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Study for ignition of high energy ionic liquid propellant

Hiroki Matsunaga*!, Hiroto Habu*? 3, Masaru Noda*!, and Atsumi Miyake*>

ABSTRACT

We have been studying a new rocket propellant for a thruster based on high energetic
materials in order to replace of hydrazine. Energetic ionic liquid propellants (EILPs) which is
eutectic mixture of solid energetic materials are expected to have high energy and low toxicity
because EILPs are solvent-free and low-volatility liquid. Ignition method is one of the most
problems for realization of EILPs. We are studying laser ignition as new ignition method. In this
study, to understand condition for ignition of ammonium dinitramide (ADN)-based EILPs by

heating, temperature and gas product during thermal decomposition were measured.

Keywords: Energetic Ionic Liquid Propellants (EILPs), High Energetic Materials, Ammonium
Dinitramide (ADN), Thruster, Laser Ignition

B =

s ldm T X — W & SRR O HEER DM FERI T 2t D T 5. [E R 1L
—WER L OIFEIC L R SN D A A HRAHERER] (EILPs) (13084 & £ PRI R T
bHZEND, mIEREFEMEHEEA E LTI TE 5. RKTEIL EILPs OEALIZmT
THROLEERRFEDOOESTHY, FHFEL L TL—F—RAKIZERL, BitE1T->T
WA, KR TR =RV —ETHALT E=U LY =7 I FNADN)Z &AL LTz
EILPs 28BN KV KT D720 DRI HHRET D720, BARITTE 5 IREE AR T A 2
E LT

doi: 10.20637/JAXA-RR-17-008/0001
T OPERC29 4R 11 A 27 HEZfF (Received November 27, 2017)
TR R T AL AT A TR
(Department of Chemical Engineering, Fukuoka University)
2 R RREDFIT TR TR R
(Division for Space Flight Systems, Institute of Space and Astronautical Science)
P ORRIRIE N R SR A e R
(Institute of Advanced Sciences, Yokohama National University)

This document is provided by JAXA.



FHAIZERTTE B SRR E B 76 Wiy JAXA-RR-17-008

1. IZLU®HIC

FHEMCBT ey FOANTHERIT, ATAXEREINS/NMIalyy bz Pz
L0 EBHIEAT NS, B TP AIAT X AOBEE LTI TH DY, 0K
K[OFRMERR LIZ LY, FRIEESPRZ VW IEOBEENYE TS B0, (EESBH OB
MALZR T WA, EAMEE B 7o HEER ORF AR ST 5,

EHEORTANLFX—PERESTIE, S=FXVF—WE, FFIZT U E=ULY=FT 3
K (ADN, NHiN(NO,)) b 2ZHEMEFIOHRA LT 5 Z LIZEH L. ADN [Zk RI7 Vv &
g U TRk, =R F—EEORE WEREREA (iR 92°C) Thod. Lo
T, #EERI ORI T, BEtZ 7 o/ - REBAL b RREE 2D, vl MTE
Fa A FOHEAEIETE 5. &5IZ5EE 513 ADN OIRIKILDO =Dk T v a—L % [
W, O ER T R X - LIRET D 2 L TS, 4 A UKD —FE L S D Deep
Eutectic Solvents (DESs) 2 fi#l4 252 L & L7, @=LV X—WE OMAAEHE Tkt
DESs Zifif L, (@=L —A 4 IEHEER] (BILPs) | & 7Z2hiE, BBV DBES
(FRR L DR A O THE T E ZRITHTRE, KERMETH ) KR ORLI B OfE
BRPEDRIEF IR D= RV X —FEER E GEIE 0w A3 72 0) HEERI & 72 015 5.

WEAEFEE TIZ ADN IZH DFED T I AHBRIERST I Meat (e ZXE/ ATFAT IV
fElRE (MMAN, Bl 110 °C) L JR%E (A 135°C) ) ZIRAT 5 & | CLRERIKME &
RN L (Figl) , L PEHHEETEREe RV IvamnwtEsF+52 L %
Wit L7z % 9. BIEIL ADN 5% EILPs O ERLIZ AT 7o BHREAN, RS AT Ao
TR A D TN %, ADN & EILPs [3SRBERF O KA 2500 K BL & @& <, BATO R Z
AEOR M ZERT 5 2 LIFRETHD. 22T, EFLIFL—F—FHomik
EEEME L GRE LR 9. L—V— KO R e F ST HEER] & A T A 2 b D3 Feszfil©
JUKARB72 Z L Th D, ZhIC kY, HEEAl L OBt X2 AT 2 2 MBS {LoBhIE (E
Fafb) |, REEE L EBXRM E OIRBEC X227V AT MEENRAREL 25, L —VP—
ST RETER 2805 D—5 T, 1A T A Z IO CIRRHEER 0 15 K12 FE - -4
1372 <, I OEAERNLERERE TH 5. % Z T ADN % EILPs O sk, W)
PEWFZEES K ONEIR O 25 KRR 72 & 21TV, sUKICHE L7 S RBE 2D 7.
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2. ADN % EILPs ® L —¥— g kI AiT 7o gt

U—HF— gk EIL, KOG, T A7 X0y, MBE Voo A =X ARET LR
DN, VIRHEHEAR 7 2 X ~Oi#IL EDHFATHERBUZE > TV, \= 30X — Y Enf
RETIHELT VA7 X T BRI LD AUKICER L, Fig2 DX HIRATRAZ %18
E LT, BUEIZHE IR 0 SRR 2 PO b — W — Sk D EHLATREME I L OV I L
Te SO B 2 AT & D& TN D .

TULA 7 Z T FRIL, LT an o DR AR — U ~OEIZENT T2
REDRED N THEY, TAELTBREIO R KRB TH D Z L AHE I Tn5. ADN
F EILPs ¥R~V —VP—%MHT 2 &, AFERZIZHITIREBRE L, o0 2 b7
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Investigation on laser ignition characteristics for green monopropellant of thruster

Masaya Furusawa*!, Tsubasa Kitamura*', Toshiyuki Katsumi*!

ABSTRACT

We performed laser ignition experiment of green monopropellant for spacecrafts and
obtained its ignition characteristics. In conventional monopropellant thruster of a spacecraft,
hydrazine is used as propellant and catalytic ignition is employed. However, it is dangerous to
handle hydrazine because hydrazine has high toxicity. Furthermore, in catalytic ignition, a catalyst
tends to deteriorate by the high temperature and oxidation atmosphere. Recently, the study on green
monopropellant is focused by other researchers for improvement of safety, performance and saving
cost in operation of a thruster. Moreover, it is expected to apply a microchip-laser to spacecrafts in
the future. In this study, we obtained combustion characteristics of green monopropellant in laser

ignition and evaluated the feasibility of laser ignition for green monopropellant for spacecrafts.

Keywords: Green monopropellant, Laser ignition, Droplet, Focal length, Propellant composition,

Pressure measurement
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1. IZU®HIZC

ANTHRO X D 2 FHEER T, 1 RA T AXIT L0 AT HEH T 2E T o REH i &
fToTWA. ek, BEHIEM 1 AT AZ ORI & LT, M k> TR IS SH
BNAHZ END, E RT VUM H)BHWLI TS, LrL, B R VU E@mEREWT
D, BB ME-CAEBRMENSER S TR Y, T4, & K7 U IcRb a#itERl & LT, K3 1
TRHEER ORI T2 ZE A T 5. Fox iK1 Rl OFR T, & Fe ¥
JIVEEEET = T A(HAN)RHEERNICE B Lz, HAN SRHEERIOR S E LT, kot
RV I BIEREETH D72 TR, BEBE, BREER CTH D 2 &0, Bk, It
DENL TS, 512, HAN ZRH#HEHEAOHTH Togo H 12 &K - THA% S 417= SHP163(HAN /
fElE 7 > =17 I(AN) / H,O / A% 7 —/L(CH30H) = 73.6 mass% / 3.9 mass% / 6.2 mass%
16.3 mass%)ix HAN OFpETd 5 i@\ VRBERE 2 1] L, ZaME72 10 Tl <, HEtEMERE A 1)
b EETHEERITH A[1]. Tablel IZt K7 Y2 & SHP163 OS2 7”7,

Tablel SHP163 & t KT ¥ L (NoHy) DA FEEF AR D L
% RHESM: L 577 Pe=0.7 MPa, HEJ14%45% C—=1.875(NASA-CEA!D)

SHP163 NoHs

HE p[g/ec] @20°C 1.4 1.0
TG A [K] <243 274
eHET) Isp [s] * 276 233
WrE K IR [K]* 2394 871
_— LD50 #21 [mg/kg] 500-2000 60
LD50 #5Z [mg/kg] >2000 91

kOt 8T V02T 252 T, i mUOTERTRA ST D, HAN RHEEAI T, fil
BRI T BREKFTADPHIEIN TV SH[2,3]. LavL, HAN SRHEER OBA,
WK IR 23 & <, MIRER LRSS BT 2 il EECBMM O A I LD AT A X PEFEDK
T, DEVATAZOFEMOELFBBEE SN TND., 2T, AT AXOEFHm{bE IS
SEL7D, BBEENENICHEEY 2 L E LT, HIENE LR L —F— Rk GIEICER L
oo V=P —RKkTIE, b—F—XVF—HBENOLIBELBEA LT LA 7 X T IC
KO TUANRRE L, BREEOGNERESE D, L—P— Uk FEE, L LR WFLER S
507, L= —EHROERESCRKE INLFHMB~OIEHIIRECTCHL EEZ DN
T&l L, i, ~f7uF vy 7E2HVEE#ET DU Ao/ L — P —03 B3 X
I, FEROFHBERR~OBE LM TE H[4]. Liend> T, EBUZ T 72 b—W — UK FrE
OEFROFHINIEETH L LV 2 5.

ZHETOMETIE, L—F == F— ORI L o T, HAN ZHEEAN ISR 2 Bl hs 9
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L2 ENREINTWA[S]. Lo, SHP163 D L—H— S kI 2 MG TS Ty
7o), B2 IZEWNTAF LTV SHP163 Dl 2 x5 & LT b— W — Sk O EBL AT REMERE
fiZ9T-> T\ 5.

FATHFFETIE, SHP163 13 L — W — T R L X — DI L o TES RIS Z BRtA L, 225
L 2 AR L TS 2 RN noCnd. o, )SEHGET 5L —F—ZFf L ¥ —0
BMEE LT, 15mI THDHZ E,40 mJ L EDEIZ/R D & —ED SRR T 2 Z & 25
wInT[6,7]. LinL, L—F—REH &[RRI, K ORBSHER SN TND Z &R0, F v
N—NOES EREOEBRMENERMEOB L E S O 1 RETH S Z LoD, ik —H5
LS LTWRN T & 5@ LI DM S b — Y — RN O el 72 & Tl & vz
5. L7eh3o T, SHP163 O L —H —fUKIZIIT DAl R R AT 572, L o XD fE
SRPEREKR O HAN O ZZE 2 C U —Y — rUK B A F0E U, EBLATREMERHm 41T - 72.

2. EBEERUHIE

L—F— K IR TIE, HAN RHEERI O 2 T ¢ o N — N TRZE Sz 2 RKOA Jefp
DR FNIRE S, L U A TR 7o b—— KA RS L7, Fig | IZARIFSE THW -1 —
P K BB E O AR, FEERIE, SHP163 D &I L7 0.5 u L (EA ¢ 1.0omm) & L,
F X UN—NOFRHAR E EHE, MIME 2 KEE, JIREL 25° ¢ & Lz, kL —+
—IEE L LT, HE 532nm D Nd:YAG L —%—(Quantel ! EverGreen 145)% VT EBR 21T
olc. 2, Fx A= NOES) EFEOFHAMET) & Y (Honeywell FP2000), L —%—x
FXF—DOHIEM L —F—,3U —+t > % (OPHIR PE50BF-DIF-C)% f\ 7=,

UL uartz glass rod @ 0.1 mm
[ i E:I Droplet

: HAN-based monopropellant 0.5uL

Nd: YAG Laser

Plano-convex lens /

Pressure sensor

Closed chamber
—

Fig.1 Experimental apparatus

ﬂxi&ifi L v XD AIEEEDS 120 mm, 200 mm, 250 mm O 3 FEMEA & L, #4800
BEDEWT K DA TR~ T, E 7o, HEER O OENE T~ 25 72, SHP163, HAN R
@%’J(HAN / BT > E =7 A(AN) / H O = 95 mass%/ 5 mass% / 8 mass%), HAN /K&K
(HAN/ H20 = 92.8 mass% / 7.2 mass%) > 3 FlAH OHEMES 2 5t 1T L — P — UK FERZ T,

& =V KON H0 OB A fifedd LTz,
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3. EBERRUER

3.0 EREHOEE
SHP163 Z x4, HEaEEE 120 mm, 200 mm, 250 mm OEXL o XEZHWT, L —

ﬂ*ﬂﬁﬂ%ﬂoﬂﬁ®%k/A%W®EﬁiﬂL%@mLkﬁ%%ng:m#.

80
70 ¢ °
60
£ 50
£ 40 e
2
230
20 . ® 120mm
u 200mm
10 ® 250mm
0 . 1 L
0 20 40 60 80

Laser energy [ml]]

Fig. 2 Pressure value on each focal length at 20, 40, 60 mJ

(10s after laser irradiation)

Fig.2 (23 CHE AIEEE 120 mm O L Vo XAOEAN 3 FEO T TR b mWES E5
EER L. Ty o "—NOEN EFMIE, HEERIN L —F —x 3 X2 K > T
E%E’LT%6EWT%6’&ﬁb#oTV5m’H DFD, BRI EVIE EHE

RO RSONEEE L TN D, 2L —P—DEHIZB N T, %M@Izw%~%ﬁ
FEREEBEICIRFE L, BRI DORED O ERIEREN AW E = RV T —F NN SN D
ﬂﬁ%éhfwém,%.Lm),_®ﬁifiﬁ%kbfw6%m%%@ l#wmm
25 150 mm Td D DK L, AEBRTIE, 120 mm 2> 5 250 mm OFFAEZ RIS L LTEY,
HESIEEENEVIE EEWESN EFEA R L TV D D1E, BRENAEDOBE TR, BARE
V#E<&D TRUFX—FENMET LIEERRENEEZEZOND. FERERLY,
SHP163 O L —H— i kIZB W THE SO R L F—EENEIE ENREOG E etEd 5 = &

DR STz,

32%@%@@&0%%

HEMERI DFERIC X D BE T 5 7=, SHP163, HAN RHAEHER], HAN /KIETR 2 x5
L —HF— k%%ﬁ%ﬁo 7o, FTEE L X3S EEE 120 mm 2V 2. Fig3 lF v >
N—NOES] EAEORERE =T
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Fig.3 Comparison of time histories of pressure at 60 mJ

Fig3 12BN\ T, L—F—HHENE 10 BHOFET) LAEL T 5 &, SHP163 OfED i

%ﬁ%ﬁ@%%bfwé.:musmﬂﬁ

WCEENDMIRET =T L0 L —H —REHT

DRSO THER LTI ANA L )=V ERISL TN DT ThDHLEALND. FT

}MN+%@ﬂi% 2T L = DD RIS

LVEDND EH L TEY, HAN K&K T

ES ERNB SN 272720, DEEISENEZ > TnRn et E 2 Hhvd. Table2 (2 L—W
— MR 10 B D)) ER- OFEERE & 52 2R EERE O ) ER- O REO g AR

Table2 Comparison of pressure for propellant

Experimental value [Pa]

Calculated value [Pa]

SHP163

73.47 341.96
HAN-based monopropellant 25.61 336.73
HAN agq. solution 2.32 335.74

Table2 LV 3 fEEEHOHMHEAIZB W T L —H — Sk THEONZE EROEREIX, 74

IRBERF OFHRME L D AR Z &N bnd. ETz,

L— =55 10 PEOEH ERICE

VT, SHP163 D7) EF O EERE I HAN RHEHEA] & HAN KBEKR LD HREVEEZR LT
W5, LUEN EROFEMEELETD &, REZREWVITRONR. 3 FEEOHEERIC
BWT L —Y—BERF RO R A 5N TEY, MWEO—E LG L TWRWZ &

BRRTHD EEZBLND.

4. L ELEBDOEZE

1%%%1@%L%%%%KV~$*ﬁk£ﬁ%ﬁw
MLRRIZ K 2 A i ~To. EERRER LY,
6&“x,%%@?ﬁ%«®mﬁﬁﬂﬁ

ot L o X8 AR & HEEA O
L= =BT L o THEER O[S & fleste TS
ECHDLEERD. BRHEHIELTO= R LF—
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BEIHRAF L, EAHEENE W SR X —BENE L, HER OGS ERETE D 2
EWbinotn. Fin, HEEAIOMKOEWIC & 58 AR5, HAN RHEEAS° HAN
KERHR & i35 &, SHP163 O ) EFENEWEE RS S 7z, 24 SHP163 28 L —
P—WRHIZ LT, BT E=T LONMEISTER LI AT AL A E ) — VDS HE
BLTCNDENRD.

F iz, 3FEEOHEERIZB N T L—F— kTR LTS B OEBREIL, 52 bR
OFFEMEE Y HIEN 20, L—P MBI XD ORI E P&, A 2R % RS S8
B TRESBRTFTT L T BERH 5.
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Prediction of ignition delay of ADN-based ionic liquid propellants using
thermal analysis

Mamoru Hayata™, Kento Shiota ™', Yu-ichiro Izato "*, Hiroki Matsunaga, Hiroto Habu™, and Atsumi Miyake ">

ABSTRACT

Ammonium dinitramide based ionic liquid propellants (ADN-based EILPs) are promising
monopropellants in terms of specific impulse and low toxicity compared with hydrazine. Currently,
laser ignition has been considered as ignition method of ADN-based EILPs. However, ADN-based
EILPs do not have high absorbance efficiency at the range of visible and near-infra-red. Therefore,
chemical dyes were mixed with ADN-based EILPs to improve laser absorb efficiency. The purpose
of this study is the investigation of laser ignition behavior of ADN-based EILPs including

chemical dyes.

Keywords: Ammonium dinitramide, Ionic liquids, Laser ignition, Chemical dyes

M E
HERK41X, 7= ?A‘/% N7 X RRA A R EHEERS (ADN & EILPs) D K T7
EO—2L LTCW L —Y =X D8k AT LE2H IR LTS, CW L—H— Y=t

Ky AT b FEBT DT —F = B HEERN ORI S8 5 03038 % 7%, ADN % EILPs
Gl AR~ AR AMEIR (S @ OIRIR & R 7o, £ 2 C, ARFZE CIRE R = 3L ¥ —1
BOLV—H =i KIZET BT A3 EI, #ERICAELZRMTHZ L TL—H—
SRR F % X5 7=. ADN % EILPs/ R IEA RIS LT L —— g kilBR 217 - 7o fb
R, WY FEEZRATDHZ L TADN R EILPs 35Kk 25 Z ERHL N E o7z,
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ORIRENLRE K BT
(Graduate School of Environment and Information Sciences, Yokohama National University)
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1. IZU®HIZC

TUERE=ZULY =T I RERA A K (ADN % EILPs) [ZELHES), Bt 5 kit
KD AT 25 —ilERMEHEA . L CERICAT =R ED S Tn5 D, BIfER~ 13,
MAFEO—2L LTL—YF—mkEZFGHHLTWD. L—F— KT RITME, 7 1A
7 HET Y, REIEEFIA LI b oI KBlEnNS 29, i CTHMAEFIH Lz L —F—iky
AT LML, Pl R IE S5 CW L—Y — 2R+ 570, Wigihic L —9—)
ERESEL /LA L —P—L i L b —Z )LD R F—i ABIKE V. EILPs D ik
WIFZBEO XNV F—Z IR A S ER R K 2IRE ER A SEZ L 2 LH
ETHD. (1E-T, AR TITMBAE R Lz L —P — ks 2T A& at Lz, Iz
MLl =P =R KT AT LOL AT FRIMNERD CW L—F—ZF|H3 2572, ADN 5%
EILPs M CILITARIMEIR I M WIRICRE 2 FF - 72\, 20728, AR CIEE R R LF—
WE O L —V— KT 2B E O 952251, HEAICGRERNTSZETL—
PRI R ) b A A2, AR T, ADN % EILPs/ERARICKH LT L —¥—gik
R AT IO TEORBEREWRET 5.

2. EB - BT HE

2.1 At

AEHE LTRICIKMATHD ZENRIAENTWD ADN/E /) 2 F L7 I U igiEiE
(MMAN)/Urea=40:40:20 wt.%% 3 L 7=. ADN [Tk T8 Urea [T FnYeisE T35 2 Fuv
72. MMAN (2B LTI, FelisE TR A F LT I VAR (40 wt.%) E g (60 wt.%) %
R, —RFHRRIEO%, BRI 52 L TER L.

2.2 AR DEE

BRITHFLEAR D BB W T ERE SRR AFE LTI SN TE729. 1 TH, CD-RIZH
WHNDLBEFIETHa LT =R, VT =R ERNEEMIICRINE E O bONRE
HET 5. RBFgE L, AT 2 L—F—E ik L —% & 785 nm) FHTIck
WEZHT S, Ra{bkTEM 7 2oy 7= 8 () A (BRI & :789-791 nm
(Wifes) ) Z/EL, REHIAEITEREORREA LT,

2.3 YR L — P — fUARBR

Fig.1 12 L—% — S kRO FEBR R 279, L —3—(% KAISER # RXN1 {8 D -8k 1
—¥— (BhEEiEE 785 nm, L — P —iRERK 400 mW) ZHW7z. 727 VAN R R
UNZHWTEE2mm O REHT, T 25 LR ZFHE L, Py v F0ES%
T L, BRE COEMEARE Lz, A JGENRFE A L — P — R BR LA © KB B <
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h*Z Vs
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5 0=2mm T2 UM

Yy F

Fig.1 Y-8k L — W — GG R R

NDETORMEER L, HKENRHZ A by 7Y 4 v F TRHAILZ.

2.4 FKEBNTH
BEAEOFE LV Lambert-Beer MiEH & FEER 72 BV E DO X B L —H —58 & 5 kiR
RO BR 230 (1) 2RI NTVWD I,

tign = % [k(Tign - TO )]2 qiz > or tign ® # @

tign' 7 SO AVIEIH], KARPENEHOR, KEMRIEER, T, 5 KIREE, To' WIHIEEE ¢ B R, P L — W — i
X (1) 1TAEKREARFRHIA L—F—5RE ZRICIEFI L TVWD ZEE2RLTEY, K H L
—YP—Z W TEE ) L= =2 L7256 O & KB O TR FTRE & 72 5.

. R B

3.0 AR L — P — S ARBRERER

L—F—GRE %A 400 mW IZRRE LEBRZITo7ofER, 72 r o7 = U 8i(H) % 10 wt.%IR
A LIZBBHZ B L ClE b — W —IRETE S T 2 b BRI S d, 4~8 s B CAAED A U AR
B ST Fig2 ICEKFEOMT-2RT. £/, Fig3 o7& u 7 =046 (1) #REE L &k
BN OBIfR 2 /R T . & SGEAVRERN T BB 2MR W72 10 BIIIE L7 4% 7' m
v b L7z, (6% 1 wt%IBE LT2EHIE KB S 7o 72208, 3 wt.%lh BEIRA L7z
BHZOWTIEB KR ST, FED 5 wto%ll BIRA L2l BHI S BN 2 EIE —
EOEIZIR LTV o 72 2 & B ARERSM T 5 wt% IRl B ENFET D &5
z biviz. E£7z, Figd |2 L —V —iRE L &SGR OBIR 2 7~ 7. 5 KBAUREEIE R 8L
MEWZD 10 FIHE L7EEOEELZ 7 oy LT, £, PRI ES &, & kE
NN L — Y —GRED “FICKIFIT DL LTI 4 v T 4 v T 5ATo T2, TORER, tin
=1.6X10% P2 &\ 9 BRAR S S, o -BRIc ks &, 18W LLEDOSRE L—F
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—zHvhide BT VU RHEER O/ KENERF TH D 5 ms LUT O KV F 2 1#R 9
HTLARELIRD.

3. ¥¢%

ARG TIE, L—F—HRIEh#E M EA4 HR & LT ADN % EILPs IZfAaB#REG L, L —
P — KRB E 1T o 72, ZORER, #7723 % ADN % EILPs I[ZiRA9 5 Z & T, ADN %
EILPs I35 K35 Z LR LMMNE -T2 £, B+ W ORED L—F —% A iuid ms 4
— X —TRAKIELZENARETHD Z LRI NI,
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A detailed kinetic model of condensed-phase reaction of ammonium dinitramide.

Yu-ichiro IZATO"! and Atsumi MIYAKE™

ABSTRACT

Ammonium dinitramide (ADN: NH4N(NO,),) is the most promising oxidizer for next generation solid and liquid
propellants. This work presents the decomposition pathway of liquid ADN and a detailed chemical kinetics model
based on quantum chemical calculations. In the initial stage of decomposition, the ADN decomposes to NO» and
NNO,NH;. Following the initial decomposition, NNO>NHy4 decomposes to NoO, NH3 and OH-, and the OH-
combines NO>- to yield HNOs. Rate coefficients were determined to allow the application of transition state theory
and variational transition state theory to identified reactions. In addition, Thermal corrections, entropies, and heat
capacities of chemical species were calculated from the partition function using statistical machinery based on the
quantum chemistry calculation. The new model employed herein simulates the thermal decomposition of ADN

under specific heating conditions and successfully predicts the exothermic behaviour.

Keywords: ammonium dinitramide (ADN), reaction pathway, detailed kinetic model, ab initio calculation

B =

TrE=U LY== T I F(ADN: NHiN(NO) )T HAR FE A AR A HEE R Ol b Al & L The b I S
TW5. AT, EHEFEREICE D ADN ORISR IR & % OFEMBOGSE T ARG 5
H DO TH D . ADN ITHIH S EIZ BT, ADN 43 72350 fi# L C NO»- & NNONHy 3 A% L, Z D NNO,NH4
25 NHs, N2O, OH- 2533 %, S HIZ OH-23 NO» E#E &5 2 & THNOs BWAERKT 5. FFE S-Sk
PR IEAE R T 5 45 58 SO O BB B B A B IR BB G S K OV S RLE R R BB B GR &L 0 SO EER %
BH L. Bh%T—2(=v bub—, WYL, BRSBTS
TROTHH L7z, HBE LIEMRISE T V& A0 THIESM:E T ADN O/ ik % 5+ 5 Lo k58,
Z OFEB T TR & RAFIC B LT,

1. 1IXL®IZ
WA, B RV X — W E OEEREFEEAE, B ORICHEREICEET 2FEERNE > TV D, ZiUdEm=

FIVX —WE ORBERFEDS, FRIARERBERIIC W T, BERAHORIRIC X » TR STV D Z &2
HOEMNZR D D0H L1 HTHD . FxlTm L —WE—kDOXMEI X OEEREIZ I T 2 SOSE
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TR E B E LTHFREEZTT > T D, ARETIL, 2015 FEEORE N5 &FiE, MR X—WHE
N EZRALE BT HRIEER OBRLAI TH D T o E=U LY = b T I RADN)DRBES ST T /L
HEEE D FEHER I Z DV T T 5. ADN OREREFISNC DWW T, SRS E T L& 8RB L 0 AFFL L,
SRS Y R 2 b—ya Y EITo . SRS ET L L 1E, BRIEK - SOSEE TS - LFERE O %
T—HD3 [T =X OB EDEZ L AT

2. RUSKREEDHEE

FERISUS B T L OREE(HE LD ERAO)NTIE, EMER e SR DR ENLEToH H. ADN DEEE
FABUSHREIZ B L CIEBEDOMIZE 292 281, B L FitE L2 WYL RGEE B 2o 72 K
BahY, RISICEI X T AR VX2 ML, KEEITORYMEZRFET 20 TH S, FHHEIT
B L2557 F Gaussian 099 % FU T CBS-QB3/wB97XD//6-311++G(d,p)/SCRF=(solvent = water)®-" L-
AL TERIRBRE OBRR I L OVERR - RO O R b & =1 LV ¥ —3 R 41T > 7-. ADN I J@tfig L
TR 93 OWVRMTHfET 2 Z ENHMBN TV D728, PCM model |2 K Y IR & 1 L7-5HHE %
1T 7. flfE ADN OBV RIIRA TH D720, KEffE ADN OB L UTRA L. fRIIC
X, KV ET DN RA~DOERP KD HND.

Table 1 & ADN O3 R FOSIZBT 25 AR RBITH 5. BIEDORE YX v, ADN OYIHI RIS
& LTI NO, B RUS(RI-R11) & NoO 28 1 A7 7 THRLT % one-step conversion (R12-21)D 2 D734
Foind. FRIGSTH ADN OR7 b T - EMFEEECAER T 2= K7 I REEHDN), BLOA A4
URBECARRT DAY= R T R FIRT =4 (DN )TN T 3 Y = ORJSBIEPBESNDS. &5
ICADN [ZIZY = F T2 FIBBT =4 kT DT V=T AT A2 DENALEIC L - T 5 DORLER
PERDSTFET 5. ARWFECTHE LI L & Z O % Figure 1 IR L2, 2B 2 TOMEA HFE AR
E LT, EHEFEREZ AW TRIGD T RV X —[EREE A RO 72 f5E 5% Table 1 T 5. Figure 2 | Table
1 2R LTI R BOG O TREWBROSICET 2R T U Y VRV FX =X AT 7T L THD.
ADNp B L DN BT 2803 i b H = RV X —[EEENK S, BYEFICHERIEZ 265,
F=U MEROT VXY EREFEIET o E=U A, it Fax L7 I v, MiRT =0 LR
VDI R T — AW R YR SR CAERR L7 RN R A R T D5 2 LI k> THllAT 5 LB 2 b
TW5. LA L ADN O iR i3 le- 1 Fafimifilc X > C HDN 2MERK L T B 0fiEd 25 K0 1, ADN %y
T L<IX DN™ 225 EHE NO» MREET 2 SUS DTN ¥ —RICHRITH 5 Z & BRHEBREN. FIH
Sy PRI AT T HTE AR BRI (NNONH, 72 &) D43 fRfd s & [FRRICER SR L7 3, EMERIIZIZEL R O A %
— N CHRBNETT 5 2 E RSNz, DIREUSIE—AROREERISZ ; ADNi — NoO + NHuNO; & E X
TEDLZ DRI,

ADNj — NNO>NHy4 + NO»:
NNO:NH4 — NH3 + N>O + OH-
NOy + OH: — HNO;3

NH; + HNO; — NH4NO;

(overall) ADNyj — N2O + NH4sNO3
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Figure 1. A chemical equilibrium diagram for ADN, HDN and DN~ with structures optimized at the ©B97XD/6-

311++G(d,p)/SCRF=(solvent = water) level of theory
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Figure 2. Potential energy diagram for one-step conversion and NO»- dissociation reactions, showing Gibbs free

energies calculated at the CBS-QB3//wB97XD/6-311++G(d,p)/SCRF=(solvent = water) level of theory.
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Table 1. Initial decomposition reactions of ADN, HDN and DN~ together with total electron energy and Gibbs free
energy changes, as calculated at the CBS-QB3//wB97XD/6-311++G(d,p)/SCRF=(solvent = water) level of theory.

No. REACTION AGE DGV
R1 ADN; = NH,NNO»+NO> - 125.2
R2 ADNy;, = NNO,NH,+NO> - 109.2
R3 ADNp= NNO;NH4+NOy - 106.5
R4 ADNjie= NNO;NH;+NO»- - 98.8
RS ADNjyg = NNO;NH;+NO» - 115.8
R6 HDN; = HNNO, +NO> - 96.2
R7 HDNi, = NNOH: +NO» - 82.7
R8 HDNip, = NNOH- +NO>: - 84.4
RY HDNye & NNOH- +NOy - 77.1
R10 HDNig = NNO,H: +NO>: - 77.9
R11 DN =NNO; -+NOy - 117.0
R12 ADN=NH; +N,0+NO3 1964 2047
R13 ADNyi 2 NH:NO3 + N0 1993 -200.3
R14 ADNp, = NHNOs + N;O 2128 2022
R15 ADNip, = NH/NO3 + N;0 189.8  -209.9
R16 ADNjie = NHiNO3 + N;0 2141 -199.0
R17 HDN; = [HNNOJ'[NOs] - 150.7 724
RI18 HDNii, = HNO3 + N;O 1678 -230.9
R19 HDNipp = HNO3 + N;O 167.8 2277
R20 HDNiie = HNO3 + N;O 1582 -235.0
R21 DN~ 2NO; +N;0 2004 -192.9

b) total energy change of reaction [kJ/mol]

3. FEMISUGET MBS

a) energy barrier in the forward direction [kJ/mol]

ADN D FEHI €7 /L YNU-L2.0 model 2455845 . L%ﬂ*ﬁ%f‘%ﬁzéhf:}imﬁkk [ONE] Ve
F o DT RREEE O AR T D B SUL O SO EA A, B IRAE

FVIST)ICHIY

BHL.

F(TST)E L OV AR IR RE B

BRI I D < HEEEE krst iU\TOTST%éMZ)
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kgT Q —AE
kngr = 20 2B exp () (1)

ZIZT, kslZANY < EE, WX T 7 R, TIXIREE, O 130 REIEL, AE I3RS R /LX —[ERE
RIZFKBEEMTHD. Q BIVAE ZETLFRHAE IV RO D ZENTE L. & HLFERERNS f
EEFHT AE% GPOP 711 7' A 9% FH LT-.

BT — 2% G4 1L 0% W TR B X QRO LD B b5 R & a1 P o BlER K 0 sk
Wiz, WD 2RIV, HHICFHEOIREAER T 7L E—AH % 2 KD Tz

Aleciq = AfH‘;as + AsolvHo 2
AgoryH = Hliq,calc - Hgas,calc 3)

T 2 CAH g 1TEFUEFFEDOIEEA R T Z L E—TH Y, AwvHOIZIE IR ~DIREE(Z Z TldK(aq) T
RATH Y Higeae B E DN Hgascate 1TFTEICE D RO 72T B L OKHFLFEOER = Z L E—
(QISK)TdH D. A g 1T T{LEAE ARM(Atomization reaction method)'VZ FIWCTHEMH L7, oI5
T H T E LR R L R AE R, FEHE) PO B RO FHIHIZIL GPOP Y 7 b
U7 V&R L7z, Table 3 ()77 —# %~ L7=. ADN (ZBE L 7= AL P REIT SEBR T — & 3
TFAE Lo, EHENRH RS EORGEIE L. L L 2015 4EEOWRE YD, ZOHETRD
éﬁﬁ%f—& IR ERBRENEENDWREMEN D D720, SHBITMATP RO ET — 2 FHH
HEOREPMLETHD.

Table 2. NO,-dissociation reactions and rate coefficients employed during the kinetic modeling.
k=A4T exp (-Ea/RT)
A’ n Eda’

Reaction

ADN; = NO;z + NHsNNO; 1.48x10" 0.0 39110
ADNj = NOz + NNO2 NHy 5.45%10" 0.4 36223
ADNip = NO2 + NNO2 NH4 1.02x10' 0.3 33981
ADNi = NO2 + NNO> NH4 9.82x10" -0.3 33975
ADNiyg = NOz + NNOz NH4 5.85%10" 1.1 35324

HDN; = NO; + HNNO> 2.30x10'" 0.0 38416
HDNm = NOz + NNO-H 4.00x10" 0.4 34798
HDNm = NO2 + NNO-H 1.33x10% -33 35267
HDNie = NO; + NNOH 1.12x10" 1.1 38354
HDNmg = NO> + NNO-H 1.34x10' 0.3 31525
DN~ = NO;+NNO;™~ 6.24x10' 0.3 36922

! unit system is cm s mol  unit is cal/mol
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Table 3. Calculated thermodynamic data of species associated with ADN decomposition.

[ o

SPECIES ArHogcate  Saggcatc Cp [K/J mol]

[kJ/mol] [J/mol K] 300 400 500 600 800 1000 1500 K
ADN; -46.2 414.42 130.27 15133 169.76 18526 208.75 225.19 249.44
ADNi, -47.58 406.40 129.6  151.04 169.64 185.19 208.69 225.12 249.37
ADNip, -45.68 410.41 129.92 151.25 169.79 18533 208.81 22522 249.44
ADNyyc -44.33 411.47 130.41 151.61 170.06 185.50 208.85 225.18 249.36
ADNiq -44.33 417.20 131.42 152.32 170.57 185.84 208.89 225.06 249.13
HDN; 86.14 347.60 90.52 107.67 121.43 132.14 14692 156.21 168.41
HDNi, 105.18 341.19 92.71 109.81 12332 133.74 148.01 156.92 168.64
HDNip 102.04 34491 93.02 109.92 12332 133.68 14791 156.82 168.57
HDNyge 108.39 343.65 93.79 110.69 12395 134.18 14822 157.02 168.65
HDNiq 105.44 326.58 87.08 105.56 120.29 131.74 147.58 157.45 169.89
DN~ 39.33 325.33 83.88  99.61 112.14 121.67 134.25 141.56 150.05
NH4NNO; 101.48 332.62 83.96 97.77 110.43 121.50 138.99 151.74 171.33
NNO>;NH4 86.38 348.79 92.99 106.76  119.30 130.24 147.53 160.18 179.67
HNNO:; 206.89 289.37 58.10 6640 7321 78.63 8635 9146 98.66
NNO:H 218.01 276.08 5733  66.29 7335  78.81 86.39 9132 98.33
NNO>™ 189.94 267.54 4747 5513 6127 6592 7199 7548 7947

ONONHNO; 106.90 350.07 98.82 11428 126.44 13591 149.16 157.66 169.06
ONONNOH 142.88 345.92 101.97 117.81 129.77 138.83 151.23 159.07 169.61
ONONNO;™ 106.40 339.18 91.18 106.02 11735 125.82 136.93 143.40 150.92

4, FEMHRIEY I 21— gV

YNU-L2.0 model # i/} L C ADN O#EMEHISIZHE D BgBi 2 v I 2 L —v 3 > Lz, FHRIE
CHEMKIN-PROPZAEH L7z, (RFE—E, Wi\ Gl T O TIRAB-NIZT, IHIEE 1.5 g/om’, 1R
363-623 K % 10 K/min CTHIR L7-BEOEEE 22 I = L— 3 > L7, Fig. 3 1< ADN OEEEHH G
BT BB T 5 X 2 b—3a URER R EEREGERT (DSC, SUS &' )2 Hv 7252
BRfE R Td 5. YNU-L2.0 model iZ ADN 78 2 BEOFREAE — 7 453 5 Ry e B RO IR A TR 8L L, %
BBHARIRE I L O RBWRHEICBE L CH BAF 2 Tl Z 52 T d . RET VL FELD B Z B )
W ERR 7R BEFR (RS, HEER, DSC BEAWOME)ZBE TE TWRNWZ LIZH L THEORMDEH 5.
L L, BB AT A—ERT 4 v T 4 I LD, B HEN OB 2 HHT5 2 &0
TELMSETNVEMBETEILZLICRERERLH D LEHITIBZ 5.
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\ DSC (experimental)
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Fig. 3 Heat flow curves from YNU-L2.0 model (simulation) and DSC (experimental).

5. FL®

F—FEE R 2 VT e 7 > MEERIER{LAITH D ADN ORERFFR G B 2 RE RS E T L
(YNU-L2.0 mode) A5 U7c. 85— BEHE L VRS L723EiBUS T V&2 W T, FHRGMATICE T
% ADN OG> I 2 Lb—3 g L. BEEZ PRI L7245 R, DSC HIE DR R 2 L <HIlLZ.
ZDREREATDHIEITFETHLHD, HJRE LY ADN O 8 4 TR ATRE /MBS E T
IUARFEIN R T & 7.
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Chemical kinetics evaluation of ionic liquid propellant composition

Noboru ITOUYAMA™ Yu-ichiro IZATO™, Atsumi MIYAKE ", Hiroto HABU™

ABSTRACT

From previous studies, it has been reported that ionic liquid based on ammonium dinitramide can be
liquefied with a total of 4 combinations of two fuels and two melting point depressants. Calculation
of specific thrust impulse and adiabatic flame temperature by equilibrium calculation is known, but
kinetic parameters such as ignition and combustion delay are also important for composition
evaluation or thruster design in the future. In this research, kinetic theoretic calculation using reaction

simulation was performed and its usefulness was evaluated.

Keywords : Ammonium Dinitramide, Ionic liquid, CHEMKIN-PRO, Chemical kinetics, Laminar

burning rate, ignition delay

B =

BEAEOMZEL D Ty =T AP = b7 REEM L L, 06 2 H & @il T4 2 FEORE 4
THOMA B DT THRALFTHETH D Z L 30> T D . NASA-CEA %13 U &2 Plirm
HIFHRIZ K0 EHE ) OWr B K IR EE DFHRIIBEA T o DA%, K - RBEEIL & Vo o
INT A= FTMBGEHIE, 720 LIRFRRIe 2 Z A2 REFHIBWTEE CTH H. AR T
FRIEY R 2 b= a e VR R R A R L, £ oA MR L7z

doi: 10.20637/JAXA-RR-17-008/0005
TONEEE 29 4E 11 H 27 B4+ (Received November 27, 2017)
T OHGURE LR RAFIERHE ey AT A LA
(Graduate School of Chemical System Engineering, The University of Tokyo)
2 OREIRIENT RS BB ARk
(Graduate School of Environment and Information Sciences, Yokohama National University)
PRI ENT R SR T
(Institute of Advanced Sciences, Yokohama National University)
O RPERTIEIT T A AR R
(Division for Space Flight Systems, Institute of Space and Astronautical Science)

This document is provided by JAXA.



28

FHAIZERTTE B SRR E B 76 Wiy JAXA-RR-17-008

1. IZU®HIZC

FHBE /NI L, FHEHEESINIH R EAESC - ostiibasko o s, &
D DUV ARNTHET) A S RBEIE 21T O MBI HEE R (X 7 A Z)ITkf L CTHEM X
NTND., AT AX TIRIRIRHEERDS TICHO O, O IR LEERSHEE D, —
IR, HEMESR O EERE L, WEEHAE R O EAL & HEER O BB - mtEREL (BE L Lh e
IN WX VEREND, BELMMENTH S Z L1X, NGRS 2T L DORKSL O 2
FETHD. MUK, HREEEIC TZ)?EL%\@E&)é%/\%ETJLZ) LZoemy, F
TS TS AREEZ/ NS THZ Lo H0, BEOHBEZED . T OREE,
FRFF ORI O EL 52X D ER S 5.

FRELR 7y P ORI SITHOC O D FEHORBHEEIRIL, v FT7 Y 0RZ201k
EMNTERTHD. FEEREVE L LTHLI, 5IKMERSHD Z Enn, BHRWICITE
BRNETHD. BRI D 12D OBEN LI T2, EAMEOBLS TIIAR T, &8
A MBBATLE Y. BUREZESE 2, EAMR LK 2 MEOBLE T, IRIEHEER O
IR TFE LTV .

HetE R o ErEReb, KB IS K DEAMEDN LA R I 5720, HERI~ORT= ¥
—WEOBEAPRE SN TN D, TR —WE L1, 5T FE= R LT —Z TR L,
BUMRCIEIC Lo CINE BN T 2WBEORHTH L. FRICEFREHK THERESNTZHO
R TFOTHZROLO, HERETHL ORI, BT —WE LIS, —HiDm
TRV WL, RIRHEESEORERL & U CEAH SN EEIRH 0, Flx X JAXA O
b Ra ¥ T I R HAN)R 1 HEER] (SHP163Y) <° NASA @ HAN 5% 1 ikHEEFA

mEMmmm,%LfE&H:ié?y%:vAV:%iimew%lﬁ%@ﬂ(mw-
103S?) 7T b 5. Eikod SHP163 X° AF-M315E 1L, & KT VU OFEE A
AT RERRE OPERE B HIES LTV A D, LasL, b ORI, i 2E&I,Tu\
THHKBER CTH D Z LOMPBIZ LV B K, BESE L ZENRHETH L. KK Th D72
DT, ZAFIEEDORESS, BT ARENR SN2 L ERFRIC LY, AlFapnmne L
DOIRERH 5 .

ZZCHRATERICHRE L 7o T D, Kie EORELZ AW X 5 HRIKT, @k
RIS K D IBEFAEHEIC OV T, IO PR R CTHRIRT D5 Z L2 AT, 2FD, &
TRV X — B ORI A & IR D & K, PRBESAN DRIV 2 MEETH 5. AHF

TR & LA A U PRIRIRICHE B L.

A A MR L, A A ALEMTH DI A M & LT EBO BRSO iz L0 %
i S A5 FFEIEE A RIBIRDOFR T 5. MR R 23, T EUSK LSRR TS5
ZETHIRFEETFICBWTRILT AR E RS> TS, BEROEEDOATHETEHZ L
KON RY U THEOSENPIIFFTE 5.

A A MERIRTITETR, R, KFETHRIND ADN @=L X—WE & L CiE i
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L7z. ADN [IfEFE N7 VAT 7 ZADRELAITH Y, IKFEH Sma e R O>WE Th
%. ADN DIEINITREL Y & 72 D WE E L Ol T A% B %2 R 1= WE O 3 iy T
T 5D Z LRV, BEEROIBEDD O EHRIE S5 Z LoV T, BT T
REINTND Y. ZOMKTHEOLND A A HERIKOEELHEIT, B KT &g T 5
LRI 2 MFITEET D T L MBI E RS R & B EE O ERE N HER O bl P

WA A MEIRIRIE ADN & REERHE, & L CRUSR: TAI TR S D . leiE & L CidE
J AFNT I UREBEMMANYSSE /) =% ) —)LT 2 USRI (MEAN)Y, @S FAlE L
TIFREILTERT 2 FAAIREIT HNDE. AT AF VAT A EEZ D4, HEED
PERES A T A X ORI K& K BE H 2 5120, HEEIROROE L5 KRS O ik
L0 BHRIATONDVERN D 5. AT b 5 KO Kb 217 9 LA, £ ot
RN LMY R OS5 2 ENEETH S, HEEIM AL Ol 2 Ik 2545,
B iR ERNTEET 5. HEED V& S TH 5 el 1 o NI FARRIIFHR Y — L Th
% NASA-CEANTITH Z &M TE L. LhL, EBEDR T A XTI TITEHE T ORRBER &
2T, BRENCRBEEN & WO TURBENT A — 2 OB b BE L 105, FHKELR
PRBEENZ BIE S5 Z L IZ AT AXEIEBN AR T 52 LICER S, AT AXEHEEN
2T AR M I S 0 2 F ISR ORI BT 5. &K - BTS2V LITR
RAHEICBIT 285 THDH. £ 2 CHIERDO R AT O ICHT= D, A A MERIKE K DSy
fift 77 A Ze it G2 & LT RBERS A 2445 L CHEMKIN-PRO® % WA ALZBG Y R = L —
T a vEITH I ETEKEBISREEEN & Vo ToREE ST XA —2 DT — LV EERT 5
Tl Ul BRBERSHRE OREFLIZ K 0, 5 KD SRR — L ORRBEE N & A5t L 728K
R FHEE VSIS b ATREL 22 5.

2. FHMEZERICHAEREEE

CHEMKIN-PRO (% 1) Reaction data, 2) Thermodynamic data, 3) Transport data D KX < 3 DD
IR —FR Y R BELD SO, & Y T Reaction data (2B B EEAIM L SRR D RESE
DRIEY R 2 b= a VIZBWTHETH S, HFHHLIZL D HE SN TV 5 ADNHMMAN+
IR DFEMEFEOSEEME SN, AFETIE MEAN &7t b7 X ROXHHSHE &
ek UYEBRREML RO 2 8832 2 & & Lo, 2 ORISHEMEI XS HERE 73 03 0 fif
LU <UTHETE LIARGE T, KR DX Z LG 5 Z & T h—Z L OFf ks
FOGHEREE LTV 5.

T RT I FICOWTE B b Zf B3 2 0 MBE0S 19, SfRAERM) T & 5Bk D53 R
& DRHE SN TS, MEAN TIET=F LU AF L RN/ — /L7 IV 1090 F
LA R Y ROGIRIE MZOW TN TH 5. £/, =& /=7 I 2B 5 OH 7
THNDOKFEGIRE ISR HE SN TS 90, HERI/NST A—FETIES R LT
V. 2D XD IZBHE OGRS 121 TIEEEM L ROS B A AL T E o, ARBFZETIR
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B AR LR EERRIEAT 2 O TR DRI O W THERI /ST A — 2 2B+ 5
Tl U BRMICT B TR RICOWTIE, 1) HOOMEIE,2) KOS, 3) Bkt
By, MEAN IZOWTIEHE SN TS 1) KBS E G, 2) =& ) —VT I 7V
DIREOER, 3) T8 ) —NT 2T D ANDEMASISIZOWTHE L., & EFEEtREIE,
KT AL & BRI HESR E A 097Bxd/6-311G++(d,p) 19, =R/ ¥ —EtH %A CBS-QB30 T3
B U 7o, RS EEMRATIE Z4F 52 ko> TER & L7z GPOP2D & v T3 i L 7=
Thermodynamic data [ DWW THE STV eWE OIXFRIGH TR HEFHEL AW T, G4
2T R F —FHE ATV, GPOP |2 &V B H L7, Transport data (3EEH1 CHREIEDMEL T
WD HDODOETERRL7Z.

3. CHEMKIN-PRO ZAAWz ¥ 2 2 L—v 3 VSR

AHE TIHEERBRE DLV, ADN:MMAN: JR 3 =40:40:20 wt.%(AMU) % £ %&£ |2,
ADN:MMAN:7 & k7 2 F=40:40:20(AMA), ADN:MEAN:JR #=40:40:20(AEU), ADN:MEAN:
7 N7 2 K=40:40:20(AEA)DF 4 FEICHOW TR L7z, BHRSEMtEE LTELSMEE 103
10°, 107 [Pa] TR E L 7=.

N B = —_ 103 —,—
3.1 JEREREE R BE LA g 10 ADN+MMAN+Urea ¥
JE A BER E D FHELAS B4 Fig. 1 10% S EASBPI\J;I'\EAAA_I\?PJ;:Q
L%, BHMSEREDI/NT 1X105Pa g o s
P FClE AMUSAMASAEUSAEA L7420 2 X
(@)
IEEMIClE AMUSAEUSAMASAEA b7 £ 1 I
. 5 10k
oFo. ZOW, A% T NASA-CEA 315 3
XD WK RIRE A BT S, F0 g
ﬁ/J\%f%&i)%{ﬁ%ﬁﬁﬁﬁ@kd\&gﬁ S 100102‘ ‘1‘03‘ ‘1‘04‘ ‘1‘05‘ ‘1‘06‘ ‘1‘07‘ ‘1‘08
L, Wik RIBEE & iR e i B D KN Pressure[Pa]
WCITFIBE A S D = LRI ST, Fig. 1 A F L MR R H A OB Heh e i
EFIRBERANET 5 &, WHATIcBIT 2 EERFEDER L Y kXD 50 3aro.
pL T AL =pg Ty Ag €Y)

TE S IRBETT ORBERENT —E DM Z RAFT D 1O b [ S Y12 D A4
PERIR DB L pp ITAKIC L HTH 1.5 g/ml T—EERETE D, Ko TRIKDORBER IRH
FE r 13T D3RI ADEEIMKAFT D, KRR IR AL VRIS 5
T2 O BOGRERE 2 BfES 5 2 & TRITIRBEEE D) B IR RIBEE 2 TR 5 2 L 23 AlRE
L5,
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3.2 BB

WRICERBEAET VE MW TE BN Z TN L. EREEHET AV CTIIHINEE ORE
EATHOMENRSDDH. A, BHEOMIZE L D #E STV AEKIRE D25, fERICED
M THHE KT L THAH 5000CHERTE Lz, EBFEE % Fig. 2 IR T. @IELRMLETH D 107
Pa TIEHEKENIL AMU & AMA TiXIFE A EEN <, AEU TIEFITEMEZ R R
Llroto. —F, RESMLE 722 100 Pa TiX AMA O AMU X 0 5 KEBERDENZ LA
DD . ZOFERIZ NASA-CEA OBIEVK RIREFI RO RN EFHBEN —H L2 & LY,
ATERI R R 72T CIL I 7o HEEESEVERE R 23T 2 TR W ATRBE DS RIZ S U5 .

Temperature [K]
Temperature [K]

5001

4. L LEBDOREE

ABFTE &0 PR E ST X I EHEERAVEI R 2T T <, W ERRBIFHRIC K 2RIl O HE
EESHARRT O MR IIFF TE 5 2 &R bnoTe. ERFER L OHBERNEEA+5T
HHTH, ATy FREERRZ IO &3 2 R ROBG K OE T VR O E)
HERETHD.
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Quenching of ADN-Based Energetic Ionic Liquid in the Capillary Tube
Yuichiro Ide*?, Takuya Takahashi*2, Keiichiro Iwai*2, Katsuhiko Nozoe*2, Hiroto Habu*!

and Shinichiro Tokudome®1.*3

ABSTRACT

Ammonium dinitramide-based energetic ionic liquid propellant (ADN-based EILP) is
studied as low-toxic and high performance monopropellant instead of hydrazine. It is
made by mixing three solid powders of ADN, monomethylamine nitrate, and urea. The
theoretical specific impulse is 1.1 times higher than that of hydrazine and the density is
1.5 times higher at a composition of ADN/MMAN/urea=40/40/20 wt.%. In the viewpoints
of the effect of the viscosity to the propellant feed pressure and weight of the tank and
atomization in the chamber of a thruster, there are some problems for application to the
thruster due to the high viscosity. We focus the capillary tube has relatively high
pressure drop in the propellant feed system. The objective of this paper is to confirm the
realistic design of the capillary which prevent a flashback to the propellant tank.
According to results of strand burning tests with SUS cylinder imitating capillary tube,
it is deduced that the flashback can be prevented in the capillary tube after steady
combustion of the thruster in case of capillary tube diameter of no more than 3mm and
combustion pressure of 1MPa. Realistic design of capillary tube is confirmed in range of
the diameter, around 1 to 2 mm, in the consideration that a total pressure drop of
capillary tube and injector is restricted to be 10-30% of combustion pressure for pressure

oscillation of combustion chamber.
Keywords: Ammonium dinitramide, capillary tube, flashback, EILPs
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WM, REFOBEEKMRKEZRAT DI L TCERSINDIBEBHRTHY, BEAEKE
ADN/MMAN/urea=40/40/20 wt.% 23\ CHEERILHED L B EIXZhThe K7V 1.1
L 15 ThDH. ADN % EILP IXEHETH D Z L h, G ORERER # > 7 HE,
MRV L CRBT 5 Z LR EZBN, AT AZ~DOEHICIISZL OERH . A
TR I, HEERIMHA RICB WD THBMEWENEREAELS2F Y ET Y —F 2 —TICEH
L, WKBGIE AT RE e LM 72 GRS FAET A Z E A RAET 5 2 L2 HIE L. v BT
U—F a—T %M L7z SUS HffizHWTA b7 v MREERBR 2 F0E U7 fE R, =TS
IMPa iZBWTH Y BT U —F 2—7HED 3Smm UL F CTHIEEFREZRICF vy ET U —
Fa—T7 THRAETHDLZ ENEESINT. £, BRERICBITDENE#HZEEL T,
XY TV —Fa—T AVl b ENBRRNREEIL O 10-80% &35 2
LT, FX TV —Fa—TNEN 12mm BETHD Z L E2HEEL, BIENRREHITEE R
L7-.

1 [XC®HIC

BAE, FHEOBIER L ORBEIHAA 7 22 0 —RAHER L LT RZ U UR A X
NTWDD, BRAMESE RIS B2 & SIREEHEERN T 2 2 & THRItEom
EHRICTHEOEMN 2 A FOHIEARD STV D V. EERE KRR & LT, &
R L7 o= AEBREHAN)SRT v E= 7 42 = 7 I F(ADN)Z2 KO E T 3L
XA LHN A KA Z ) — Vg E DO D U TR L 7o — iR UHERE A 23 i 5 [H 12
WTHFE S TV D 29, —0F, TR V3712 ADN 2t 3% 2 & TRk IKENE
HERER) L 0 @ 7 — A HEE R O A E STV d 9. 20 ADN ZRET= R /¥ —A
R AHERER (ADN % EILP)IZ, ADN, &/ A F /L7 2 Uil (MMAN), 3% (urea)d
B R ZRAT 5 Z & TAEREN, ADN/MMAN/urea=40/40/20 wt.% (2 35\ T B HHE
NEFEEITE RIVUCTHART LGS 155 THDH Y. —KISA A kIR L 1L 100°CLL T
TRLSZFSHO Z & TH Y ©, ADN % EILP (3 ADN < MMAN O 74 > % & Zr i@k s
OHERMETH D Z E DDA A RIREELIL T 5. BH L OBEMIEIC L L, EF0
AZDNEEREE FIZH VT ADN % EILP O 2 F 7 o RERBERBR 21T 5 2 & T H SIBRBEMECRR
PRIGEIR B 55 D SERE R R I 2 40808 U, 2 DR S5 AT & JBRBEIEI5: D L 70> & RISEIE 8 & 43 T
L7257, L2 L, ADN % EILP iZFEHAMETH D 2 & DRRALEEDIK T & > 7 JE 1O
WTIEZ v 7 BEORIIN ENEE SN, ADN %R EILP # 2 5 2 Z ~j#Ead 5I1213% < O
PR D B .

AHFZETIL, ADN % EILP DR HEEAIMAE R ~5 2 2 B2 I T 5720, EHR
HAmOP TS WENBREREEL DX Y T Y —F 2 —TZHFH L, WKBIEATREZ: ¥
YET ) —F a—TOXRENFAET HZ EERIAET H. AT AX O REMEHEET L
Z# Fig. LIZRT. RETACHMHRET NV ETHEDA Vo7 X FF vy ET ) —F a—
TERUNEZFEHOH L ALE L, 22Ty T ) —Fa—TL AP0 2%
bERESLZzONBELEd &L, BEBERENE P 295, Fig. 1 IZEFREERORES
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ARLTEY, HEEADOUAGIMFIET D Z & TRBEEND KRB V=7 Z0F v B
UV —Fa—7 ZiEE L THER 2 o 7 Mef D RN D 5. £ 2T, EHRBERIZS
KUTEKRBFXET ) —=F2—THIZBWTHET LI, F¥x 7 ) —Fa—T7HE
dxEEET 5. 72720, WALEBRICA P =7 Zd@imd 5 2 L2250 2R
T5. Fle, RETMTIROMBENG END. HEER X 7 HEIX0CE L, HEkmEW»
JEHEEDBAEC DL WERIEL LT, BRIEENOA ¥ 7 2y RAOBBENIEEET,
Fr TV —Fa—TLA V=7 2BIOEORNEOHEMEANIHEER 2 2 & [F CIRE
0CET 2. ILEL, FXYUETV—Fa—T0A V=l I KRPYK LT EITKRED
SENBEMA~OBGRKITIZET 5. EHAFERITHEEA OREN e THDH 2 L5, Fv
IV —Fa—T,A V=l ZONENIBBEEEN LR CTHY, ZOEIITRIEE
JEAOART LaB0E L TR T 5. FIIORBEREN T RT VAT 2% LFEREE O 1MPa
95,

LU EOHERERERME R E T /B W TEFBRBERICFT Y © T U —F 2 — 7 REIITREE
FENH LI L TRY, ZoENHH AMPallT) IZBWTHEXTL2FyE 7 U —F
2—T7NBEHET L. TI T, RUNSTHRELDE RN Z ERIICHE L, HRER
RGOWEZROF ¥ 7 ) —F 2 —T7DOENBERZEEMIT 5 2 & THERRBGEHE
PAFAET DA BGET 5.

Propellant Close
tank N T —
k N
/, Soo7 N
K Heater
P4 Solenoid S A

2 RERAE

2.1 &

FEE AW E OB A R 1E ADN/MMAN/urea=40/40/20 wt.% O 1 fifg & Uiz, 43
5 OEEENIZE BV CHZE 2L A & LT ADN/MMAN/urea=30/50/20 wt.% % &7 L
72D, T AVITHEER O WK IR A SiC/SIC HEAME 2 Fl W T2 REESS O MMEVEE (R
1873K) % Flal% Z L #RELRMEICHIT TN DHHTHD. LiL, ZORALEIZHART
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i FEHE ) CWr B K IR 28 1976K & 72 5 Fid & kb 28 ADN/MMAN/urea=40/40/20 wt. %2 30>
T, HSHAENC X0 BRSO BEmIR I XM BVK IR L VIR T35 2 &2 0 FEEAICMEH
ARETH D Z EnHIfFESND. £ 2T, MM EIOmMERIL S HEFIC AN TRERICH L 2
BlA & LC, ADN/MMAN/urea=40/40/20 wt.% Zfiat L CW\ 5. 7=, ZOBEAHRIT
ADN/MMAN/urea=30/50/20wt. % b CTEWRBERE 2 Rr> 2 & DD L0 ik Lo
WEELWSRIEE 7o TN D,

2.2 R NJ v FIRBERER Hot nichrome wire
ADN % EILP (2317 2 1R B DK%
B3 5729, EJ#iPH 0.5-3MPa (28 W TA KJ
> FEREERBR & it L 7-. Fig.2 IZ A b7 v REABER mm
Propellant

BRICHW =Y 7V OISR 2R3, T7 AEDIE  Epoxy resin
Ic SUS P& =K% B CHEs L, v ) oy s SUSoinder
THEZ L7z, SUSHfEOEICEL X, EX
15mm, WfE 1, 3, 5bmm, #ME 7, 15mm DOFf 6 /3 ¥
— & Uiz, #E#ER)IL SUS HE o Bl A S 20mm O
BMIETHRELL. 7 NVOREITER 23CHITH Y, Eilk LT L OHEERNIC
NTHEETHALRLTWELWEREE L, 20Tz 2 T v FRBESNICHRE L,

EFRNMERE T ICB W THEA O R Z =7 7 At e — & THK LTZ. BREORETIZA b
Y RBRBERR OB AZBL CET AN AT T L, BRBEEE LFHI L.

WIZ SUS MEINA~D K RARFE OHE FIEIZHOW T 5. K THAE L7 K KIT%IE
L, SUS HENESHEHRBERL ETHIT kKX SUS HENEH~@imT 25 Ll 5.

, KR SUS Mff D EifiE T L7=1%, SUS FRIND B NERFREE ORIV KR4

L7284, SUS MR E KRERE L L HE L-. —FF, SUS MA@ Ll TEE L7
&, SUS MEWNASKRIGRE LW EHE Lz, 72, BREERERZ IR U 7z HEEHI% & 4
FHHIL T SUS MR OAFEIZRE T D HEEAI FE R 2 F M L7228, SUS MR- BV k%
PRI S NTZ5E D 60% L EOEEZRT Z ERH o7, Zid SUS HEHNOEF THE L
7o FREMESC SUS HfF DJEHE & 2V 2> 3 AOFRBICERE L T T HEERI S B 5 %
REL LIEFREMEASE Z B, MV KR OB & HEERIFRIER 100%LL % RIRFIC6 7235
BN Z VG L LHEERFEHESEIL SUS BRSO KREREOHELEIZIT R R0 L
Hr Lz, SLEns, ElRU7ZKROBRICES S FIETKREBEOFBRELHET L L &
L7-.

Grass tube
mm
Silicon rubber plug

Fig.2 #EeA| L SUS M
& H T A&

3 MRLIBE

3.1 RRAGBRIFOMER L HE
A BT v FRBERBRIZIS U D KRARTEOFIEIC LD, SUS MfEOWNEE L EIZET 5k
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ARG 2 S Uiz, SUS ORI 22 A2 EE L THME Tmm B L 15mm
BT D KRIEEER I FEN TN L2 AT T 7OBERNREE TS -T2 Lk, N
5O KRAGTESRMEORE R A2 £ LT Fig. 3 12/~ L7z, SUS MR O & REREFD KL
WZBWTAEN SUS MENZERFE L2 HE L., RENEFO Y 1y FElE, EhEh
KRIGIE LT Z L BEOKRIBIE L o122 L 28T, GO 71y bld kK Asfk L=
HIETE o lo i Thsd. FOHMIE, HRBESENH, SUS MfE O L ToHEE &
SUS MR D DRNKR ZH TE /2ol Th H.

ZOEBREMOFHBEANICIHE N TIE, HDHENBLONRBICBWTAREREL TV DHE5A,
TN EOENBIONBRIZBWTHARIEEL TS, £72, HHENBIONEIZEN
TRREREL TORWEE, 2L TORETR X ORNRIZE N TH KRERHE L TR
DD, ZOBEZHMLEDS L, Fig. 3 O X ) IR EOHEOMERITZN TN K RAFEER
EIERRAGRRER TH D LHESND. - T, HRELDOEIMERIFMEZZ O 2 SOEEO
MICHFET 2 B2 b5, EREMEEET VIZEBWTIE, ERREZICFYET Y —
F 2 — T NEINIRBERTE ) & A LU, PIIET) IMPa LLF & 72 5. 2 OJEjHHICES
WCKREERELRZNEIICHF Y BTV —F 2 — T NRERETIUIH K Lok RITTHER AT

RRTHLHI LMD, Fig.3 XV Fv 7 U —F 2 —7 WL 3mm LLIFIZ

e

AX AL

5z Lk

HHND. e, ZOZ LIERIROHEEANCB W TRRNLT 5723, ARTTI/VOHEEARREE 0°C
B W TITARIT K AHEHER O FECRER ~ DGR D BN KX 20, ERERENILKR
TAHLEEZONDZ EMND, ¥y TV —F a2 —TRHNEDOERZ 3mm IZERETHZ 213K

VEEThHDEHRIND.

SN
=

N
=)

. mE ¢

&
S
T

[No flame

g
)

Inner diameter of SUS cylinder [mm]
= =

Flame propagation region

* * *

HE B ¢ < *

[propagation region

=
1<)

0.0 1.0

2.0 3.0
Pressure [MPa]

+ Flame propagation
® No flame propagation

No judgemet

4.0

Fig. 3 #M% Tmm & 15mm @ SUS MR B KRB RES1:
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32 Xv ESY—Fa1—THBROHE

AT CIIHRAREL DXy BT ) —Fa—TNREZHE L. 22Tl REREN
IMPa lZBWCTATAZPNEFBREET D2 L2BELT, Sy TV —Fa—TEM 0V
IR ERDEEENRELHE L, ZORBEICESHTHENICFYET Y —F2—THAEL
BETD.

LT, ¥xy TV —Fa—T A V=l 22 0bEIEIRRARZRHET S, BESLO
ERNIZBWTADNREILP == — UK S ET D L, ARITL<ALNDN—F
c RT A 2RADIESBRK LT D

2
L P g
Re, d, 2
Re, = 24% .. g, 2
u

7L, BNRAIVIBIR THD ET 5. 22Ty IEENOEEMETHDH. 2, p & uld
ZNZEIL ADN RA A N RIKDBEE L METHD. RelFF vy BTV —Fa—Thb A Y
=7 XA ETORBONE I IIKIET D LA S IVAETHD. v IXHHES) 1, »DiEFE (Eq. 3)
CEEREmOR (Eq.4) 2»OHEEBINS.

F=1,mg --Eq. 3

rd?

m= pv, ~Eq. 4

T, FiIHEY), gidEm LoREEE IEE (9.80665m/s2) ThoH. ZIT, #HEIIT
DWTIHIE INET ) DA T A Z ~DIEHEZRE L, 1,3, 10N O 3 KEICRE L. Lk
(2L Y, Table1 & Table 2 D HEEMHFIBEIWNEQ. 1-Eq. 4 W5 Z & T, [ENHKAR %
R 22 LB TED. 1220, WD 1, 3L R Y 7 - NASA-CEA® % v TH
U7z, MRS, WE—ROCMrBsRE i, ABE=EE ) 1IMPa, / AVBAA 50 THD.
T, EBENCRVELIESEZ®E L. 2720, SUS HEEE 15Smm £V & EVWE
Z 3ONRT AL ol —J, W& ITATEIORERICESWTIHRAIRELE DX ¥ BT
J—Fa—TNREERDEHIIT3mm UL FE LT,

Fig. 4 ZHHENTBIT D b A NV ABOGEERZ 7T, ZORBRLY Re IZMERNRN
ICBWTEIICER T 2R LA 2 LV 28 2300 L W IRVMETH D Z L b, WHALIZBH T
o EHWTES. o> T, ADNREILP #==o— h iR EIRET H &, BRI
— Ly e RT AL afiinnk eV, ENHEKARIX Eq.1 THEES.

Table 1 FFESM: 1 1 2T 2 & L HEMER O FME
F I, P Y 1@273K

N s MPa glcc mPa-s

1,3,10 2499 1.00 1.49 332
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Table 2 FHHIRM: 2 : HEHEA BIFLEESA X
dl ll

mm mm

0.1-3.0 30, 50, 100

= 160 R —1N
= 140 —3n
2120
~——10N

5100
e 80
= 60 -
2 40 H
g 20 -

0 N

0.0 1.0 2.0 3.0 40 5.0

Inner diameter d1 [mm]|

Fig. 4 £#7)1,3, 10N TDO LA / VA OENE (x4 DA

HES 1,3, ION (BT 5 3HHE #%%Fg5 TIZZENEIWRT. &7 T 7RSI 320
A 1=30, 50, 100mm (2331 2 NEE dICxtT 2 LK AR DIRFEZ R LT 5. HED
1, 3, 10N (2B T, W d O IC bed152030mnHLﬁ%h@% MIESVAEi=FS
ARDMEIMLTWD ZENRFND. > T, ZOHEN L L TIEIAE L - 2mm fEIZEB N T
R E R MRS /MR EOF v BT UV —F 2 —T Thd LWz b, —kiC, REEEIC
B DIERENC L0 HEEAIAG R ~HEER ST 2 Z & 2B T 570, A1 v =0 X
DJEEAR R A IRBEEITE T 10-30%FEE L 725 L 9 ICGRET H. £ 2T, JENHEKAR% 0.1
-0.8MPa 4% Z & T, Fig. 57 DEHRENSNE d A2 ®ET 5. Table 3 12/ =50mm (25
F5FXF ¥y 7 ) —F2a—T7NREROMY HLHALZR~T. BHIIZENTHE d X 1-2mm
BETHLZ N0, AL TEEN LR ¥ T U —F 2 — 7T NROKFHREIF
ET5 2 EDRHRTED.
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40 ¢
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g 10 |
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i ——11=30mm
= i
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- i
n_‘ L
<20 r
@ i
= i
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00 Lo
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o
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Table 3 &HE/12H1F 2 W KB Ik ATREZR d, DHIPH & Z U KEIGT D AR O#LHH O HEH
fii ke (1 =50mm DY E)

F d, AR

N mm MPa
1 0.89 —1.17 0.3-0.1
3 1.17-1.54 0.3-0.1

10 1.58 — 2.07 0.3-0.1

4 F&o

b KT UNCb % Bk e AR FEEHEE R & L C ADN % EILP SHFZERHR ST 5 28,
A F IR L R EREME (SRIEC 100mPa « s F2E) TH D 2 & 0 S REME N HEEAIIEAS R
~EZ B BSOS E DL TR E AT A X ~DIERICOWTEL OFEN D 5. AR5
TUE, FPERHEERISE R~ 2 2 EBLZTHET 5720, SWENHEIEZELL2F Yy ET Y
—Fa2—TCEB L, RREMEEET M ESW T A IETTRERF ¥ BT Y —F 2 —
T OFRFHRPIFIEST D 2 L 2 ERmANCGHE Lz, Wk ZBIET 572010 dF v BT Y —F =
— 7 NREHRERRWICRETD2HERDH Y, HWREROEIMRIFEEZRET 5720 A b
T v N A ER L. ¥r T U —F 2 —7 %M L7 SUS MfFIZ ADN % EILP %
FH L, A M7 2 NREERRZITO 2 & CARBIBERMEEZIER L. 2R, $vEvE7Y
—F 2 —T7WNE%E 3mm LLFIGRET D 2 & T, BREESE S 1IMPa O & & BRBER (2 HEE A 2
VI ANDMKERIETE D ZENRESNT. £, ¥ T —Fa—T AV H
AR T RO NBRARATIE % BLRG AT L, B E SR 2R+ N d, BMFEIET
D EMER L. MBEENICBI AEREZBET 5 L, ZOEIRRITREEE O
10-30% L 25 2t nbF Y BT —Fa—TONELIZBEZ 1-2mm THH Z & B00
0, WKBGIEATRE CHREMRT Yy BT ) —F a2 — T ORFRENTFHET D L2 HE L.
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TR AY = NT I RETERE UInA 4 IR 7 VHEER
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Study on gel propellant of ionic liquid system based on ammonium dinitramide

Kento Shiota™?, Yuichiro Izato ", Hiroki Matsunaga*4, Hiroto Habu ™, and Atsumi Miya.ke*3

ABSTRACT
Ammonium dinitramide (ADN) based energetic ionic-liquid propellants (EILPs) are expected to be used
as replacements of hydrazine derivatives because the derivatives have high toxicity and volatility. For gel
propellants (GPs), the propellants have been studied as future propulsion systems. Since GPs use liquid fuels
such as hydrazine derivatives, GPs have same problem as liquid propellants. Therefore, we have focused on use
the EILPs for ionic liquid gel propellants (ILGPs). Here, ADN based ILGPs were prepared and their thermal

analysis of these samples were conducted to obtain a better understanding of their thermal properties.

Keywords: Ammonium Dinitramide, Energetic Ionic Liquid, Gel Propellants
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Foxld, B RTIVUICEDLDIRIEHERE LT, 7oE=T7AY =17 I K (ADN) 2> SRS
D EERNT —A F U IRIERHEREA] (BILPs) IZEH L TWA. — 7T, IRIRHEER & B AR HEE 3L
DR RZ AT HHER L LTSN 7SV HEERICBW TS, B R P UFERN T LT D
WRARHEER & L THWSH A TWD . £ 2 TAMZETIE, ADN & EILPs O 7 /VHERER~ D1 IZ m S,
ADN 3% EILPs 25 72 5 A A K7 VAHERER] ILGPs) DO FAEL & B3 T2 X 5 BV D B 417 -
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1. FUBIC

BAFBIEETE RV IIEDLS —RfEER LT, 7yE=U7 ALY =173 N (ADN) &
FHE Limmm RV X — A F AR RHEMER] (EILPs) DRFFERHFE 217> Cu\v% . ADN % EILPs
1%, B R Ll UTHRAEmWET TR, EBREMENTZ D5 B MO i T OB ]
mEND., —HTHONMHEERNL, BRELEERORNED S oK TH 5. FIVIZEHOF
BOPIZHMZA LT b O T, IREHEER L i L TR A2 REOTICE /T2 LR TE D
W, TRAX—EEEETDHIEBARETHD. £z, ¥ 7ICRASRDBEAWESSA, ®IK
TIERH LB RICEDERIER S D DIt LT, 7 mT » MIZOREErE b TRV .
TIRAHEEA OB A, BB E B LA TR TN VLT S, BEHTIE Y = MRES v v,
b K7 O UiFE AR L, BEANITREREE, @Rt kERE, ERREIE L TT LI =T AR
2 TR NERHNGNE Y. FAAbBNTE L r — REFEEK, U A RN LTINS
E RIVUBERTHLENHIATFLE TV, THa—RX, =F)Lkrn—%, b Rno
XUAFLEALB—=R, AFNEALR—=ADENEND T VALHIZ T-17% REG LT ML T 5 2 &
DRE SITWD YL IR HEER O 4337 & RIERIC 7 AN BV T h, BREHE L THEMEOKN
TH )T IVET AR —RAERE LT UET D 2 el SnTng . & Z TR
P2 DNRARHERER & U CHFFERA%E & # 5 ADN 5% EILPs O 7 L HEEER~ D HIZ A1, ADN %
HU«#E@%%%V@%&»%@%auﬂ@wﬁ%&@“ﬁ’iéﬁﬁﬁwﬁﬁ%ﬁok.ﬁ%
PriciTmZEAEER (DSC) Z AV, F/HEAIREIC K 2B~ DR B4R LT,

2. KB

2.1 AHBRAR

A RS LT, ADN 5% EILPs CTIRRELRAAA 2 FERL T 2 =55k ADN/ &/ A F LT I il
HE (MMAN)/ JR 35 =4/4/2( E &L ) (AMU442) B LY, 2% ADN/ 7% b7 2 F (AA=1/1( B &
It ) ? (ADN/AA) DIRAW % T2E L=, ADNITMIA A THZ AV, JRHE, AATFOEMSE T ¥R %
F 2. MMAN 1T, Fiehlisk TERLO 2 F 07 2 2 KIAHR (40 wt%) & SR (60 wt%) 7B ARk L7z
FAALENT, ZAMEESKOBEENE SO CHEMA SN TV T e — 2 (agarose) B8 L /Lo — 2R
BEATHLE Frfo7ritila—2 (hpe) & Wiz, 7 IALARNT TR TRtk T2 4
R L7, ZV o, AMU442 35 X OV ADN/AA (2% L CAMVE] 10 wt% 23RN L, AR CiX
HEHEA & FALAIDIRE LT S 2R T5 720, HEEEZITORWRAFEEZZE L. 50 CO
TEIRAE C 24 BRI FRE L 72 B ISR 2 I H L=S|IRICERE L, 3Bt O S 7 VR A BRI L iisEh i 2
BT DL TRBIO T AL AR LT,
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2.2 AT

AL 72 RUR O BV B O {U P2 121X, TA instrument $ SR ZEEAE B EFDSC Q200% H 7=
ERARRRZAT o 70, WESRMEIT, ABEA1.5 mgZ SUSI03EHAEVICHEL, ARE
J£10 K min!, % & i PH 2 -30~400 °C& L7z,

3. BREBR
3.1 ADN R ILGPs DA &

AMU442 5 L U ADN/AA @ & 5 12 agarose, hpe O ¥y K 5k & 44 E] T 10 wt% R0 L 72 B,
agarose |X & H 5D ORFIC & 438 L 72728, hpe IX ADN/AA O I8 L, AMU442 Ti3ig -
IR E, RPICOB L ehole. TRTORBHIBWT, IREERITHRD T AALAIDN K TH
5 Z Eid7e o7z, Tablel IZ7 LA ZIRE L 50 COEIRFE T 24 FEf#FE L7-%%, B ANA
T VIR AR U T-BR OB E & R (AMU442 hpe 1ZH#R% OB E ). 50 ‘COEEM T 24 BRI T
ik L 72 R ICEIRICERE L7EAE S, AMU442 @ agarose 115 % (AMU442 agarose), ADN/AA_agarose,
ADN/AA hpc OFREHIFEI & 720, AMU442 hpe 1TiEW 28 )E & AWM Z R L. 7 Ab#lZ iR
A3 DHIE, Tablel DAHHIZAR L7 ADN/AA O X 9\ ZHEME 27~ L7=alBhE, 7 ez 2
BT Z & TR TR ARICE L ChitEitEZ RS <2572, AMU442_hpe LSO 7 v
ITT AT LI ZAM T RIEE D bR EL< 2o TEBY, FbL TS 2 &0y
Molo. LL, AMU442 hpe IZf#R Lo & 2 A AWEITHIR & 72> T D, Tablel IZR7F X9
(B 7240 1E ADN R A A IR D K 9 72 i EME 2 (R FF L T2, hpe & il L 72 AMUA442 FLa o
BT LT EZBND. (65T, 4IE ADN R EILPs N7 AL d 5 Z LB EeoTe. —JF
T, 4 ADN 5% EILPs DRI I LT 7 ALAIDRE S, 7 /ALFIDOIRE 7RIS\ TIIET
DHEMDD D Z LD oyhoTz.

Tablel Appearance of AMU mixtures and ADN/AA mixtures

ADN/AA  AMU442 agarose = AMU442 hpc  ADN/AA agarose

3.2 BASHERE

Fig.1 IZ AMU442, ADN/AA & ZiLEhd 7 ALEE O DSC #h#f Z 7: 3. AMU442_hpe | &5
BB LT ME LTI TV ERE L. 2 EN0 ADN RA A RIRZ VEEHZ B
T, 30 COLREZAT7D, FEdm b-CRlfE7R SIT0E 5 B - 2L, BlllShiehoTz.
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W THRIHWT-HHD R D7 ALHNRAIZ X > T, ADN 5% EILPs D855 O BRI H 3
HEORTEITENEEZOND. FOALREI O REEEENICB W TE, ADN % EILPs ik & [FRE
(2150 CHEEDDREBMNBHI SN2 LD, FMLBIREIZ L2 KIBREZEEOK TIXAET
RNT EARBEE L. 150 C XY @m0\, BILPs MK L i L TR 5720, 7Ll
DEIGIZFE L TnD LB L.

LYW W !
AMUNG2
_AMU442\_§arose

" AMU442_hpc

Heat flow [W g'!]

-30 30 90 150 210 270 330 390
Temperature [°C]

Fig.1 DSC curves of ADN, MMAN and Urea mixtures

4. L& H

ADN % EILPs @ ILGPs ~® i ARGt D 7= 6D, AAMFSE TiX ADN 5% EILPs (27 WAbAI Z IR G L
ILGPs DB 21T 7=, HHEW R D 7 WALHITH 5 agarose & hpe Z V>, ADN & EILPs % ILGPs
IETEDLZERHLNIIR -T2, Fi2, FAL LIZs Bt OB T 24T\, 7 UALAIIC L 5 ADN %
EILPs Oifit i OHT PV E M O RIE 72K T3 A U2 AlgtEidi v e B x oz, 51, ADN
S EILPs (Zii L 72 7 VAL F 0038 E X0 ILGPs O RTGTIEIZ B4 % 51 73 KOV AV HEREA D B2 70 Ky
PEL IR DHMET — X ORISR NI L 72 5.
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Study of Convective Kneading Efficiency of Peristaltic Rubber Mixer

Akihiro IWASAKI™!, Kyota ASHIGAKI™?, Kotaro MATSUMOTO™, Yasuyuki YAMADA™,
Taro NAKAMURA™, Hiroto HABU™

Abstract
To develop a safe and continuous composite kneading system, we have practically applied
peristaltic rubber mixer (PRM). Its contractive kneading motion by a new soft actuator, air-driven
artificial muscle, is so unique that the kneading has not been understood yet. In this paper, the

convective kneading efficiency was discussed, pointing at the mixture extrusion by the PRM

contractive motion.

w =
BRNOEH e 2 AR Yy MEERIRI S 2T AOFEBLUZ AT, o TihEhEE A T
N—IEG% (PRM) OFEAIZED A TN D, PRM IXZEXUEBREI DO N THA & W9 BEFF
DIREFRITITR2VHLNWY 7 T 7 Fax—X X > TUHEEIEZIT 9 72, IHEENME &
FERBR & OBRIIRMIHTH 5. 4EIL PRM & 7 A >+ OIUHEEMEIC X DIREH O L
H LHERR D D IR B H N BRI RIC BT 2 B R 21T o 72,

1. [FE&HIC

1 —F ' — 7 L (Launch Vehicle, LV) HEA T 7> MEEZR TIXEK2 7> hE—#
(Solid Rocket Motor, SRM) NIZHE(L AT S 7c 2 ARy MEEER TOREINTE
Y, HEEROSE LT — ZRBEMEREICER T 5. AT, LV iﬁifﬁé EEEDK 9 F
DHEEIRTH L. <A m— NS LT TGO RILRA BRNCE L T, a7 BE D
EAHERESE 2 BPE T D EINIT LV D 2 X MEEA~ERE S W & Wz K.

L2z s, ERICAZMTTHD E, BUEDO A RY y MEERRRGER(H Tl ®E
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HRIZIEANRZ TLESTND D BEORKD LV ICHWLN 2 R Yy MEESKT
IXHNLARFE S 720 O = A R MR SRS BN & HITHEDIT 50 53D 1 UL R L7223, 7'
> R OKAEUE « KN SRM I FEH T D HEEK OB E- T, 2 OBESRITET D & 72
STLESTWDS. THAT UV AOTTHITH Lo - BHENREZTIEEL LD & b,
BEOa U RY y MEERRET T NIy FRIEMGR 2 S LNy F 7 e 2 Th
5729, ZOFETIFERMEEPICRKAYL LT LE D Z RTINS, AERES
TV MREICHED LD, 7T MRAURIZA S TidZew. LVH TS 2032 I12RKD 5
NLEWMEEMS, 20567 vt v VAR D8R EAHET L L 91 nwTL
F95. WET T FORLESR L MEZ A ARARNICAE T Z ENFETSH L.

ok EoT, HEEMED o 2art S R EASY FRDSEBRAL X,
FIFMEGRE T 7 v MNEHEAE Y - 0 ofES R 2 m bS5 L13a8Th S, BE
27U 7T B LA TWDN 2, etk & EHEICBRT 5 OB @ = 3L X — LAl
B R SR T AT LR Y ~ ORI Ch H. v — X AR X o TR T % BEF
OERARFIIEE T, ®= R F— R0 7 — Xl Z0A RO 8 T v o SRR K Fl
~OBEDPYEFRTE T, 2 HEERREZ 2O WA LY., £ CTEE LT —X
AR & 72 VRN AAT 5, 8 LW R 7208 fnZi &, PRM B L THFEAZ 1T > T\ 5.

PRM (3 J8 2 A F = — 7 CTHERL S A, M5 s A TAR A, PR HEEE SR k) &
DEBEEBE L C=NINTETZIALLRoTND., BF a—THOF ¥ o N\2%E
SUEZEINT 5 &, PRM 1T A TRHRIC L > CTHIGAIZIE LoD, PlITF = — 7 23 k424
% (LLF, Z 0O@ifE4 PRM UUHEENE & /5. = A THERL S, MR AN E & 1M %
179728, PRM I IXLEITHEESIRN TE 5 LRI TV 5 Y. PRM IUHEEMEIZES D
I OWHEENEZ BT 2 6 D TH Y, IHENEY OIS LR U X 5 ICEE PRM &7
AV NOWHEEMEDEE T 5 2 & C, IRAGMEERIEZITHIZ LN TE S, a Ry y M
HEHE PRM THIITE 2 Z LRI NTND S,

ZDXIIZPRM OF IR ENTZ, PRMIZIALHRAE W) VT N TV Fax—2 %
AW IAEEE T AT 5, T E TIChWiRfgE L2 >, 72, Thnw z1Z, PRM
BE T A — 2 S ESECNAEENERR, &7 A v MEENEE) X — 2 LHFFO L DO TH
L. TV MERERIEZD &, BIERT A —F OEGEIRIETR O 72 DI I FIREAE 23 D
BAEMIZHEZ 28 ZBFT 22 EREEE 2D, 26T, HIEEIT RO, ’BE
mABIKDORKE R ANDY (BTN - 5 2 ORLF ALd DI K 28—k (ZHdR
)« fEA B R OREIR O AW iEe (G AWHEFD) @ 3 BRIZHESN, TRHD9H 3
DIRNUIE 2 OPBWAT L TERH L TWA. 22T, PRM H—t 7 X > F OIUHEEIE 1 B3
IR G5 2 D2ER (BEIICIINERT = — 72212 X 2 JEHE R & O L L EEBRR)
WL T, ERILITHFZED TS, SEITEIC PRM &7 2 MMUHEEIEIZ X 2 PES
RAY O U LHEREOEIHEFIEN S, PRM OOERESE & ZORICE L TEL
iT-o7.
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2. RE
21 EERECHEAESE

FERIZ O 2 BRI HEE I 2 A O TR L 72, BPBHTIE, RmKEEER Y 7
& (LAF, HTPB; P-41,JSR), 7/ =7 LK (LLF, Al TFH-AOSP, HiET7 /LI =
v &), bV oA (BLF, KCl BREA Y UL XA Y Vv ) ZHV. KCl 2R
LTI, iz AW TRER ¢425~300um O H ORI LTHWE., ar R Yy MEEKT
AW FRRT v E=0 LR 1% KCLICE M - TH 5.

MR 2 Eh 15 0 EZERAEE L 7%, HTPB & AlMEREZ 77 %4 U IXH4T10 %
BETHM L., TO®BGOLNZTEMAZ VIZKCIZHALTT 7242 U IF 4T 3045
B U R A ERL L7, 7T %2 U I X0y FHIL 65°C OIR/K THNE L
o, I3 E U IXHORET L — NIXAERHEE 7.8 pm, HESEE 15.0pm & L7z,

TR L 7o e HE S ORI TR DR 1 Dl Th 5.

F 1 RS ORI

AN A SP-1 SP-2 SP-3

HTPB 4 12 20

Al 6 18 30

KCl1 90 70 50
SCHALIE wt%

22 BERE(CHEED X8 CT Ry / FEhtE- BT MR

SR [E FEIEREE 12 361 2 4 B oy DO ME I IR A ) O TR B/ VB 7 W BRI B A K
EF 720, WMEROFEFITIXEE L /o> TL 5. HEESREFD (HTPB/Al THEFIA T U L#g
AR DTN D56, THEMA T U LRRARLT, Z2BROEEMEZ S 2 UK.

B HEER Z N ZNONEEZ X i CT Axy U Talfidb L7z, X # CT A%y 2
TOSCANER 32300uFPD (TOSHIBA) % /2. A% ¥ U 5:F1L, BELE 130V, EEIHR 300
A, A7 A AJE 0.099 mm, E77EAHIT 1024 x 1024 pixel & L7=. ZOHE, BHHhiz
CT B OMEFEY A X124437 um Tholo HEMO X A F I v 7 Lo Pid16bit & L.

Fio, FHEMEE L RAWIRENE - BYEOMHBE CREEHEEER A G L Lo b oix I E
THAE S TRV, & 2 CHRIEREEIRS T 7 st U CiiBhiE: - M2 W3 2 525
EiTol-. BV TIN50 g BHTARD BT 15 5EEL, BIRELEF -, $7-08
PERH D LR CELOIZBELTIE, =|IRT, EEEREEH 2 AV CHEDOHEZIT-
7.

2.3 PRM &5 AV MRFEEI{ERER

PRM B AL FEK 1 OXHICHEIZEE, Fnx 77V CHE, bmidts7 2 h
ENRERDEET 7 UNTF 2—T 2B L. 2O PRM £ 7 A2 bOFIZ 2.1 i TR
U 7= g AR L e 3R 0 X Yzl KCLM AR, HTPB Hi(K (IR T 4.2 Pa-s, IREYAREEGF T
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HE) 22 TREV DAL, PRM &7 A2 k&I S 7.
I fE S B2 BRI L S 72 PRM ONEY B L O PRM Ol 517
MR S ZME Lz, £72, 827 A2 MO, IUHEIc k> T
7 A FNTHEME SN ZNEY OBE BT 2. PRM IUHEDERD
FIINZE5E 771% 10 — 80 kPa TZ (L &7z,

3. FERELEE M1 kA k
. . WS S e

31 EERECHEROFTIEEELFOHRENSY

BB L7 XBCT AX ¥ VEEOF E LTSP2DH D %K 2 127
9. CT A% v VEBT T KCl b+, THEFAT Y, ZEMILZ N F 108 08 fE 2 £5.
b EEEMOBRITREOWEE O MBIV, CT BEN L FNE N DSy O
EEE L DD EE2 DEY THD. F72, £ 2 IR F iR 0 25 L 7= i Eh
P SRR LR LTV 5.

#£2 F ozl

Fo T SP-1 SP-2 SP-3
ROy DT A
KCI ki biis i3 pii3
HTPB/Al %2 5 U i H H
72 " H i
v shPE i I A (85.3 Pa-s)
Y b5 A il

SP-1 DHERFHEIEIT RIS T 2 T e KiTh, BB LR-RnE Shb.
o, REBIFRLRTH -7, SP2 137 7 =F 2 T LT, B> L D, F
REIIN—=Z PR TH -T2, SP3 1TAT VLT, Bk BEzRoLshd. &
BB SV L ER LT, RIS D LR LT D Z &M S he.
B - BIEOFBEOHHNIEY TH L EEZBND.

3.2 PRM IN#EBIEIC LR NEMDELH LEFH “r ]
43 124 E O 38TV 72 PRM OIGREENEICHE S g S
PRM O i1 & SR OIE W% 7. 50 & " " 1
kPa (2T, WHEREITNEL Ro TS, = E . ]
DIENENIF = —7 NS 2ENThs. B 7, ]
8 4 8

WE T = — 7 3 ICAZET 5 &, sy 1a) & e TR
b S 7o N TH R AETT [~ OMEMEDS IR S h
L1, JEMGZERENINT ¥ & S OHRR bR S A,
PRM OBifiR b/ S 2D EEZBND.

lb 210 3b 4b 510 Sb 7b 810
£ [kPa]
3 HhT R S UG O A
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B 4 1% PRM IHEENEIC L - TH L H Lk
bR S NTeNBEOPERE RS h-EE /
PRM IZFALT-EE) THDH. FHEHTH D
D% SP-1, 2, KCLAL - ThH 5. MENEDH 5
P+ 7V (SP-3 B L ONHTPB Hifk) L bb#g L
T 50 kPa (T3 THIREICHERRFBZITE W
DAL TWD. 50kPa F CIHEIHERREN EH L,
50 kPa LARFIZIZIZZE b3 2. £ D72, PRM
DILHEENE I X WA OBRENM: & 7 < FHE
NhdHEEZLND.

T o — TR NIBIR G I3 PERR - JE

i S0, WEHR G ORBIMEDNEVNG S, FrZF2—7
PRZEER/ S PRM FHEAZES 2 ) Tl s AR iz i ¢
MEIT 5 Z LM TE R0, fER, AFOPERRIZ PRM Ol
FNHEZ LD LH LB X ONTF 2 —7 A5 PRM L
S BRI AT COHEBRN = & 72 5728, 50kPa Ll EDFET)
TH > THHK 20 %DOHEBRFETH v, 7 UG ISR AT L 7218
MzRLTWDHEEZEZBND. —J7, SP-3X° HTPB |E% Dt

HEBRES (%]

100

55

90
80
70
60
50
40
30
20

FMEIC K > TRERPEBRE L RS> TNDHDTHA .

60 kPa D FEIINE 1 TR D SP-112%F L T PRM IEENE %
1Tolee 2 A, K5DOLD REMmMDMER SN, X5 D+E

Kcl
Sp-1
SP-2
] sP-3
] HTPB

10 20

30 40
£ [kPa]

4 WEMPERR O KA

[ N
50 60 70 80

5 SP-1 JEMEORE T

Ma O _FEIIPNEIT 22— 7 OFRZAEERNT S 720, JEMEY FEbiL PRM FosBAZER IS 7-5. F
S BRI R TR S NS BT, F£7- 20 kPa OFIIIE S TlXEY » 7L 084,
JEREN T Tl < EBENDN/NENWZD, K508 5 S IIR X Aoz,

3.3 PRM iEF%hE

o URY y MEEE O A EE LT-8E,

WEDOHITIZEB N T HEFVIIZIZIRED

D% AZTHREWENHEENZ LR LN E 2o TV D A RIOF RS, PRM O ERAZNER,

TR OBIFEENEIZ L > TREMEZ PR LEEOE 7 A o MIaET 281342 HIT 5 7-9DIC
1%, WETF 22— 7 PERICHEST HDENDPNETH DL LE X HND. PRM O BAFREI%)
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Development and performance evaluation of peristaltic mixing
transporter Mark. III for continuous kneading of solid propellant

Kyota ASHIGAKI ', Yasuyuki YAMADA™, Akihiro INASAKI”, Kotaro MATSUMOTO ™,
Hiroto HABU™ and Taro NAKAMURA ™

Abstract
We have studied the continuous mixing of propellant slurry with peristaltic mixing transporter to
reduce the cost of a solid rocket motor. In the previous study, we confirmed that the propellant slurry
mixed with peristaltic mixing transporter had the same performance as a planetary mixer in
combustion experiment. The next target is the production efficiency, safety, and quality for actual
rocket motor manufacturing. In this paper, as a first step of the target, we report that we developed a
new peristaltic mixing transporter with improved motional speed, heating performance and material

input. And we confirmed its performance improvement from mixing of simulated propellant slurry.
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Visualization of packing structure in kneading process of composite propellant
by using X-ray CT

Kansei Terashima™', Naomasa Hosomi*?, Akihiro Iwasaki*?, Kotaro Matsumoto™, Hiroto Habu™

and Soichiro Yamaguchi®!

Abstract

In order to put a peristaltic artificial mixer to practical use, it is necessary to understand the
kneading mechanism at the same time as developing the device. However, the kneading mechanism
by peristaltic motion has not been understood through various fields. In this study, the thickness of
pre-blended slurry(mixture of terminal hydroxyl group polybutadiene, aluminum powder and small
particle size ammonium perchlorate particles)wrapped around the oxidizer particles of the
propellant in detail is visualized using X-ray CT scanning. When the thickness of the dispersion
medium exceeds a threshold value in the range of 20 to 40 pm, the dispersion medium penetrates

into the propellant.

Keywords: X-ray CT, composite propellant, packing structure, wettability
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Effect of fuel-oxidizer ratio and atmospheric gas on combustion behavior
of guanidine nitrate and basic copper nitrate mixture

Miho Nakashima ', Hiroki Matsunaga*z, Eiko Higashi*z, Sousuke Takagi*3, Katsumi Katoh™

ABSTRACT

As a fundamental study for reducing toxic gases such as CO, NH3, and NOy in the combustion
gas for gas generators in automotive airbags, the influence of composition ratio and type of
atmospheric gas on the combustion behavior of a guanidine nitrate (GN) and basic copper nitrate
(BCN) mixture was investigated using the chimney-type strand burner. The results indicated that the
burning rate was highest at the molar ratio of GN/BCN = 7/4. However, the mixture with this molar
ratio released the most amount of toxic gases among the other examined samples (GN/BCN = 12/4,
10/4, 9/4, 8/4). In addition, the results of combustion tests conducted under N, Ar, or He
atmospheres revealed that the pressure index under He was higher than that under the other
atmospheres. And, the amount of NOy increased under the different atmospheres in the following
order: Ar <N, < He. This may indicate that the thermal conductivity of atmospheric gases influences

the combustion gas composition.

Keywords: Airbag, Gas generator, Guanidine nitrate, Basic copper nitrate, Combustion gas

B =
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7-. F£7-, NOxDOFARIT, Ar<N,<He ONEIZHEINTAMEEN I S, FEHEKH A DOEUL
RO NDIRBE N AFARRN 5B % JAFE LT v BB B 5.

1. [ZC®HIZ

BEVHEH= T Ny 7%, EREREN A AT 0y N7 AR EIZEHET HETORE
RFfE] CRBHE T T2 BN B D 728D, BRBEH L D3 & W EHRBREL T b 5 7 2 F8 A F D RRJE
ZRRALIETARES AT APEHAINTWD., L L s, BREBET AITIX, T ARE
FIF DREFELRFIZHET 5 CO,NH; B LUINO R EOFERLTANEG TN TV D, T4,
BEMERmO L0, BIRECRRHAZT Ny FUSMNZ A R2T Ry 7e=—2 7 A
v 770, BHENE 1| 67 0ICEHRINDI =T Ny ZFOFECEE S HEM L TWH A 720,
INBEENAOREEZIMHITLMLENH D,

ek, HARAHIE LTT (LT b U T AR AN S DA, W B IRICEE
Do DT, IEHFETIEFENMES, 22T R LD EOVEEE 77 =2 U (GN) B L UL
Al & U CHAEMEMBRSRIBCN) 2 IR G LIz W ARARN L EH S TWn5 23, GN/BCN &
B OIRBENEF L OB REEENIC OV TORGEHI T TITHE STV 5728 39, BREET A
ICEENDHENAREIE B LB EOBIEIEAD 72 <, BRBE T AR AT R BE SRt D
B Y, SRR I S AV AFRIE A - B A,

D=, FFHEDBIL, GNBCNIREWDORBET A& E4%5 CO, NH3 BLUNO 2 ED
BENARERCARESE DD ORERRERFEZET 222 NE L, ZLET,
BRA IRRBESAFI BT DA FE A AFARICET 252 e L7z, BEHk 9TlX, GN/BCN &
B DIRBE N A RN FAE TIRBERE O FIHK)E I OB O W THE LZ. AR T
GN/BCN EA W DAL LI K OGRS AT AFTEEDNRNE T AR IS I OV R 38 AR 71| D FEA
HET b HIRBEEE IZ M T T B OV THB LR B IcHoW Ttk 5.

2. EB

2.1 ApIFAR

APRA & L C GN(RIYGHESE T3 R 100-212 pm)3s L OEeMLAI & L € BON( B A2 pE
B RIFE 10 pm LA F)Z V2. GN BLXOVBCN, A5 3.0 g ZIRAEHBETIC AN, N~ R
7L AIZ LY 15-30 MPaG THEMARA L FIARR( ¢ 10 mm x £9 23 mm) Dk 2 FR8 L 7-. 3
fL7- GN/BCN OE/VLEEB L OWEFE/NT 2 A% Table 1 I[TRT. FHROMEFE T > A1
CuBERKT D EME L2 1 B LV Cw0 NAEKT S EUE Lz 2 RS TR L.
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Table 1 L L7~ GN/BCN DHHLEL

Molar ratio [mol] Oxygen balance [g 100g™]
Sample name
GN BCN Based on Eq. 1 Based on Eq. 2
GN/BCN 12/4 12 4 -4.0 -6.6
GN/BCN 10/4 10 4 -1.5 -4.4
GN/BCN 9/4 4 0 -3.1
GN/BCN 8/4 4 1.7 -1.7
GN/BCN 7/4 4 3.5 0
9 CN4H603 +4 CLI2(OH)3NO34> 9 COz + 20 Nz + 33 HzO + 9Cu (1)
7 CN4H603 +4 CU2(OH)3NO3_> 7 C02+ 16 N2+27 HzO +4 CU.2O (2)
2.2 PREEEBR

F L= N T v FEREEREE DN L7250 2 5% L, No, Ar £7213 He 23l &

JHAE S % 0.5, 1, 3, 5 MPaG ICFFE L7, Bt EmICAl L7z=7 v A8 TEBE L T

%Kéﬁ,7V4774?%*®Ki9%ﬁﬁﬁ%wibk.%Ebkﬁﬁlﬁﬁﬁl‘H
DIRBEHRE D Vieille DA O3 )& AWCIEfESE n #H T LT,

r=aP" 3)

ZORIZBIT D r ITBREEREE, o 1TRBEEE, P IXFREASXIET), n XEFEEER LT
D, Fio, BREET AF L OGREH iﬁX%HOL@TF7A771é%%%L,@ﬁa@ﬂ
7w 7% 1La, 3L, 11S)Z AT, CO, NH; B X O'NOx DIREZJIE L=, HIE LT RE
BIOWELEZETABNORBEELZ Y OTAREREZFEE Lz, £/, BRIEREIT
Xﬁ@%@ﬂL%&@%%ﬁxmmwacwuﬁ,%Emow;%mymmm;iwﬁ
E LT

3. BREEBE

&1@&%@%@

1 MPaG (23 1F % KB OBREEHREE % Fig. 1 12”7, KLY, GN/BCN 7/4 DOBRBEHREE A
BKbEL 2D Motz ZOMOFE (GN/BCN 12/4, 10/4, 9/4, 8/4)Tid GN/BCN 9/4
DIRBERFEDEDCEWFER E 2o 72, 1 KRB LU 2 K 2B ho{bFEimf ki T
BERENEL ol bDEEZBND.

1 MPaG (23T 2 B3R OBRGE T AR A Fig2 IZR3. KKV, BBEART U ANT TR
THDHIZE CO BLO NH; OFRAEDRD L, NOx OFAERITIIMNT HEM A O,
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CO BLONO, DIERAEFT 5L, GN/BCN 12/4-8/4 TiX 1.6-2.0 L g! TEALA/HNEWN
73, GN/BCN=7/4 TIZ40Lg!' L FE LML=, £/, SRR EZ £ L7t T
GN/BCN 9/4 Mg b A EHN AORAERIT Do T,

GN/BCN 7/4 OBRBEFSIE I AR TH Y, XRD JIE X R & LT Cu0 23 S iz,
—J, ZOMOFEORBEREITSECR, EEES LSRN HHZ L LV &E Cu Th
LEEZzLND, ZOZ L XD, FEELTGN/BCN 7/4 TiE2 X, ZooEcix 1 Xo
FOSIZEVIRBEL TV D 2 ENBEZBND. £, | KOS E T DF BT T
PRBERE NI & 720, HHETAOFAERITMN /o722 L X0, SERRBEISE VR
M7= LHEEREIND.

E GN/BCN=7/4 4.0 GN/BCN=7/4
50 F o o, BCO ANH, ®NO, @
40 F 530
g -
30 [ TR 2 [
230 F E r12/4
g o 8/4 220 I 'm 10/4 8/4
5 E o g ] @
520 f 2 9/4
2 210 -
/A E 2 1. A
1.0 §
I g @ o m =
00 L v 0.0 . P |.|.‘.|‘|.|‘|

-5 -4 -3 -2 -1 01 2 3 4 5

Oxygen balance based on Cu [g*100g!]

I S T S S T S T S N S N S |

76 5 4 3 2 -1 0 -1
Oxygen balance based o nCu,O [g* 100g™']

Fig.1 FHLRRDOMRBEHEE

3.2 BRI ABEORE

N2, ArBEOHe FHA T, 0.5, 1, 3, 5MPaG (281} 5 GN/BCN 9/4 0k i & %
FEL, Vieille DU 1T DIRBEE RIS KO H580% B L72(Table 2). He ZRPHA F O
NI N, B LY Ar RS FIZH_REWFER & o 7.

S5 4 -3 -2 -1 01 2 3 45

Oxygen balance based on Cu [g*100g]

T TS TS T SO N S N S B S S S |

76 -5 -4 3 -2 -1 0 -1
Oxygen balance based on Cu,O [g*100g™]

Fig.2 FRELER DIRBEA R AR

Table 2 % XA A BT 2B E S X OVE Dk

Atmospheric gases

Combustion constant [-]

Pressure index [-]

N2 2.76 0.48
Ar 3.28 0.51
He 2.85 0.59

M USEIZ31T 5 CO, NH3 3 LUNNO DFAERZBIEE LTz & 2 A Fig. S(a)y(c) |

TN

bz, KXV, COBIXUNH; DRAEEL, EHBXOERSN AfEEIC L HE
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BB NENZ ERND. —J, NOFEAERIE, Ar<Ny<He OEIZEIINL, KETF0.5 8
F VT MPaGIZHBWT, ZOMEMATRL 2 DM 5. FEA LTz NOx D—FBITAkKIZH
THGMKISICEVBETDHZ BB LMD, KRR ADOBWMEO L2 5T 5

AIREMEN B 5. FRFHR N A DBMAEHRIT Ar (17.8 mW (m*K)™") <Nz (25.9 mW (m*K)') < He
(1527 mW (m - KYHDIETH H, ZHIENOFHAREDINRIZFE L. 2Dk, BYsERo

ZET R0 KR EFHKAA L OFHOIRENEAL LT RER, KR THEBR S D NO DIEAE
BICERNE U HEEENS D,

25 FEES 6 2.5 CEESE 25 T BEXRFHES
_ o7 ILITVEER = 7T UFHER = *7IILIUBER
E‘J 2.0 | on)ry) LRER 320 | onl) ) LFES 520 onl) ) LRES
2 S S
=15t =15 Ss
g y ] £ £ L
210 .! 3 10 10} A.®
s 8 e - @ L4
o = o
©os t Z 05 | Zos | ]

o ®
0.0 ' - wlm@ . @ @ 0.0 ' . 8
0 2 4 6 0 2 4 6 0 2 4 6
Pressure [MPa] Pressure [MPa] Pressure [MPa]
aCO LR b NH; B4 & cNORAR

Fig.5 FREKAT R BBREET A AR

3. ¥&%

AR TIL, GN/BCN IREW) DIREEAT AL IS K OYRBER BE 1 K3 b d K ORI
R[N ATRHDOEBIZ OV TR Lz, ZOfER, UTOMmENEGELNT-.

AW TR L 7230BHGN/BCN 12/4, 10/4, 9/4, 8/4)D 1 Tl%, GN/BCN 7/4 OREER
FED b <, U T GN/BCN 9/4 3@ >7-. GN/BCN 9/4 BL WV 7/4 1%, 1 XB k&
W2 RUTB T DILFERMKTH L=, BREEEENRmM ELIEEILND.
GN/BCN 7/4 13 A 5 W A4 H(CO, NHs, NO @f/\E‘)z’»%< GN/BCN 9/4 CHii
INE otz 1 KT b Bt o 7 Ce BB W OB AN E & 5 ATREMEA
H5.
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