RE L Lz, 2OBE0=7 1 L
JGlZ ADNE /) A F LT 2 U ilElEHE (MMAN) JR3E =41 40 2 #ARHEESK 2 [uL] & iR &,
40%40x40 [mm] D PAE /L NICEE L. HEAE /L OFRFHSUITZER, #IIE 13 101.3 [kPa],
WIWHEE 1L 23°C & Lz, mUKITEREE 2 RV, ERIEIEL XT-140 (Kulite Co. Ltd.) &
&7 > 7 AM32 (= L R) ZEH L, Fe#kid NR-600 (10 [us]¥ > 7V > 7, ¥ —=
VAR ITT T o T

Sample Stand

)
O
wn
=
i Q
< Fiber Light

- \J

| ‘.|
DC Supply Logger \_/ HS camera

Fig. 1 SZBRILE[XY

FRRF T OIRBENZ G T D720, mEED A ZRIEZ Ef L7z, mEED X 71X
FASTCAM Mini AX200 (1000 [fps], shutter speed : 1/10000 [s], ¥R~ + b )ZEH L7-.

2.1.2 EBRFER

FTHINT 5 EEMI T 22 R A8 Lo BHEFMNRRZ t=0[s]& L, FEEC10[V],
20 [V],30 [V]) (28T DRV % Fig. 2 IR

10 [V] FIINOGE, NTVOTM EWHREZB DR LIRS HH AL TO R F VB S
Nic., ZONRTVJER L HROMY R UJEEEBIIHRAIZEML TnE, HLOERZ BT
B — S BN T 2L LTz, 2O, BT T ITASAFTALELLICHLEBELLXHD
MABILD. Lo L, BROBRITMER S eho Tz, I 20 [V] HUNE4T-72. 10 [V] HI
MDA L REE, BEAME L BITANTNVEENRD ST ANRAETHOEMR L. 7=
72 L 2 ORMTIHSERR T AMUITITNZ 6F, 135 [s] HlT TAT A ORIAIC L W BRS¢
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TS T IRE T B Tl o 7. FiV T 30 [V] OFEUINTTIXAENG 0.1 [s] Tl s +
HaOBMIZEE L, BRMEILT IR L Ro72. T CEEANEZ EDIZEZ A, K
X — NSRS E WO B E BNBIl S 7=, (Fig. 3) EBIEANGD ON/OFF Z4# 0 K L7223 5
FISOEL R LT= & 25, BTN+ FIcBas Li-EE Loz

Fig. 2 AELEIZHIT DM OBEEN

FLwpH e, HMTH2ELEMELEZDZETEOREBEZFE LN, WITNOHAELE
KO LEBRITIRONT T AU ELOHLTH -T2, HAIZERT S L EIEEE L5
S5 ERISOHEITHEITRMIZ EN ST OEBIEEORITEHWEE XD, —FT, 5
BESWEEZHMLTLE S AT G A MO 2 R CREBL TLEW, +53
7RPED R IR o T

Fig. 3 DC30[V] FlJll ON/OFF |Z X 2% i DR ¥ 1L
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2.1.3 UKD Tl & Hét
2.1.2 CEUH S NI iR IRIE O & BRICEEAINC £ 2 kg2 B2 5 L K& 2 2OF
REMENZET OIS, —ORBRINMIZLDL D, —DOBRVa— LWL 5bDTHD. &
RO MROYE, BRERIC B W CEMBEINTh D 2 & TRHEWE DL KR, 2F Y
XIALBR TS TAET D AA T R EHEESRIZ B W T H#E L 70 2 SIS & BRI T
LSS EDL 2 L TREDOKGERESEDL Z A TE D, FALLHICH D
DRI E H B A — ERERTE T 2 & THRAET D ¥ o — VBN A I ARIKHEEIE O 4 fif 12
VE IR A o TR IR 2556, ZHUTEAGR RS ORIS TH 51200 RS HIZiX
IREBEDHIE A RS, L L, HIROKEZS T TIIE D S RANIE DM EE T 5%
EZDOITH L.

I TENTNOBEICBOWCEBESCERORE SRS E I FETILIONEEZD.
FPBIOBICONVTITR D ERHRLDOTHLF N X FONX VTELRST S, R 2
FORITBEBHOEMEN. E (\ZOWTRAR7Z=KTH D0, BHSIEOWIZH 1= 5 BRI
BITOMEEEOEH G AREE T 5. DITNICRLETICBIT 53V A FOXERT.

RT al[Ox]

nF In a[Red] M

E I EEMEAL, RITRAER, TIXIRE, n 3BT, FI37 7 77 —EH, a 135
MOIEEEET. ZoX%E 298 [K] FHTEIE L L=X0nH 0,

| 0:0592V  al0x]
" al[Red]

E=E+

E=E° (2)

CBIEEME LR E 2D,

WIZY 2= VENZ K 250 R % 5 2 T <. 3T R[QIOWIRIZE R &t [A]%Z (slitd 5%
BIZRET DY 2 — VBT,

EZ
Q=R12t=E1t=Ft 3)

EleD. WTNHLIE L TEZ DD, BES —EOHEERDBIALLT W B ER IR
FIC D V2 — VI IR T DRI REVE VNI 2 THhHhDH. T THREITRDD
INA T IR DBLBMETH D, ZHHICHOWTOFRITREWEFNES , BFOR
A5, BROEEO T THLEICVNBERONEERTHD. Lo TRICKA F UKD
BERLWET L L L LI

2.2 EERAE & AKITET ZRNYIC X B EER R
BRELCNETHT»OREL L CEEEND S, EEMEOERIIHL 2D, 2O
(TEEROMTHMT 2 &N MHKD. HERNE IV S0FIENFET L0, S
ZBORBNUIEEL 720, KA F U REHEE A RET 52 ERE L. 22 CERAE L
NIETFWT N E WV BEEETIT L, BEREENLETHR LIS W EW I IRPUEIZEER L
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7-. BERq LE

M

= SHERHUR p I LU F OGRS s 0 o !
1
o=-— 4)
D
I TCRLEBEBRIEIE p TEXOB LIS SOHEETHY, L<HmbhbEXER R
WCHET DX —7 > bOIK (KFE) ﬁﬁ%%ﬂﬂ%bf:%O) I70h. ZOBEKIEPLE p 1TLLT

DRTRTZ LR D.
L
RZPZ (5)

ZOW, LIZZ—7 v MEERES, 43X —7 v MEREEfEZET. 2 o2 BRI
R olIZOWTERT D &,

A
p:RZ (6)
ZOBRBHE p 12OV TOR(6) ZRDITRAT D &,
L 1 L
o=m=Cx (€=3) @

LY, EER g CELES R OFFREES Z L HKD. BRIBPURIREKRFHEOH S

NI RA—=HThHDHI0, WEHIROCEEN —E TH Y —EBRESGO%A, HEOBXKIK

#@%ﬁ%ﬁﬁ:k?,_n6®%%é®ﬂﬁ#ﬂ%ﬁha
BRIRPUNE L & 2 OJF L% Fig. 4 [TRT.

—o0OAL (+ -)
®=0.2[mm]

| R, R, R,
F—50%—
i P
G| EFSYITITT g —onas BEOER (ERF)
6] R, : OIS

\/ Ry : ZOO LR - SEDER (ZEER)

Fig. 4 &EXEHUAIEREE & BIF [

Re#s I KT-2011 (0 1 &) 2 L7z, Ml S 2 EXERPUEI Fig. 4 ORI O[]
KA A2 0 [Q)EE LTZHE, KX 3 ODOBXKIEHOME FEICRD51TTTHD. Ry
LOR; 1F=7 v AOBXIHETH Y, TNTHR=2.53[Q], R;=2.35[Q] L72o7T-
Ry DA ENIE L7 W R OBKIRYUEIC /2 5. 20729, g THE S 5 EXIESUE

This document is provided by JAXA.



TRV =R R VRS P TR R T & 43

XV =/ o ZBEREOEPUE R, ReEZZELGIWEZHEDONR R, DfEE 725, LLITIZ ADN &A
F WK 4:4:2 O EREEOEESIRBUE R ERS K2R,

Table2 4 : 4 : 2 HEEORIRICE T A EXEHUE

PEHUE[ X 10° Q] 51.8 47.4 48.7

%n=3, T =297 [K], #VEHARE V=2 [uL]

Ry, Ry IZEEA_HEMESRGE T OPUEIZFEF 1T K E W2, KEBRRZRTIE R, & Ry ITERT S
kD,

T4 OXEEICK T XA WPUEICE T o EHT 5. 5 n L \ZFAEE
7&%’32{%{(3@ D, BIITEMND EORERNLTNDENEfHFT 20
I=exn (8)

EEERTLENTED. A —20BAIERIIAQ)ZEXRZ S L,
0.0592R = a[Ox]

e n al[Red]
. ZORXEL Y EPUEOBEINIMEEN O EFICBR L7290, B2 LT
KZEAT O NITIEPUE R ITRME D AR .

FARIZ Y 2 — BB T 2 >V THHGB) DB Y A — L DEZ N TERT 5 &0
<OHNDOBIZETE 5.

E=E°+

29

E2
Q=Elt = RI’t =—t 3)
AREBRTIIBE-ETH LD, AN EZ —E LT 25 L IRPUEMRVIZ ER-AET DY
2= VEUIREL 2D, ZRHORNLSNLIEY, 55 OBEICE JIEPUEOK T i
FOSOMEICER D LW TE 5. 22 Tt e LT, EEEMMAIE LTEIEAEN
HH—Rr 77 v (CB) '?, %7z ADN O figfiit & L Tl SN TEY "DaEmn %
HT 5 CuO Zi=IE, T EIE Sparts I % 7252 1ERL LRI OIBUERIE 0 = 3) %
1To7-. #&%% Fig. 5 a:/%a“. CB Y CuO DUHNT XV A A i ARHEE SE O HRPLAE 2 JRHT
SEDIENTEL., TR REEDRESL KO ATREMES I TE 5. RIZZ
O Of AR D A 7k/«5z{21§?§@i® B LRSI AT 5 7.
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60 | | |

g % v 3

o | 3 i
20 %4¥%
T

. i i i

ADN:MMAN:Urea
=4:4:2 CB CuO
Sample

Fig. 5 AR OSEIEIZIIT 2 BRHIPUHE

2.3 flfE RKIC K B Rk ORI AR

22 DFEBREIVEINEENETE D LUSTRMICEDETICRBE L TLE S BRNR H o 72,
Z ZCAREBRTIXEIINEEIX 10 [V] IR E L=, CB KT CuO % RN L 7= HEHE SR O 1R
PENE Fig. 6 1ICE LD 5.

CBEM ; . 7

Fig. 6 10 [V] FIINEMHIZE1F 5 CB iR Y CuO WRINA A 2 R A O IR 5

CBIRMDO LD TIL 4 : 4: 2 fRROELEEIMNGER L 7 U< HADRO B3 B S iz, —JF
T CuO NI OHEMEIEIR TR P E CTORRBIRIL 4 : 4 : 20 —KR T 7 v 7 IRMD & D
EEDLIRVN, KRR RO B TR L IABES AR 0 Z L3Ik, BHICE
WTH AEFEAEDINE L7 #1542 x-mark =0 & L7-JE 2% LLFITRT.
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4:4:2+Cu0O =

= 8
a 4:4:2+CB ——
¥ 6
o
S 4
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Searching method of optimum composition ratio for ADN-based ionic liquids propellants

Kento Shiota " 2, Mamoru Hayata*l, Masataka Itakura*l, Yuichiro Izato*l,

Hiroki Matsunaga*a, Hiroto Habu*4, Atsumi Miyake*5

ABSTRACT

Energetic ionic-liquid propellants (EILPs) are expected as liquid rocket propellant for next
generation. We focus on EILPs which are made of deep eutectic ionic liquid. We selected
ammonium nitrate (ADN) based EILPs (ADN-EILPs) for model EILPs. ADN is high energetic
material. Melting point of ADN is 92 °C. The low melting point is suitable for preparation the
EILPs. Preparation of the EILPs is easier than other EILPs. Performance and melting point of
the EILPs depend on mixing ratio of EILPs component. It is necessary to predict ideal mixing
ratio the EILPs which have competent performance and melting point for efficient EILPs
design. In this paper, we show screening method for searching compositions of the EILPs on
thermal analysis.

Keywords: Ammonium Dinitramide, melting point prediction, CALPHAD method
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MARRRMAZAET LT AORNTEMBELEREDO A7 )V —= 0 VT FEPRLELRD.

% Z CTARWBFZETlX, ADN % EILPs(ADN-EILPs)D kMl iR R FEORELHM L L,
TEEOMBLICE T 2RMA TR LENOHE/ELZ ZARKKICY Yy E 7 L.
TORER, BT — 20 REH LR PRI R, EHMEERBOHEBEEZRL, ZAK
DO REMBRERRICHTIZAZ VU —= 7 RAgEE R o7,

LFCHIC
FHEEe 7V RHEEROMRZT L LT, @ R X — A F 2 WRAR R A HE 8 A (EILPs) D Fl

AA#mEsnTtnsd), 438y —=n, PIT Y=L, TEIT—AREDT S —NLE%E
FIH U72EILPsiX, HNO;®°N,04& iR AHEEA ~OF B MFS TS, LarL, <
DHOT V= VREILPSITBRBENE L, BHERAERSLERGAENH D). —FH T~
MERIZH T TR EZHED TWDHEILPsIE, =R LF—YHETHDHADNE £/ & LT,
R AR 2y W £ o @3l % & FI ) L iK1t L 72 ADNREILs(ADN-EILPs) TH 5. 7V — /L %
EILPsE LB L C, IRAEDH THLIIOFAMNELS Th D 2 &, Wk o R & il L T
IR E NN Z & 2SADN-EILPsO F| 45 & L T2 5415 . ADN-EILPsOD ¥ £ 1%, # ik ik 2
ML EE 2 D Z & TR HE T (Isp) & AR Z L Th B AR
Hrab¥E AT HEILPSICH LT, ToBpEtE s EMNTERMAzAET2137 X
OBMNTMEBERDOA T V—= 7 PERLELE 2D, = 2 TABS TIiL, ADN-EILPs

AR PIEOREE B E L, EEOMAK I T 2 @S TSR & ) ot
B R & =AM O E R & R T

2. BER
2.1

ﬂp‘llﬂ

x

ADN-EILPs D #§p % 4r & LT, FEMiCm T 2matntE A TS ADN, £/ AF LT
2V HER ¥ (MMAN), JR3E (Urea)® =k sy 2 AW 7-. RIEITMA K T8RO ADN, Fitil
WT¥R D Urea BLOE / A F AT I VKB MA0 wt%) & i EE(60 wt%))s b AR L 7=
MMAN Z iz, ThZhofiE, o+ &, @A % Tablel (2R .

Tablel Properties of ADN, MMAN and Urea

Chemical formula NH4N(N02)2 CH3NH3NO3 NHzCONHz
Molecule weight [-] 124.06 94.07 60.06
Melting point [°C] 93 108 133
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22 MAPRHASLUVHMAAEE

fl s 7| F 1% & L T CALPHAD(Calculation of Phase Diagram and Thermodynamics)i%
A L7, RETIE, RERE TIKICBIT2R20@SICETL2X 7 X220 ¥ —
bt AGZIRATEH X 5.

1 1 1 1 1 1
AG = x,T(A hl)(? —Fj +x,T(A h)(; —Fj + xsT(Ahs{?—Fj Fxix@at oot anoat xixxo.s (1)

I T oxpy i OFENGER, TIARG R OMEE[K], Tapisr i O [K], Ah:h oy
DRl A FB T D AR B KT mol'], o iKMICE T AMAEMERKRT v ¥ L[k mol '] T
b2, AIZHECIHIRE TICBT DM AGERL, RWUBEILS MM AEERIC
5 AGITHYET 5. AfTiE, HAEB X ORAREB O/ A, gL REEEBEN
E(DSC)DFE RN DB RO =, 2 sy, 3 lkm%4a 180 DSCHELVGELIZ@AT
T, AGBREBRIZRD LI oijZED . HIKD DSC O W E S 1%, TA Instruments
1 DSC Q200 Z MW\, T I BT B Z K 4 mg A, 50 °C 225 10 K min™' @O E
HWAREZIT o7 RERTIEUTOERMETITo72. REHEZ 2SR TITE &L T 1:1,

=4y % TlX, ADN:MMAN:Urea=2:2:1 L7225 K5I L. TRZTNOmMEKRRAEZ2 7T
NI NRVICRABERN 4 mg LD X HIC AR, RiLEE LT 10 K min' ®E#HFET
100 °C £ THEA LEMIEA S 7%, -35°C £ THAEIL 100 °C £ TIF H i\ & EZ ¢
Bl Br—s oty h2rb@sa%x, BoEs»omgaismiL iz,

23 L#EEAEHE
L HE 715 ITIZI NASA-CEA 2 FI L7z, ¥ )£ 10 [bar], BH A kb SO[-], BRAEIE O T
THEMAB D Isp it B LT AL F & & L IZBIT DR TV (NoHy)/ WU B2 b — % 32 (NTO)D Isp
LD AT -T2,
3. RRLEER
B o0 i o5 & il iR BV 2 2, ADN 28 Tapn=364.8 K, Ahapy=18.8 kJ mol', MMAN 78
Tanan=381.2 K, Ahyman=18.6 kJ mol™', Urea 7 Tiye,=407.2 K, Ahyre,=14.5 kI mol™ &7g o772,
BA R OB AL, FHAEAERART > v /L% Table2 IR 7. AR ORI Fig.1 @ DSC #% F 2
SEML, 2oz I cR(W)EAWTHAEERART Yy LRI

Table2 Melting point and interaction potential of mixtures

ADN/MMAN ADN/Urea MMAN/Urea ADN/MMAN/Urea

Thmp[K] 274.5 342.6 297.9 264.5

o'[k] mol'] -19.8 9.2 -16.3 -5.6
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Fig.2 Experimental and calculation value of

Fig.1 DSC curves of ADN, MMAN and Urea mixtures . . )
ADN/Urea mixture melting point

Isp (v.s. hydrazine)[%]

| +15%~
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m +5~10%
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Fig.3 Melting point and /sp mapping of ADN/MMAN/Urea mixture

Fig.2 ZI%, ADN/Urea=1:1('f£%tt)7s)%%mLfdfaEﬁéﬁﬁnf’?‘/wwv%%c:it(l)w%%ﬂﬁﬂztt
TORE AT MG L@l ARG THD. ADN/Urea O K5 RIS WT, Tl L7 @l i B 12 52 3
L7 RO RERWHBEZ R L. FAARICLT, =0 RICB T2 A OE M E2IT o7, &K
o Isp & NLHYNTO @ Isp DLt Z#HL->72 ADN/MMAN/Urea DAk @ = £ X (2,
ADN-EILPs DO Fl 23 0°C L P27 b%i 2~y 7 LR % Fig.3 12~ 7. Fig.3 kv, 8l
ITOHHER LG & e HE ) FL L THHDIE ADN & MMAN 234 <, Urea 30 72 WLk L TH D
ZENG D, — 5T, @R 0°C LLUF OFLAL 1T, Urea 78 10 wt% LA L DR HAV7ZAH AL T
H5. UL EORERIY, A OBPET —FEH WL THEA OBBEEZO/R S 42T 35
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TEMTE ., KFIELY, &R 2 TEDHM KL O 2 B HEHE P E D & WAL AR D
FERHIBRGE DN T, D RAY e HEHE AN AR FH S AT RE & 70D

4. F&H

IR A MR DM A& % A3 5 ADN-EILPs [Z%F L C, + 43 72 R BE R E & 3 A nT fE
RS ERHTONT UV AORNTEMEERORA T ) —= v FFEOBRFTELITo72. A
J V==V 7 FHEELT, AR HEELREAEROBROBRET -2 hbRkD
ADN-EILPs O @A PHIFER E M N L~y B 7 LE=ZAMEZRE L. KRFIET,
HIJoOMR @A EZ TR 2L PRISHZMAKICK LT, BENICEREZIT S, %
R HEHERIBR I AR FIELE R D.
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Kneading of AP Composite Propellant by Peristaltic Muscle Mixer

Akihiro INASAKI"™", Shun YOSHIHAMA ", Kana OTAKE ", Naomasa HOSOMI °,
Natsuyo UEGAKI ™, Kyota ASHIGAKI ", Kotaro MATSUMOTO °, Yasuyuki YAMADA ",
Kengo TAGAMI ’, Soichiro YAMAGUCHI ™, Taro NAKAMURA ", Hiroto HABU ™

B =

o i ZEER 7y b —F OEARR R = 2 MEIZmT T, IGENEE A L RREE S &
MnWlea Ry y MEEEZ Z ) OB BN O FHITH Y A TE 2. AllTE 2
Y 27 MO & LTk b EERRE S RO DO 21T > 72. ARE
FRITHRFEIC BT 2 R A RV B THEMESRR X Z ) Z48fn1C&, I x4V IxH
TREL DO LRIFEOBRBEHRE Th o7, iU, KIERGIITE WA T VIR AZ £ D,
O U TeBRALHIRL T ORLE A Al ISR WHEER (G500 2 L 2R LT 5.

Abstract
We have tried to realize a continuous kneading technique of composite propellants with a peristaltic
artificial muscle mixer, aiming at a drastic cost reduction of solid rocket motor systems. In this paper,
the propellant slurry kneading performance of the peristaltic mixer was estimated, which is one of
the most important as the elementary consideration for the continuous kneading. The mixer can
knead the propellant slurry through the mask effects in the powder and the slurry systems. Moreover,
the propellant had the same combustion rate as the one kneaded by a planetary mixer. These results

indicate that the peristaltic mixer has both a high slurry mixing performance and a soft mixing.
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EE Y

Hydroxyl Terminated Polybutadiene (HTPB): AK¥i/KFeRER Y 7% =
Aluminum (Al): 7V =7 A

Ammonium Perchrolate (AP): IEFREEET »E=7 A

Dioctyl Adipate (DOA): 7 ¥ ¥ g4 7 F v

Isophorone Diisocyanate (IPDI): - YA wr > A V7 % —h

1. #E

A% 1= D @B E T EHEE ST T, 3R Yy MEERELE 7 o A E R e o b
DA a2 MERAZ B L, BEOTm® A A—IIZNbh b Z & e @it s
BRSO BB S TN RETH D, 8705, EARHEGEREAIE K
7y ME—AHEERREO R ITTE F o TR Y, ERHEEEREIIEERR 7y b E— 2 RSO
FHIAZH S TWENHLTH D, — T, @RBEHS X OWLA O &5 R KR sy & mikh
PENAL U ZERFIL, T—H 7 — A~ - (LS5 7 7' L& E AR MUK L
ImREMERDOND. FERLE LT, RECE—FDEFEMII Ny FERIKE L F
ThHY, A&h7ea A MEBKIZE L TW5.

T, WAPRELTWDLOIE, IGFENEERA TAHRIRES IR K 2 2R o
AR A7 LA THD. 2RV y MEEEOEFREMZ O OITH MHFEL TV
1960 1T Aerojet #E23EL Y fHAAA 8 TLLRE, 2005 4% TIZ 7 7 > A® SNPE fHH % 72 2
FEBKBE R 7 NE—F HORERZ R E LM ey NI MOTEVA ML
—variETitbnre Y. ZoBLIERERT 7y F ST & EiFo—o & LTET
SBNTNS Y HEAFEME o TS, —fRIICT B & A BAEBEDOBRHLZ D b DA K
A - 8GR EAZBR LS TH D, AT, BERHEERNEDOLEAE, = A MK
ORGSR 7 0 ARSI/ T2 F 7 0 e 2RI L D, 7ok A EEERETIE
EHEERRLE L 2V EORAN R RE L 2212 H 5. For ORET HIEEHEBRA T AR
Ao O HEERR OB RN L, T D HRARRY e o0 A MEIREESE 2 BEAF O HEE F O e
M7 BEALDEICEDDLIENTED.

IRENEENV AN TR ARG RRIE, T LE2ERMELE LI 10 kPa DZEXJETEREI L, 247
HEMESKE D N & 2T U ARFIEE 2 W3 STV 5 2 IR O B = R L X — Wi 5E S
MREHEEDORY THH . WHAEOEEEMRICE L THLIE S TR 7, L4akik
R Em < HREEN D, FHUCIEE BT, IGBRES A L5 RRA #HTERE 7 2t 2 OB
DTOLBEFOLOEBT I ENTE S, KNREGHRIL, 7 A2 Ml S CiFsEhi 2=
IS L CHEESE RN, RN kA R EE A R, — T, B AU b
HRKIZT7 7 00 & 25 ERE AN TR A (7 RSk 2 L) Fa—7 - ILFa—
TOHRTHEBEINTND., T7obb, 2l - fEREELTHY RRL, TAbi—h
U » U CHAE S5 720 TR TR THtAE A 7RIS E L e DL Fex O

This document is provided by JAXA.



R AEEHE Y AT AT, bR 2 EHAFEETED T, BELIT
v AE AT 5 Z L3 AlRE

B RV — ) S

A MERA~DOFE L7205,

Thos.

2. MAREW

& V2SR EERFJE R R

Z DOWFFERIRETEE) Z £ 3,

55

2L EY I n

BAR 2B R e 7 b

AAFZED B BTSRRI T PR S S OHEERR 2 5 VPR TH 5. EBED
HERESE 2 Z U OIE B EE RLE G N o 2 7 AL, KNIRAOEMMEREAHET 5 2
EMEE LS TL 5.

22T, IGEREEN A T RIESSRORERE, TROBEFEIEOCHLEITS 2 B R
v hERERXORAREHANT, 2Ry y MEERZ T Y EEEE

31 MFREREOSE

— AT, HEEIE R T U D I 9 A Eshl - O KR [E 5 R

»

3. MFFRRRE

T 5. RIS HEEE
FEOR A FRIEIRREDER &850 U - HEESEOPRBEIE L 12 E B L CRlili &

S >

17T9.

LTI, 10X

SEENTND Y, HERERED DR WER, HBRIREEDZ NS ) ZBHY,
DOFEOWKRE, TROLMIROFEBIRZ T EM - I EREDRKED LD Z2#H Y +RIC
IND. ENFNDOFRIERRE

R TIREIND.

L E ARy

* ik sy

- BT -

%’ﬁﬁk @L‘M *
MIERTHY, IR 03078 <, BEARLA 238 LTy TRy,
ZERR B A TH D b DENT 2 THEMS, Y LRTHY, IR

THE B TH

DOOBRFHIR TN TEHD DI EITFELRNEDR T 7 =F 27 THD. £z,

v BT UTIE, RLTRIB A D 5 Ry
PRLF-REZE ) RE TIIR< HHKRE LTSS E .

HONRAZ IV THD. 77=FaT7EFrv VT Vo RIC

LT X THIERR S TH Y, %@M%& TO—HR
@Emm#ﬁz

HATAIZ 72 o

VERS, Fr 7V

F 1 mRL 0 3R ANR E 53 BGR D53
FeH e NReTFagik | Vr=Fa T | T UK A7 VI
LAuY—% NLD Y 1% S e 27U %K
RA iz iz 20 T2 )
[ (AR - T LT A AN ELE
L2113 A3EE e LT LT AN3E
H K — — AN e 8 fE T
72 LT HLGE/ A ELE — —

This document is provided by JAXA.



56

FH ML LS B TSR 2 B 8 s JAXA-RR-16-006

& 2T VIROBEFUHNER A D AFET S .

32 LAOO—RBOERLE
REOHIEETIE, WKR - 27 U RICB W THFREIROBMERSICERT 2%
X9 2R M@ <

(7)) BHRICE T D BHBBE &R - EHBSR)
R TIE, RIS O—E AR L&k, O) (K& E5. HITIRY A ENTZIRIK
WIE D OBNZEEE RIF T Z LN TE R0,

(1) AT VR HERE BEABS)
27V RICBWTHRIERICEBEENEIC LV B EERNSEERNICHE SN G753 v
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Measurement of the degree of mixedness of AP/HTPB composite propellant by X-ray CT
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Abstract
Dispersion of the Ammonium Perchlorate (AP) particles and air voids is measured as degree of mixedness from a
brightness histogram of X-ray computed tomography of AP/HTPB composite propellants. The mixture state of the

propellant slurry is shown by drawing its sample and obtaining tomographic images.

Keywords

X-ray CT, composite propellant, slurry, particle dispersion, mixture state
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5. %5

X # CT i & IO CTHEEESE A IR L, ZTOMEE A NV T AEMTT 5 2 L CRAEEZIET 5 2 LN T Ak X
#k CTUrfifeE 4.32 um/pixel) & AV CHEMEMEEIR 2 Bfg L7256, BEEE A N7 T DD MIT—2D ¥ — 7 2. — T,
it X #t CTUYREE 35 pm/pixe) & W 72354, HEEE 2 R 7T ADSARIE 2D — 7 &0 IEESCERLIFIC L 4y
AR B R D0, ZNENO U bR T 28BN 0l & OEI D AP KL T/RA ROSEHIREZ O+ 5 2
EMTETDFEY, Frp 2 BRI RRECICIRRFE X #R, B X 2 FHWEETH, MEL XA N7 T AEMITT 52 L
THEEF T D AP RLA/R A ROSEUREERRAIREEAZ T 95 Z & TE 2 Z LR ENTIGTERR G L > TE
L 7 HEESERRH T, IRARHA R 251250 T, CT B S AP KIFR B LAA RRBAD T2 2 L 2GR0 &
T2, FRRAENNSL 20 BREFRIBGIREIZRD Z LR TEL. ZOFERICIVHE LRAEZMNT2 2
& T, ERHEERRELE 7 v AT DI E DR E A ED Z LN TE D,

€ ir)
X #REBMSE nano3DX Offi f TIMERIZ /A2 W F LI2BIFE KT (b Ly ERb Pt o (LSRR HESEZ, 5 LY
LA SCRFZE S RGH P L P 9.
£z, FmREE~ A 7 7 CT TOACANER-32300phd % fili i U728 T 2 1 < 72 & W& U7z JAXA Ze Bina Pk s/
AMEARIFIE 2 = MEARERRCEHR L BT ET.
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Visualization of combustion surface of solid propellants using laser

Kotaro Matsumoto*l, Akihiro Iwasaki*z, Hiroto Habu '
ABSTRACT

The diameter of agglomerated Al particles is over 100 um. To improve the performance of
solid propellants, the method to control the agglomeration is required. In this study, combustion
surface of solid propellants is visualized by high-speed camera using laser systems, in order to
clarify the agglomeration mechanism of Aluminum (Al) particles. As a result, Al particles is
collected around Ammonium Perchlorate (AP) particles at 1 MPa. Al particles that collected
around AP particles formed the agglomerate at combustion surface and ignited as the agglomerated

particle above combustion surface.

Keywords : Solid propellant, Aluminum, Agglomeration, Visualization, Laser
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I AVRLT- ORI L2 BET 2 72 0121E, ERHEESRBER T 05 31T 2 a5l 22 45 S5t
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1. XIC®WIZ
BEA T A7 b OMEMEREZ T 2D — o N EMEE I Th 5, ERa 7 v M
BIPEEH R 2 FHEMA~BAT A0, BiEesry hE—2 %3 3 BHVWTWS, =
D X5 B BXEIR e v MK AR EREHE RIS ?Q‘LTW%%;JJ&?EX X, REEE
ke sy hE—% HEEHEERO SR TH D, ERMEERIZIT, WEERT v E=v
L(AP)Z LRy & LT AP REIRHEERE NG TW D, AP ;ﬁlﬁi?’%@;ﬁ@)}ﬁk’\ 1.3
IO DS D AP R, ALK, RifKBEEEAR Y 7% 22 L (HTPB)Y A X Th 5.
BEARHEERO SR TE L LT ERREICH D ALK FRAEZHRKSELZ LI2L 5,
LD EMBIEZTH D, : -.’0 j.;{... ,\ "..D%.Cj
AP B AHEME SR R 21X HTPB /31 .,0,..\- 91 v'G e ge.
T AP KT O ALKL T SR 124y fm’ﬁo?o: ‘.Luf!é
ﬁ#é@gnmglmm_mﬁio_
AP Fi IV Al R TS EICE |:| HTPB /A » Z+Al ki
END, BERHEEIRICE END ALK O AP KiF(400, 200, 50 pm)
I, HEESRIRBER R IC F5\ T HREE - 4550 °  AURL (B um) (F)
L. 3E pm &0 9 IEFIT K E IRt 8hs
TE75, EH LT ALK ITBRBEEN
TRRBEZ SERE R TIC ) A b HE &N D 720, Bk e 7 o b S EERNCA $ 5 e
REZ T 5 Z LAk, Ko T, EBHERE 7 v ME—F OmMERekIzix, BEIiR
HEMESE D i 25 AL e OVEE AL KL T ORI LS TH B
BUROESE AVRI 126 28128 "3, BIEOAED S b RE 2 AVREF3 T pm) 2 A
TEEMTbhTn5, £, KE F(1 MPa Kif) TOBESLEZ IS £ T UEENS
<. i%%@ﬂb:z%%&fﬁﬁ?@kmauig T AT I —Fix b, EB M REE
(RHEHE IR A2 BT D 72 01C1E, FEH LUV O [ERHEE SRR & T e SRR & T E
#5?.&@5%F%%TT@m@%®%%u&%%%#LL&TM1&%ﬁwO
AW TIE, BEURHEESIABER i~ L — 2RS35 2 & T, Al KL OESLEFE O AT
fbZz21T o7,

A

Fig. | B{ARHEESETR ORI F o3 HA A —

2. EFHEEIRIREERE O ML
2.1 EBRFE
B RS MEREE A HEE IR A2 BRI B 7 DITiE, EA L UL O [EIRHEE SRR RL 2 AV T

HEMESSH R 2 D E T 2 B & 72 % Al ﬁ%@%f}%a@&%lﬂﬂ ST LTI B, sk
DEEe 7y b~OEEM 2 B 7202, BUTOREER R 7y MZHW STV D BRI
HEEZED AP 22 Ry MMEEEM R (Table )& AW CTHIZEE1T 5, BILFITH S AP
1% 400, 200, 50 um ORI T-% 60 : 15 : 25 Wwt%DEIG THAG LY T-, &FkFI121X, ALK T
CEEPRL 78 5 um) % W 2, HEESEERER A 121d 2 X5 X5 mm (J& & XS X 8 &) O [F] R e 3K
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RV, BREEEBRICIE, FLA=A T RA3—F(Fig. 2)Z W=, A FT 2 K—F

PIX N, WATHIEL, BREEES 0.1~1 MPa CTEBRZfr-o7=, L —HiX Cavitar Ltd. 8l

CAVILUX smart( A7~ > MME:14 mm, 77 400 W)ZHW\ o, ™A AE— R A ZI1TIE,

Photron # FASTCAM MINI AX200 % F\ M7z, #RE23H 13 5,000~40,000 fps THEERZ 1T - 72,
Table 1 AP 2> AR hHEHESRFA K.

AP HTPB Al
Sample
[Wt%] [wt%] [Wt%]
Prop. 1 85 15 0
Prop. 2 68 12 20

Fig. 2 FZBCRIMELX

2.2 EBREREIEE
2.1.1. 38 AVKRLF DO BREE
Fig. 3 (Z8H0 AUVRLF- & vl 8L L7e i SR 2 n 47, ATt SEBR L 0 | ALK 3 B ARHEE SRR
BEFR T CHESE Lo RICRBER I HEENL L. BB LA KT DRI S lc, BARED
B0 AVKL I3RS Z PEOIRBEZ kG T 5, 2D & X | Fig. 3-Q~O®D X 5 1243 ALK 113
TNITF vy TDORUNRT VI TR Z IR S ETWD 2 ERlmbhi,
@ ty+2bus @ t+b0us @ ty+7bus

-

® t+100us ® to+125us @ t,+150us ® t+175us

Fig. 3 80 ALK - OB DR T
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2.2.2 HEEIKIRBER T O AL

Fig. 4 |Z Prop. 1 OBREEFR 1 O I LAE R A ~T, Fig. 4Ok Y. 0.1 MPa FClZ AP ki1
JEPHIZ HTPB /A 2 Db O & o 2 BEatE 23 fEsd S iz, £72. Fig. 4-@©X V. 1 MPa
TIZBWTIE, REREICFEH T 2 AP R 03B ZTER L TOM L T\nD Z LR
oo TOEIIT, BREEESINEIR D Z LT AP R T OO TN R D Z LB fF LT,

Fig. 5 1Z Prop. 2 DRRBEZR i Al H LS SRR
AN EZ R, AIEMEERER LY. L—PEH
W5 Z L CEABESR I O AL & SR AL KL D[]
FFEHINRRETH D Z E NG o, Al kif%
IRA LT ERHEESL OGS | AP K1 O EREFR X
MR CT&nol-, £7-. AP K+ FHET HE
A ORI ALK TR B SN D Z L AR S L
T2 ZDOZ END, AP KIT- & ALK T OESLER
DEABRL TS EEZX B XD, £Z T, AP KT
& ALK T OEMOBIRZ RD L7212, @fEH
TOWHBILEFT > 7=, Fig. 6 ([ZfER 11 {72347
% Prop. 2 DIRBER AT AL R A2 =T,

Fig. 6 XV, E{AHEMEIRREER m L TlX, AP
R DOEEEEJE I ALK RSB L, EM LT

ALK F- ORI ALRLT- & 725 Z &R EH T,

a

Fig. 5 Prop. 2 BRBER I D v ik (@1
MPa, {55 4 fif)

EHLREE & LTk, O AP KL 2VRBER mICHE T 2, @ B L7z AP KL 1 JE RIS ALK 1
INERT D, DL E, AP R I . AP S0 A 0 K VT SRS
Nz, @ AP KIFICERE LT 7= AVRI 28 ALK 3R & 720 0 IRBER > DFBET 5, @ F
BEL 72 AL R FEMRBER I L VBEBL L . SRR AE KT 5, AP R FICERLZRICEIRL
TR ALK 2RI 120 pm & 7e o 72, LLEX Y | FERHEER O @mERb O 7= 012id, AP
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R 2RI & - TE U S ALK OEAE FEORR B BETH 5,

ALRIF &8
200 um 200 um

~-

o j ’ 30 Al Bi1-
ALK 5.0 ] — (9 120 pm)
200 pm 200 pm

Fig.6 AP &EififH~0 Al K& (@1 MPa, 55 11 %)

3. F&¢¥
B ARHEE SRR 2 BRI 572010, L=V E WA LERZ{To 72, AI{EE

BROFER. AP KL Doy RSB TRBEIE NIZ L > TRV | 1 MPa F CIIEEEMHZ B L T
IR D 2 ENEENTZ, ALK ORIER L LT, AP K OEEEE O & PHIC Al K23
AT D Z & THEI ALK T & 72 DR MBI S, BEIRHEEE S MEREL D72 0DITiE, AP
R JE P~ ALK FE 2 B [E L 72830 ALK DR LTFEDORF D LETH D,
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Preparation and combustion characteristics of a solid propellant comprising

spray-dried ammonium nitrate/ammonium perchlorate mixture

Takaaki Furusho*!, Hiroki Matsunaga**, Eiko Higashi*? Yuhei Watanabe**, Kazuhiro Kubota*?,

Katsumi Katoh*?

ABSTRACT

In this study, we prepared solid propellants of spray dried particles (diameter: approx. 34 pm) with
mixed ammonium nitrate (AN), ammonium perchlorate (AP), and polymer. And we evaluated the
viscosity of the mixtures of the spray dried particles and the binder (Hydroxyl-terminated
polybutadiene) as an index of miscibility and the combustion characteristics of the prepared
propellants. The spray dried particles of a water-soluble polymer easily mixed with HTPB, and the
viscosity of the resulting mixture was low. This phenomenon was possibly related to the smooth
surface of the particles, as observed by SEM. The results of the combustion test conducted under 3
MPa of pressurized condition show that the combustion of the prepared propellants with the AN mass
ratio < 20 wt.% (in AN/AP) was successfully completed without any misfiring. In addition, the
pressure dependency of the burning rate was lower than that of the propellant prepared from

commercial AN and AP.

Keywords: Ammonium nitrate, Potassium nitrate, Spray dry, Solid propellants, Combustion

M =

AHFIETIL, HEET B =7 AAN), BHEERT =0 AAP)B LR Y ~—NEE L
TR CRIERAY 34 um) &2 A7 L— RTAIC KV IERL L, [RRL AR LAl & 3 2 HEESE 2 5Rid
U7z, F70, #EESEGRHEREO X 7L — R T AR LA U X (CRImKEEIER Y 72 o)k
DIREMER ZOFHHL U 7= HEMESK D 35 KPEIZ DWW TSR LTz, ZFOFER, B U < —ZKEMER
Ve—Z2HVWTHBE LA T L — R IR FITRFREND IR THY, 70, A X LR
A LB ENMEIREER B WERN R o, £, BEAI(AN/AP)F O AN %<
20wt.% & L7- HEMESRIE, JRBETWT 35 2 LA UBRBEMR R L, F7-, IO AN B L AP
b &3 HHEMESE & bl U CIERBNME T 5 Z LB Lo T,
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1. IZT®IC

WA Ty MR, BRLAICH DIBEHERRT T =7 LA(AP) L BRESEE A HI( A
YT HARIKIEIER Y 7% P U (HIPBYDIRAWINH RS V. —77, AP RHEMESK TRIE
BRI LK B R EOREAAZART D 2 ENLRE~OEFENBREINTEY, BRI
AT OEIE B9 E LT, AP IZRDODEEEAIE L THEIRT =7 A(AN)OFIHA G S
nTns o,

AN [ ZEN CLMICTHERRZME TH Y, -, Ehio e raegGEonz en
DIRBEHT AN ) — 270D Z EMHIFF STV 503, AN TR & < BEESCE L 2 &
SR T 728, TEMBICHT TR T RERER S D, £72, AN IBBEEMRNZ &
Mo AP O E LTORMMITH LWL SN TND 2,

AN ORMETH 2Bt od#E=2 B E LT, KIUD X, AN AKIFIRIZK S EESD 5\
WFKBEEAR Y ~—Z RN L CA T L— R A B ZITV AN &R Y ~—DNRIE LTk 7%
TR LU 7=, LUK HIIRY) ~—DEHICEY AN OB 2K TE 5 Z ENH LM E
Nic, ZOFMWZEEHLT, AN, APBLORY v—0D =y RICBITDATL—RKI74 %
Fhi L, FAR L TR OFE 2 QBN A FE i L2 ¥, AN/AP/AR Y ~ —hKi 1 & HEHEIK O
FRfbF & LT 2 2 &N TEUE, AN OWRIEMEICBIT 2RI 2 i L, AN O BherE
DIRE 2 AP IZ L VAV, S HITIT AP B & HE_THE T A OHEHEIZ B 2 SR A
DR RIAE N D,

ARG TIX, AN/AP/AR Y ~—hi - OHEESSKES & L COFHEZ B E LT, AN/AP/R
Vw—hi a2 AT L —RRITANBIZ LD ERIL, ZNEB LAl T 5 HEER AR L 7-, F
7o, HEMESEFHRIEED AN/AP/R Y ~ —hi1- & HTPB & OIRAVERS I Ok SEBRBERE D 25 K
IZDWTHRET LT,

2. EB

2.1 A7 L — KT A KRR

AN, APGEICRDEHEE T 38, R Y ~— & UKD HEER JUOKEER Y ~—% HN T,
AN/AP/ZR U ~—//K(FE &L 60/40/3/412) WiRAEFAL, AT L— R T A P (FEHE T 3110
IZ & 0 IR A SR ST, Lk, K EER Y ~—% & ie 27 L— KT A ki % SDA,
KEEMER Y ~— %GRl 1% SDB &L Kl T 5, A7 L — N7 A OFMIE, ZEE NERREE 90°C,
WEFET 4 A7 [Alfingk 18,000 rppm & L7z, iEkitk, SDA ¥ LU SDB D fi & A E 1 H
%&5(SEM, JSM- 6060, JOEL )z kv &z 7=,

77, HelEAE & U CORIBEREE L7 il D ANCRIAS 212 pm LL_E) 38 I O APCRZ£E 200 pm,
=V FR—IVT 4 7 A5 A2 FERIZ TR L 7oRLF-(PB) 2 FHH L 72,
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2.2 HEESEFAA

2.1 CHHB L7 SDA BLSDB # 2D E £MHEMT 5, & DL APCRIE 200 pm) % B
WLAWM%KQ@M&4W@,m@opﬁﬁbko%@ﬁﬂ@PB;ODT%Ebwﬁuﬁ
L L7=, BLAI(SDA, SDB, PB O, fifivih 1 ffH), A H(I—VU v hR—LT 4 TR
Tl RiwKIEETR Y 7 % P, HTPB), RIAN(A—Y v RR—T 4 V7 AR 7o v Uiy
427 F v, DOA), HALAICERYLR TR VY huer A Vo7 F— b, IPDDEZNEH
70.8/23.6/3.54/1.98 D E &L TRA L, BijEds L OML ST, Tablel 1Z/R 3 HEMESR 2 FHHL L
72o SDA-60/40 35 L OF SDB-60/40 (2D T I, HEMERK AT 2B, B LAIEINETO B LAl
/HTPB/DOA {&GH) D K L A B RL 2L [ (Rheosol-G2000, UBM )2 L 0 #lE L, bl
& HTPB DR A2 7 L 72,

Tablel ML L 7= HEMERE DHHRY

Propellants Mass ratio [-]
AN AP HTPB

SDA-60/40 60 40 33
SDA-40/60 40 60 33
SDA-20/80 20 80 33
SDB-60/40 60 40 33
SDB-40/60 40 60 33
SDB-20/80 20 80 33
PB-60/40 60 40 33
PB-40/60 40 60 33
PB-20/80 20 80 33

2.3 BREERAER

AL L 7= HEHESE & 6x6x90 mm(F) 4 @)V A RIZH) D BRBERBRICHE U7, BRBERBRE, T2
SRR T FERBEIEE 2 IV TS L 72, AaUBHIe LT, EHBFMX, H7) 3MPa @
ST CRRIERER A 3 [BISEHE L, ABEFITE X OVRFE K3 72 < BRBEDS FE4E LT BIE & 25
KMEEFHI L7z, F2, @mOEKMEZ R Lo HEERICRH L, FREASET) 1.5~6MPa TRRKE
REREFEML, T LA 27 UAYENT L VBREEEE 2 HE Lo, 50N REEHER L O
FHRIE S OBRED D Vieille D 101 )& W CTE R n 2R Lz, 728, 1k
J2 r BEOPIE, ThZHREEEES LOFRHAKIEITH S,

r=aP" )

3. BREEBE

31 AV — RS MR FOXRImRAE
2.1 TIHBLL 7= SDA 5 LUV SDB @ SEM [Hif% % Fig.1 (2779, SDA (2132 < DML 8 %2
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ST SDB ITIZMIL 23 L & AV R R R IENIRAE T d o 7o, RERRBIZED L U7 IR,
N~ —OPHEOEWNZEL2bDEEZ NS, BB, SDA IZHENDL R Y ~—IdKoH
MORI)~—ThHdld, AT L —RRIAIMT HKIT=~v LY arThbh, Z0d, A
T — RI7AHIZRY ~—3Ki 1 & LT AN/AP (21135 L C, Kir-FmIC M A4 Uz arfe
PERdH D, —J5, SDBIZBILTIX, FFENDHR Y ~—0KEMETH D729, AN/AP/AR Y ~
— R TERIR LI KRR L TCAT L= RIA 2FEfE L T D, 207, AFL—KZ
A B OB FICBNTHE R NE—IZRAE LR 2 RIREZ 52 T D A[EEER S 5,

Fig.] A7 L — K7 A ki1 SEM Hi{§(A: SDA, B: SDB)

3.2 E{LFI L HTPB DRAME
HEMESER BRI D X 7 L — R T A T &3

100000 —

3 *s @SDA
¥ (HTPB) & DIRGIEZRETT D720, BAL 19000 [ ’,. ®SDB
AISDA, SDB 0P, i1 | FES)HTPBDOA | ".‘ °

— E ¢
RAMORE 2 BRI EIC Lo EL 2 W ™
71;_ Q_- 100 3 @
—o b : ..
Figure 2 (CHRAMOBIRIERIER R E 10 | '..

ZRLI, KAV, SDBIZ-RLTSDA X £ || %,
D REEEDMEN T L RN D, TR O T o F '..

. 3 ®
75t SDB 1L SDA & HEARTEESRLT L, & °
%&:E%D‘a—é : k Z)‘S‘(\‘%fco SDB O)*&I‘Ezfi{& 0.01 Aa gl Al PSRRI | Ad gl PEREEETT

B _ 0.001 0.01 0.1 1 10 100

< f&Oflg L LT, Flgl sk 9 @:, ® Irad/s]

SDB HLFIZ P72 REIREEZFT D720,

HTPB LiRAT 5ES, HTPB D4y Mk

MDAV IABRLT 720, FEEDME T L7 TReEDR & 5,
FEEOREEIRIZ, F2F0 L 72 HEMESE 2 B2 LA S %, HEE SRAE L AT OO K5 2 23U

LA, ZORBWEENRS L7512, SDB RHEERITHMORS SOBSN RS A

TEHEBEZLND,

Fig.2 BhRARE SR E il R
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3.3 BRBERBR

Tablel (T8 L7-HEERED 5 5, SDB R &
O PB SAHEMESRIZ % L CHRBAUES) 3 MPa |
(B W TRREERER 2 30 L 7=, Z Dt &, Table
2 (2”9 X 91T, SDB R LN PB RHAEMESRLX
2, AN 2% < Eheia, 3 IO ER THREE
MTERE LTZEEIE 1 BILF TH D, ZOfMide
THEKLROVSD D WITRBEN W 585 £ T
oz, —J7 T, K AP ZBUIN L TRR{LA
H1> AN Ho 20wt.%LL FIZ3 25 &, 3 [o%E
B A T OHEMESE CIRBEDN 788G L, A& kMDA
T sz efER N,

KM BT Cd o 7= SDB-20/80 35 Lt Fig3 MABEHJE & [E ) 4R%k
PB-20/80 (Zxf LT, 1.5~6MPa O TIRPHSIES) % 28 2 THRBERER 2 50 L, SRBEHE D
JEIMEAFPEZ DWW TG L, JET) &R BEdE OBAtR % Figl3 IR L7z, Z D)5, SDB
FHEMEIROBRBEHR X, PB R & HE LT UTIRW DS, 7 LS R O BRME 3 S8 S
TEV, ZToOREE SDB OFE/HEH((n=0.18)%, PB-20/80(n=0.43) & iz L C, FI¥DITIET
LTV 5, FEHEEDMROHEESK L, RERIEHNE S CTh Y o v h~DiEH %% %
TG A EBAENR B D, ARFFEICEH VT, SDB RHAEEIR O E HEHOME T L2 BRIz
TIXBLRAE TE TV 7203, SDB & PB DiEWVE LT, & ENHBbH ORIk, Kt
F£E(SDB: 30 um, PB: 200 um)B XK Y v —DFENRFEREDE L TEZOLNDLZ LD,
S, TNOOBLENDBERARET 2 L ZFELTWD,

]

0

@ SDB-20/80 n=0.18
A PB-20/80 n=0.43

A

Burning rate [mm/s]
op
@]
>

1 Pressure |[MPa] 10

Table 2 FHd U 7o HEMEZE D5 KMEds L OYRBENE:

Ratio of combustion Combustion rate
Propellants )
completion [-] [mm/s]

SDB-60/40 0/3 —
SDB-40/60 0/3 —
SDB-20/80 3/3 2.14

PB-60/40 1/3 0.98

PB-40/60 3/3 1.66

PB-20/80 3/3 342
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