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Research and development of thruster with high energetic ionic liquid
and laser ignition
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Toshiyuki KATSUMI ™, Hiroto HABU ™ ¢, Masaru NODA™!, Atsumi MIYAKE™

ABSTRACT

Ionic liquid based on high energetic materials is promising new liquid propellant replacing
hydrazine. We have been studying physical properties, combustion behavior in thruster chamber, and
ignition method for ammonium dinitramide (ADN)-based energetic liquid propellants (EILPs) to
realize new thruster system. Our studies for physical properties enabled to prepare ADN-based EILPs
with low melting point and high specific impulse. ADN-based EILPs could be atomized and stably
combusted in thruster chamber with existing methods. We are studying new ignition method and

enable to ignite ADN-based EILPs by laser. These results indicated completely new type of thruster

system.
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H—IRYE/CW L —H I InEYEIC L 5
ADN-EILPs O 75 & 2FAMh

DRl &2, PR RN

Study for Ignition of ADN-based Ionic Liquid
with Carbon-absorption/CW Laser heating method

Noboru ITOUYAMA **2, Hiroto HABU™
ABSTRACT

Deep eutectic solvents based on ammonium dinitramide (ADN-EILPs) is expected as one of green
monopropellant. Whereas ADN-EILPs has easy handling due to its high thermal stability, it would be
more difficult to be ignited than conventional. Moreover, ADN-EILPs burns with high combustion
temperature and oxidation atmosphere. It is necessary to discuss about the durability of igniters for
ADN-EILPs. This study focused on CW laser heating ignition as the in-direct energy supply method,

and proposed the new approach of CW laser absorption with carbon materials.

Keywords : Ammonium Dinitramide, lonic liquid propellant, Continuous wave laser, laser ignition
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1. EE

AN EPERRAE YR AL A FHHEEIC B W THEER O m = L X —E B O ERIT &
V. E D DRI LU ERRER S & S AR FIREHEEIRIC O T Z OFEIT KX
V. ZOFRELE LT, BERAX—PEO - THHT U E=U LAY =T I RADN)%
Fbf & U 7z SR S I o A L MR AR OHEESIC H 2 s L C & 72[1]. ZAUEEskEH &
NoE RV UATHAR 1S~ 20[EEmWEERREN 2T 5.

— I, BT RAX —E A ETIREHEERILE BT O AR BEIRE S m . R BEE
TIRBEAT AT T= SN D T2, BRAMED B 2 SR IR OS5 G 1Tk O FHam 23 L < 72 5168
MZd 5. FEFOIIMEIC L2385 KFXEBRHAET, gz — AN L DEKE
LCL—HEKELREL TE2]

V—HEKEIIMEHT 2 —Hickh K& 2 HicpEEnd. —o03/ A L—4%%
LT DBUCRAETE T VLA XTI X2 HWHFE, )00t —PIiZ
LD HEHIMERIE K TH D . WBEDOWFIRIZ L A A BRI & O3 R T A x5 27
LA D E T EK, RIEICRT D CW L—HMEGE ke ERHG s Tuns.

TVUA T ETHFERKDOYGE, 7T A ENRRCR AT 2B NRHATRB S, 77X
N OIRENICEMERE N EE 202 L TEHERK LR E SNT[3]. DT A Zxtg L L=
B, TEDOFUETTT LA 7 XA DHFKPHER SN, L, A F IR & an{fic
SR A L UTRBEENIZEY 2N Th o2

—77, CW L—H¥IEGE KT, CW L —H O —fRAY 722 FEAIE S TR G~ TR G E T
BDHDITKE L, A A RIEDEESMEIBINZ D HBFRWVIRIEH 2R 6, 72 L — kR T &
RN ERMER SN, ZZCTRELIZILV—YIREEE LTEREICER L, 1 4 ikiEH
WINFE LTI 2 2 & T, 400mW L-L D CW L—HHE THKITHEI L7Z[4]. Lo
L, BRIIEEEEATTE TN D LONREL, 44 UIRIEOILS: - BVZEMEZIK T T 5
AR EINT[5]. £z, AFORMEREITEEIKFELTEY, CW L—FER L 6F
DERBHDEERE —HSEDLENRRNETHLZ ENBILOND.

FEOWRBE LY, CW L—F & W oA A ARIROE KO T4 rREME N IR © &
L. oL, CW L—HFEFEKZHLEDDHIZY-0, KE 200827 ) 78 aiERe b
B —ONRELO L —PFEROEIICBNTHEMICL -t TcE 528, 95—
DETE LTZWEIEIZ L0 A F ARIK DALY - L EMRIC B EZ RIZS RN L ThD.

ZZCARMFETIE L= RORIA L LTH—RMIZEH Lz, —EICEBOERITIA
W EIIC @O 2 FE o720, =P DB~ O @O R VX — B R SHIRE T
5. IR MIEO—2DEMER VD, £i2, B—RMIIkc RREED Z &
MDTEDH. 2D, ADN-EILPs ~DORNMHFI L LT D0DIARD A — R 34 D3I E Al
RBTHD. W—RMOBRIZ L > TEOBESLEYRER N R D720, IT—R MO
IZ ADN-EILPs @ CW L —HEFKIZENT—D2DFKNT A —=FIZeDH T ENTERIND.
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FT, B—R MDA A ARIE~ORMAIE L COEA %% 2 D856, I—RMiA 4
WRIROBZEMIZEBE 2N RROLND. L L, 44 kikE I —R M OIR
B DBIEEMEIZHONT OFIITART 2.

% Z T, ADN-EILPs ® CW L —H#EFEKIZEBIT DL —FRgp & LToh—R MM
ERIRET D, AW TITE S TRk &R0 2 O I — R A IRINANZ DWW TREt L7z, £7,
DSC & & LW T A —AR U ININAIDIRG DR - ETOBEBZ LS 52 LT, I—R M+
A AR OB EVEE TR L=, D%, BT TV OBFEKRRBREZITV, TYUZLET
FH AT EEERINRED AT & AN TH—RRMBI OIS CW L —HI2 kD ADN-
EILPs D KFHEIC G 2 5 B LA LT,

2. EBLZMH

AT TlrxA A A & LT ADN (oxidizer), monomethylamine nitrate (MMAN, fuel), urea
(freezing depressant/fuel)® 3 %77 & 60:30:10(wt.%) TIRE L7 b O & HW 2. Z OfAITER
THALATRE 7R BE A O CRIE B B IERES @\, 7272 L, DSC HITIE 40:40:20(wt. %) 5k %
FER L7, ZOMBIE 60:30:10 (ZHARFBRI LN & T, EEMtEIZIIT 2 3B GE 1D
IRUN T & RBRIBERE O KRB EEDMEWRE A FiD. 20728, DSC HIEFITRIT DA A 1%
BIEDESRIZ L % DSC B VORETROZH S HATRE L. W—R M3 —Rr v
— /b S2100K IR Ab2E, MEHERE 13 um)& 77 7 7 4 bR U Z—(CRifk 15 um) Z3%E L7,
P T IALTARER CH OIS &, A A U MERIR #5127 1K=10:1(wt.%) TERK L

7-.
N2 ” g
I
Camera
CW lase
T
[
|
| | Sample|
Vacuum% | | -‘ Logger

Sample stand
Vacuum chamber EPC

Figure 1. SEBREL(E X
ARFEERCHEA U7 ERREEE X % Figure 1 1277, ARFEFRTIL CW L—+ (980 nm,2 W), H
LT A Z (Gopro Herod, 119.88 fps), HZEF ¥ /X (T AT B, AT T T LR T
(EYELA, NVP-1000, ~20 kPa), [+ /j& > ¥ (Kulite, XT-140) ZfEfH L7=. EERFEHLXIL 1A
JE(Na, Air) THEi L7-.
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i

BV EMEIL DSC JIEIC KVl L7z, IBRAY 7V 3 mg 27 /0 7 v —XE/VIZEA
L, He I mL/min F CHIHIEE 300 K 2>5 700 K £ T 10 K/min FIEGMECTNEL 7=, S-210
DA, T—NAROEERET S LW 7L LBV OHEMMNTE S, BEEE &
Wie otz 2078, RRETIE Y — /LA HERE 2-3mm £ CTHRET L TA 4 ikikE IR
AL

3. EBRER

3.1, A FUHRIE+ T — R o DB B AT

T T T T T

10 [W/g]

——: ADN-EILPs(40:40:20)
----- : ADN-EILPs+S-210
—— : ADN-EILPs+Graphite Powder

300 400 500 600 700
Temperature /K

Figure 2. ADN-EILPs ¥ > 7 /L™ DSC #I & 5
BE LI —R M & A A RIRERE LizY > 7 L@ DSC Il E#E R % Figure 2 12787,
450 K AT ICHER SN — 27 1250 L, EOH > 7z N T HIRIER UilE CHl
@éhk'@%§6%KHL NET T T 7 A MR E—RAET TV 40:40:20 BLRH
TITIEREE — V (LEIC TR o T2, —T, S210 IRET 701X 10 K 3t <RV E
(ZHEAD B S 7228, %?&Fﬂ%ﬁnrmfﬁ ZHENTR N7 D BRSO ERBR 2SI
BIHH0EEZ LN, ORIV ELLON =R OEINTY, I—AR 2 OFRIMC
& % ADN-EILPs OEE EME DR FHRITMRD TIRWZ E D RIB S L7z, 2D &b 4R
TE LT — R 2 FlIEA A ARIROTRIF & Ll ©Hh 5 &Hlr Lz

32. HEH—RUMERWEA F KIED CW L —F MBI I % &5 KT

9, %EF 0.1 MPa T CW L—HEKREBRZIT o7, RERTIT L — P RIRBH AR
Zt=0 & L CE%E L7z, Figure 31X CW L —HBETOH 5 TOERY T LORET
ZRL TS,

7577 A MR X —IBAEY T T =26 s TEMIT ADN-EILPs D53 fif 17 A &k L7z
DIZKEL, S210REY T NG, BLE t=33s THREEZBIN L. Figure4 I b
DFEBRIZBNTHROLNTRHE-E N7 a7 7 A VERL TS, S210 A 7 /LT,

WE S AT THRPHER SN =33 s ITBWTAMARENO ERBR N, 79774
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(a) 5-210

(b) Graphite

Figure 3. CW L — W RURERERIZI 1T 59 0 7 /L IREE
(@) S210 AV T, (b) 7T 7 74 "U X —REV T

(a) S-210 (b) Graphite
| — v v 1
0.5}
- | 5
: g ¢ ~ g
a = a =
) /|
05—y % 1o 055 1o 20
tis tis

Figure 4. CW L —HRUFREBRICE T 5V T LDE/ T a7 7 A v

@) S210 IBAV > T, (b) T 77 A bR X—iRET TV
M Z—REGY T BRIBRIC 226 s 2 7207 B2 Lic. [FRFZNCB W, H
REE T A T W G 7 oy iR T AR Z e L=, S-210 iR GV > 7V ClE, 1) LA Btk
BN T A CTHR MR LR E —& Lz, ko T, hlED A T TR Z MR L7k
ZS2M0BAEV T NDEKREERLE. V7774 MRUL—REEF T LD L HITER
BHROYE, R A AR GR A B RS E L TRV 2L & L
PLEDORER I, I—ARro—nZRmElE L THWS Z & T ADN-EILPs ® CW L —1
HKRIZFETHDL Z b hot-. 72, I—RUMOBRN R 5H &, ADN-EILPs O
KYENEALT D Z LR S N7,
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4, FLHLEEBDREE

AWIEL D =R M2 N b= ROEEIC KD A F ARIEOAE KB+ RETH D
WG olz. ZORE, =R MOTBIRTEKMENEL D Z LAVRRESNIZ. &
RIFH =R T =L D L — PR O EBR B IV ORRRA TR AN T A — X O KB
ZiHi T 5 TETH S,

51 A 3CHR
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TG-DSC-HRTOFMS Z W=7 o= AV =73 A&
A F WA HEREAS D EN-A e T A [R] 55 AT

[P A", HF RN, (R R, e 2R
N (TR, WE BT, = e

Thermal and evolved gas analyses of ammonium dinitramide-based ionic
propellant using TG-DSC-HRTOFMS

Yu-ichiro IZATO"!, Kento SHIOTA", Kenta SATOH"?, Takashi SATOH™,
Yukinori YAHATA™, Hiroto HABU™, Atsumi MIYAKE "™

ABSTRACT
Thermal and evolved gas analyses were carried out to assess the thermal decomposition of high-energetic ionic
liquid propellant consisting ammonium dinitramide (ADN), monomethyl ammonium nitrate (MMAN), and urea,
using thermogravimetry-differential scanning calorimetry-high resolution time of flight mass spectrometry (TG-
DSC-HRTOFMS). This technique simultaneously assesses the thermal and evolved gas behavior and is able to
distinguish between products having similar mass-to-charge ratios, based on accurate mass determinations.
ADN/MMAN and ADN/MMAN/urea mixtures were found to decompose to form NHs, H,O, HCN, CO, N,, CH;0,
CH3NH,, HNCO, CO», N>O and HNOs;, and possible reaction pathways for the decomposition processes were
developed. The presence of urea reduces the net exothermic heat of reaction due to the endothermic pyrolysis

reaction of urea.

Keywords: Ammonium Dinitramide (ADN), Energetic Ionic Liquid Propellants (EILPs), Thermal Analysis and
Evolved Gas Analysis (TA-EGA), TG-DSC-HRTOFMS

B
ENE R 2 A A R TR TR RV B A 0 HT(TG-DSC-HRTOFMS) & VW T, TV E= AV =
R 7 X F(ADN), &/ AF LT & =0 LllEEMMAN), [R#(urea)> DR S5 BT F L X —o 4
R HERER DO BAE R AR T 24T > 72, RPIRIE, BFEh & RIRFC AR AT A OS5 E &2 JET
%HZLNTE 5. ADN/MMAN 3 118 ADN/MMAN/urea D L7 &1%, H,0, HCN, CO, N,, CH,O,
CH3NH,, HNCO, CO,, N>O, B X OVHNO; IR T 2 Z 0300, ZTORIGHEEZZE L=, F7- urea

DRI K o THEERI OMFBEEREITIER T2 2 L bbhol.
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1. ZCHIT

BALERE T A3 HT(TA-EGA)E, @R FX—WE OIS Z BRT 5 ECIHEFITRNRFIETHD.
REM7 TA-EGA 1%, BAEENIE(TG) & RERDHT(DTA) S L < 1T0RZAEEEZEHEDSC)D & 5K 5 E
SR & AR T (IR) 3 K OVE S 43 HT(MS) 5 D AL Bl T A 53 #T % LA B o 72 FYE(TG-DSC-MS = TG-
DTA-IR 72 &) ThH 5. TN DL R AX—WEO & HIRESRMFIZIB T DAL PN B T 5 B 258 (FH &
AR O IET D LRIRFICS, ZO(LFEIGD HIAET 2 [T 2 1FHRE B RS
DRI & T H LW TED.

TG-DSC-MS X° TG-DSC-IR % A\ 7o = 3 /L% — W O SOCHER I BT 2 0F5E6113% < H 0, m=xv
X —WEM R OBEOREF[-3NTHE OFEMBINHD. LirL, ZNLFECLHARDDH. fi
ZIE, IR AT O88.80E, FRAMERIIA 2\, & D WIEFIOVERAT AIRHBE LN N bR 5. §f
ICERZNFX—WELHRAET D o FRHETE RN L EBEHNTH L. ZERICN ZEKRIEDL
EMZFIAX—EDOHNO—DTHLHINLTHDH. £z, EEMRERICAME 2R LIHEO—DT
HDH. MS HOFgRE LTlE, AEERMEOAERT A% B30T 5 2 ENELWARICHER S 5. R
[ZZ RN =W OERAT AT < G END iR CO, & —Hefbk %3 NoO [T EMTE & m/z
44 e R—A =T ZRD, EBHR N, & —B{LIRFE COIFHERIT miz 28 X—AE—ZZFfD. TUE=T
NH; D_R—AE =27 m/z 17 THY, ZIUIKHODTZZ 7 AL NOH O m/z 17 LE2D. Zhbik
FHROAERFEB ZHAIERT 25 Z 21, =X AVX—WE O EHET S ETHEETHD.

R A RIR T D72 01T, R O ITEAE B R A BN 5 0 MR REARA TR B B 5 43T (TG (Thermal
Gravimeter)-DSC (Differential Scanning Calorimetry)-HRTOFMS (High Resolution Time of Flight Mass
Spectrometry)) % H U 7= HEE A 8 = L = E D3 HTIC OV TR 21T > T 5. TOFMS &1, N
WERFERF(Z ZTIEA T ACENTERI R L T T T A b A A )ORATRER A2 % 2 &
2L RO & & FERNEATRE/R T FIETH 5. ARWFFE THU /- HRTOFMS 142 & J& [B](multi-turn)
HRATIREAL D HRTOFMS Th v, FATIE A JHRI S5 Z L2 X 0 /ML LBV AT 6 1E & oo [RIREIIE % AT
EICSEEZbOTHD. AfaTik, Z® TG-DSC-HRTOFMS % AW/ 7 =7 LY = T I F(ADN)
Tt A AR HEMERI(EILPSRERL @ TA-EGA ([ZOW TR L, TR X—WE O KSR B9 5
AFEOHEIEICONTHET S.

2. EB

M55 1E ADN SR EILPs Td % ADN & &/ A F LT 2 Uil (MMAN)2 1R A % & ADN/MMAN
(R FE(urea) Z 1R A L 72 3 iy RO EILPs & L7=. ADN (THIA K T8O {0 2R L CTHY, urea
IR ORI A2 IV 2. MMAN [XAEEE & XA F L7 X U AKIIRFEREREY Gk L7z, kKT
WHEI LT AT VT XV IKIRIRICHEfE %2 pH 7T RREE TR F L, TO®%RMEZEL7-. ADN & MMAN %
B 1:1 TIRA(ADN/MMAN), BX O ADN & MMAN & urea 2B & 2:2:1 TRA LV 7L
(ADN/MMAN/urea)® 2 FifEAZ FHHE L7=. T DITMARIERGEIC 60°C £ CMEV LAl S, |iRETh
H U7z, SEBREERE X NETZSCH % STA 449 F1 Jupiter thermogravimetric analyzer & H AH 7-#L# JMS-
MT3010HRGA INFITOF & % NETZSH th#D A T A L H ARG T 724U — T Lo b O & fEH
L7, 7L EIX ADN/MMAN /3 2.0 mg & L, ADN/MMAN/urea /% 5.0 mg & L7, BRERAERITIT v
=T AL (05 mm x 5 mm)E Ve, ESRAHITIREEPE 50 205 350 °C & FUEEE 10 °C min! &
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L7z, /"= H AL LTHe % 100 mL min”' TEDHIFEN 23t S 7. WEORIE, MEUF A5 5 4
SlEL, BELTHLHELZRE L., MRS LT, &7 vEnEh 3 BEIE L.
A F AT ELETOeV)E L, A A ERL P E miz10 525 100 & LT-.

A E 22

3. WERLEBZE

ADN/MMAN 3 LK T ADN/MMAN/urea @ TG-DSC-HRTOFMS i R % Figure 1 (277 L7z,

100

Mass / %

Heat flow / W g'!
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(b) DSC profile
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Figure 1. ADN/MMAN (/)3 £ U8 ADN/MMAN/urea (47)? TG-DSC-HRTOFMS it 5
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Figure 1 OFEF LD, ADN/MMAN I3 130-210 °C THEASUG & HERD 2R L, FEEEIX 1057 £ 94
Jg! T 7. ADN/MMAN/urea (% 140-200 °C O B JH TR AL & B a2 78 L7, 200-260 °C
OIREFFH CWEG 2R LTz, BEB XOWEAEIZZNZEI 634£13] ¢! BX V2208 g! ThHo
72. urea WWINZ X o TRIEEZIIHI S, DORBRIEE RT 22 ENbhole. TORAA=AAIC
DONTIEHIRT 5.

HERR T AT DRGSR, A A ACENT BT A D~ 27 5 7 % o +(E )% OH (17.00), NH;" (17.03),
H,O" (18.01), HCN' (27.01), CO* (28.00), N»* (28.01), CNH," (28.01), NO* (30.00), CH,O" (30.01), CNH,"
(30.03), CNH;" (31.04), HCNO™ (43.01), CO2" (44.00) , NoO" (44.01) , NO," (45.99) & s & TRkl T & 7=,
Z DX 912 TG-DTA-HR-TOFMS Z M5 Z & C, = R/VX—WE O EEe BT A DRAEZE), Rl
BHEBMIEDITWT ADAERE X L CTRIEST S Z LN TE.

BRI ENTHAFED 9 BLEEREDIZOWT, EHEICE D 7T 7 A2 MMEERHIE L CTERY A%EE) &
L2t DM Figure 2 THDH. KERT ADT T 7 A RNEHRIZOWTIE, NIST OF — & X—Z[4]°L
BRI51Z & ICIRELTHY, BIRMARRIETEICOWTIISTH6] 2 BB S L2V, Z O IE DR 5,
Figure 2 (2773 X 9 I ADN/MMAN 3 X T8 ADN/MMAN/urea 75 D X725 458 4 A 13 NHs, H>0, HCN,
N,, CH,0, CH3;NH,, N,O, B X OVHNOs EHFESNI=(7272 L, A A AT EME L T D). Figure2 K

D, BT COE N0, No & COBLVH0 & NH; OAFEENIT-> & W L3BECE TWD Z Eibn
2.

HNO, . HNO, ™,
N,0 AN\ N,O SN S

co, e co, e

HCNO
CH,NH, A
CH,0 ey HNCO N

< <
2 |no e Z |CHNH, e Al
2 Z |CH,0 e
2 ../\_ 8 |NO T e
= o " - - o = ___‘____‘___/‘\___________A__
CcO N,
HCN CcO

HCN
H,0 H,0 o s
NH; o W NH; - AN

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature / °C

Temperature / °C
Figure 2. ADN/MMAN (/)% £ U8 ADN/MMAN/urea (£47)DAERSH A ZEE (7 7 7 A b LAl IE)

FEAE S L W ADN/MMAN B LY ADN/MMAN/urea A 4 U RIE DR SHEREIZ DWW TEET 5, £79°
ADN D5 fRsREIL, HMMUS Y 22— a VKV UTDO L 2 ITRENTWAS[T, 8].

Scheme 1.
ADN 2 NNO;NH4 + NO»
NNO,;NHy4 — NH3 + N,O + OH:
NO; + OH- 2 HNO;
NH; + HNOs; 2 NH4NO;
NH4sNO3; — N>O + 2H»0
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Scheme 2.
ADN 2 NNO;NH4 + NO»
NNO,NH4 — NH3 + N,O + OH-
NH; + OH- 2 NHy' + H,0
NH»: + NOy» — NH,ONO
NH;ONO — NH;O- + NO-

NH;O- + NO,- — HNO + HONO
HNO + NO;z' — NO- + HONO
NH; + NO- — NH,NO

NH>NO — Nz + H,O

HONO + HNO3; 2 +~-ONONO; + H,O
NH;3 + trans-ONONO; — NH,>NO + HNO3
NH,NO — N; + H,O

F72 B SHEE T 5 Scheme 11250 N,O LHEEET =7 A(NHINO) D ERKT D, & D NHINO;3
IXEBICERTNO & H0 IZ/0fi#d 5. —J5, Scheme | THRAET DT VI NEHIINH; # BT HZ &
HTED., ZZ0bHERET 500 Scheme 2 T 5. Scheme 2 1£7 ¥ /L [8]X° HONO-catalytic
decomposition [9]& % H U CTHRAKHINC No Z4ERKT 5 Z EDFFECTH 5.

FLD ADN ORIk LT, MMAN X0 urea 23 & D X 5 IHEHT 2 0 & EHT AR L v
E524 7%, Figure 2 (/£)L W, ADN/MMAN DAL H A BBV T, ADN BK L il U CRHEIM 72
1%, No DARRED N0 ERELY HZ N2 L THDH. ADN HIKTIE, NoO 12k LT Ny OFIGIHKD >
72[6]. MMAN IBEAIZ L > TNy ARG MEE SN b D E B X bD. ZORKE LTHE-IZEZDL
NI=DiX, MMAN RO RO %5 TH D, L L, MMAN BLKRD /M RIEFE 13K 200 °C FLE[10]C
&Y, ADN/MMAN OREASOSRERPHHHZ 2 5 LB TE 2. 22T, MMAN 28 ADN © 7 %
IVOTRNIZBS- 95 & LT, LT ® Scheme 3 LT 5. Z L3S Scheme 2 (2 MMAN D45 fif
MEMZTbDTHS.

Scheme 3.
MMAN 2 CH3;NH; + HNO3
ADN 2 NNO;NHy4 + NO»
NNO;NH4 — NH3 + N,O + OH-
CH3NH; + OH: — CH3NH:- + H,O
CH3;NH: + NO,» — CH3NHNO»
CH3NHNO; — CH>NNO + H,0 — CH,0 + N> + H,O
(overall) MMAN + ADN — NH; + N,O + CH;0 + N; + 2H,0 + HNOs

Figure 2 £ ¥ CH,O ORAELRIFFICEHAII SN TWD Z 30000, Z @ Scheme 3 % XFf4 5. LvL,

Z® Scheme 312k DL, Ny EEE CHO BELONNH; A& IXF U272 5 & ThDH A, Figure 2 D
FERNSTAH L No B EDO TN KIEIZKEZ V., Lo T, 22 TARR L7 NH3 1 E 512 Scheme 2 @ ADN
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DT IANGETHE SN, SHICNZAEKTL2HDEEZ 65, T 5H, ADN/MMAN D43
JistX Scheme 1 225 3 DEIBFFICHEITT A Z &3 EZ BN 5.

ZDXHIZ ADN & MMAN O FRITFFERDERH D L H IR 2 D0, REFEHRSOEEBILE VOB
BB HRD ERFTHS. ADN/MMAN SRIT AT LT 2V (CHINH)IZ & ENDRBIRTNHDHD, 2
A COTE TR ENRNT & Figure 2 13R LTV 5. C Y D% < 13 CH0 X° CH;NH, &
L CRABICHH ST\ D, RIS DO EZ S BIZm ESE 5121, Zi1vEk COL I E TR b rlEEZR
ORI DT T D 2 & ZRET 5.

ADN/MMAN/urea & O S (Figure 2(A W DWW TR 5. ADN/MMAN2 R4 5% & el U C, Ry
TRAERRH A 2L CO, & HNCO Th 2. EFRLTHEEIZ 72 5 TV 2 COp 2L urea I & - TIEE S
NIz EMFFLTEWDS, 2D COy i urea D FRIIGZ LD HDTH 5. urea 1347 140 °C 2HLLFD X 9D
WCREVZ RS 2 2 E R BTV AL, 12]. & BIZHRHIC HoO AFEIET 5 & HNCO AR5 fiE L
NH; & COx 272 %.

Scheme 4.
(NH»)2CO (urea) — NH3; + HNCO
HNCO + H,0 — NH3 + CO;,

Figure2 £ ¥, HNCO DA E—7 & NH; DR —RE— 7 LEN—H L TEBY, X512 C0oDAERE
— 7 & NHy DK IR E— 7 LER—E LTSI Enb, urea DRIZL D COy & HNCO Rk & &
ZHN5.

urea IINZ & > TRBEEEITRIBITIE T L, S HICHEEISRICWEILNE 2T 5. AT 258D
FERND L, ADN/MMAN & urea SEMAGICIUR LSRR & B 2 DD ERT AIHRH TE o7,
B X0, KIGHEOBAED I urea IX77f% « BRBEDILEME S 4 5. LL, urea [ZIFEILTZ /LR
BETFRENH Y, EDRZAT LR LBEMHF S LCORAMMETE DY, 5% I LRI
PETHD.

4. FL®

ADN/MMAN 3 Z T ADN/MMAN/urea 7> HA8% & 415 EILPs (2%f L C TG-DSC-HRTOFMS % 5Efii L,
CHSHERRIT 21T\, LT OfEh 257,

1) TG-DSC-HRTOFMS %, T /F—WENLRAET HFENOBEBREFRTH Y, FrICFEERD
BEZHHOEFEECO, & NoO, Ny & CO, O D7 T 7 A k& NH)IZHOWT, WEERZ—
ANTFAI L, ZEOEMFEBEFFEST DI LN TEZ. AFEX EILPs OA R LT R RALX—)
BEORSHEREMRITICE AR FIETH 5.

2) ADN/MMAN (3£ 130-210 °C THEASL & BEWD 2R L, HBEAEIT 1057£94)g' Tho7o. E
7o 2R A% NH;s, H20, HCN, N2, CH20, CH3NH,, NoO 38 KUY HNO; & 4FE &4172. ADN &
MMAN DOIEAIZE 5T ADN O F ¥ B V3R DMERE X, ADN HK & Hlg L CTEEO Ny BARK
SNDZEDRENTZ. ATFNAT I VHRORFENITT, BRI W ERDNY, KX
SR BT I, r%’%ﬁjz/\%:%éé%téﬁéﬁﬂﬁ%{ﬁm%z:z BETHD.
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3) ADN/MMAN/urea |% 140-200 °C DR FEHEPH CREUL & HEREAD 28 L7121, 200-260 °C DR E

FAPH CEOR Z2 o LTe. BB L OB EITZNZ1 634+ 13T ¢! B W220+8Tg!' Tho

72. ADN/MMAN2 {57 5% & el UC, R0 AR T A 258X CO, & HNCO THH A, b

X urea OWERASFIZ LD HDEEZ HTZ. urea IINIZ L > T, ADN/MMAN?2 %45 & e L

, FRREEAEIN S, DOREANKINE BT D ENboTlz. urea [ZITEN T BLAEE TRED
BDHN, RISMEE ESW 5T, KB ATRES IR T A RERH D,

S5 IR
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ADb initio F+HE & B ST L B
TR LAY = T X RIRE %D SR

HEOBEAT, BT KT, WA BN, =g e

Reaction analysis on ammonium dinitramide mixture
using ab initio calculations and thermal analysis

Kento SHIOTA™!, Yu-ichiro IZATO"!"?, Hiroto HABU"'*, Atsumi MIYAKE"!

ABSTRACT

Ammonium dinitramide (ADN) has been studied as ADN-based energetic ionic-liquid
propellants (EILPs). Thermal decomposition of ADN in condensed phase affects combustion of
pure ADN and ADN-based EILPs. Therefore, the objective of this study is reaction analysis on
ADN mixtures in condensed phase. To obtain deep understanding of reactivity of ADN mixtures
in condensed phase, this study focused on hydrogen abstracting reaction by NO,- formed from
thermal decomposition of ADN. We calculated potential energy surface of reaction with NO,- and
substance mixed with ADN using ab initio calculation. Thermal analysis was conducted to
understand thermal property of ADN mixtures using differential scanning calorimetry (DSC). The
calculation and DSC results show hydrogen-abstracting reaction by NO;' is important in
condensed phased reaction of ADN mixture and, substance that has methyl group and carbon

straight chain has high reactivity with ADN.

Keywords: Ammonium dinitramide, Nitrate salts, Amides, Energetic ionic liquid propellants

(EILPs), Hydrogen-abstracting

HE
TYvEZYVLYZFZ7IPFADN2OLBERIND &G FVF — A4 F v AR HEHEA
(EILPS)D i 7E 3@ & T\ 5. ADN %2 EILPs O BEffEfH SIS X RBER G ICHE T 5 2 &
BoahoTWnwd. 22T, KFFETIE ADN BEAROEMMEICEH T 2 RIStz B L L,
ADN DB RYIIICAEK T 2 NO» it K 3 KK EHR 2 RIGICHEHL 2. NO» LT 3
FE D RIGY), EBBIREE, AP D potential energy surface % ab initio st H 2> & K@ 72,
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THIC, ADNIBAGROMEH 2 REZEEAEFDSCOZH W THIEL 2. §FH & DSC O
T2 5, ADN BA R DOEMMKIGICE W T NO»IC X 2/KFEF &K & KIG 2 KIS H ] o %
BRICHEETHL PP L2rIChs72., MAT, TLrIAVEEZELREFHIPIEVYE
ADN & ISR E W EEZ b Tk,

1. IUBIC

KARBREECe P IV v icEbs IREERA LT, TvE=v LY =1} 7 I F(ADN)
ERELEEZ A NVNF — A & vV IRERHEER(BEILPs) D WIS Z 1T > T 51, ADN
FZEILPsiE, t F 7V vV LB L CHERE VAT Th <, ZQEME W 720 5] # 1 o
TOWRELHFRF X%, ADNHL A ADNREILPs D BABE I 35\ CHEMEAH S IE 28 2 2 % g
LTw2 22 MEINTw YD, FRBAEOHICEH W TY, ADNH K D B it o ¥ HH
SIREFRICE W TINO» AR L, RETHINHS L B RKIEL D6 L, FHNICEET %20H:
EHAEALHNO; E a2 2 MBI N T WD, EWK L ZHNOsIZ RN DONH; & K6 L THY
7 vE=Y LAN)EE T 5. ADNSREILPsD BREE % B 4 2 11X, ¥EMH T DONOy &
EILPsZ M T 2WE O RIGICO W TR T 2423 H 5. £ 2 T, K%L TIXZADND # 5
fE DMIIAIC AR 3T 2 N0 I X 2 KFRFIKERISICERHL, KItoR I Y 5 X #NO»BHE
T2 K60 KIGY), BREIKE, 4P D potential energy surface(PES)2> & lL#K L /2. PES®D
Bk, BT ¥itE e ZBRETHEREH V2. & 5 ICADNEA R D% 8 % DSC%
Mw TS L 7.

2. HEAEBLVERA &

2.1 NO»[C&LBKZEBIEHRERILD PES H i

ARHFFETIZADNICIRA T 2 E & L C, ADNREILPsOREXW AR K > TH 2 €/ £
FAT I VIHEE(MMAN) L JRFE(Urea)ll Ml 2, BREE LR ZHOFELTIE T 2 2 DR
HelLCTxe/, x4 -7 I VIHEE(MEAN), 7IFtt&EHELTTEFT I FAA%
BELEZ, TN ZTho /b ¥EREFiglicnd. RitE ik, BMEOMEICE D X247 ADND
MRBEIR G IC BB R BEMEMHMIGICEH LT w3728, MMANE MMENIZZhE A F 4 Ik
BCTHEELTWD ERELZ. 5HHE X Gaussianth ® & 7L ¥ 55 ¥ 7 b Gaussian09” % F \»

7o, B ILEAEE 0b97xd/6- 311++(dp)1/«\/v10>f r T oMEREL S X CIRBEN 21T o
7o, FRRICEBIREBTOWRZITI 20, MEREMLL ZTSHAHWKIE D KIGHK - £

RENZNICNK T 5 2 & % EAKICH B ARC : Intrinsic reaction coordinate)il & 1< X U 1§
AL, TAALF X VEEOEVCBS-QB3IE!IC X Y ko 7z, HLEE T o KIS % 18 5E
T2 7%, FFEICIZERFEEAR T T L SCRF=(solvent=water) % F \» T AH IR HE % B fiE L 72
TSERIGHFRDIZANF —EHEAEL L TKD 7,
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H
it \ IS T \[(
I 0" o H; 0" o o) o)
Monomethyl amine nitrate Monomethanol amine nitrate Urea Acetamide

Fig.1 Molecular structure of MMAN, MEAN, Urea and AA.

2.2 REBLUHHAR

ADNIZHI AKX THoORKEZ BB L CHV7%Z. MMAN® X 'MEANIZE -7 A4 v 247 2
— 7 IAN(H MEMBILE VD X F AT I VIRKAOW%), 2-7 3/ T &) — L (FJE
99%) & iHE (60%, 1.38 gem)ZH W TZNZNAEK L /2. Urea(#lifE99%) B X WAA(HLE
8% tE L7 AT a—-F IAhrBoOREELFH /A, MMAN, MEAN® b I, fllE2 A
2 F AT T AARKKTHALAZLLT I VERREPVET O T, BT 2L AN
L7z, 20, TAAKL—F—T2-7u ) L EDRBETCRERHNOKER I E LT

& RS

Pl

23 ADNEAR OB R
FHELL 72 3k o v B o {848 1T 13, TA instrument $ IR 7 E & 2R FDSC Q200% v 7=

CEHESERERZITo 7. DSCHEMED 4 v A %10 °C min' ' THE L 7= B O § fif 2 8
THELEMEZRIEL 2. BESM L, B EM1.5mga SUS303% P+ v ic % € v T
B L, Fm#EE10°C min'!, HIE&EH#HH % 50-400 °C& L 7=.

3. BREEE

3.1 NO[c&kDKZ=BI ESHHERILD PES Hih
Fig2 iz Nz o IGICH T 3 IGY, ERIRERME, £ D PES TH 5. Fig.2(a)

X NH4 & NO» D RIBICH T 52 PESTH Y, NO»D NRTF & OJR FIC/KFENF Eihkrh 3
2 DDORIEDH B, TSI 1 NH;™-& HONO 23T 2 KIS0 EBIRRE, TS2 1T NH3™¢&
HNO, AR T 2 KICDBBEIRETH 5. TSI XU TS2 ~D AE 1T 221 & 249 kJ mol'! T
»HY, HONO AKIGE W Z &30 h o7z, LA LEKED ADN O E#H fiF < I RIS X
ALV erbd INLOHEIEIRICHETTIICEEWEFE X b S, Fig.2(b)iC i
T/ RAFAT VEZY LAHATF V(MMAT)E NO»DKIED PES /7 3. MMATICIZ A F v
ERHEET 2720, 400 TS BHEET L. AFVE»LKFENG Eikr b TS3 & TS4
DAEDFHBNIRTH»HKFLFEHA2N 2 TSI & TS2 D AE LB L T/hE v, Zhid
NARFRFHBAAF VL LTHEY N-HBEADIZAVLF - REWEDELEZLNS. —T] T,
ADN HifR L LR T %2 & MMA'IE NH X D $XCTD TS ICHF 5 AE KW 72 % NOy» & D
IGHRE W E FHI NS, Fig2(e)ld, T/ T X /) —AT VE=T LTI Y(MEAY)L
NO; DRI ®D PES TH Y, TS1 & TS2 I NJFEF 2 6 KFERG K> N 2 B0 ERIKE
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Fig.2 PES of reactant and product with TS structures
(a) PES of reaction of NO- and NH4" with TS structures (b) PES of reaction of NO,- and MMA™
with TS structures (c) PES of reaction of NO»- and MEA™ with TS structures (d) PES of reaction
of NO,- and Urea with TS structures (e) PES of reaction of NO,- and AA with TS structures
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TS3 & TS4 A N TOBED CIR T2 KEDF EHIANZEBEOEBIRE, TS5 & TS6 X
ORTFOBD CIRF»HLKIZERIEH»PNLZ2BOERBIKE, TS7 & TS8 I O W T2 H K
KOREIZR PN IBOEBEBRECH L., —HWAFBAZ A LVF 1L O-H D2 N-H £V
RKE WD, SRR TIE N-H 2O KELG EHANZFED TS1, TS2 ® AE B KEL 7o
o, TORKELT, NEFEAF A VUL LELHY) N-HFEABUNOL o TWw3
TEenFETOND. £, 0B TOBOKRRIRIRTH» OKFENG ERKH- N 2 TSS & TS6 D AE
X 86-87klg!' TH Y, MMA L LB L TH LW L 7 o7z, fE > T, MEAN (%0 o
TNOytDRIGEDREH W EFE 2 LN 5. Fig.2(d)IZ X, NOy- & Urea ® K& I 1) % PES %
3. Urea ¥ NHy™ & AIBRIC HONO & HNO, ZE 32 2 2D TS 2 HF L, i TS & b i
NH, D AE L B L T/NE W &892 > 72, Fig2(e)lk, NOy & AA DG BT % PES
ThHd. AABAFANEEET 2720, 42D TS%2F->THY, XFALELLKZENE X
TN D TS3 & TS4 D AEE Urea D T AL F — L L T/hNI WZ &b, AA ITHE
it < Urea XV & NOy- L ORICHEDREW I E R TFRHRINS.

3.2 ADNESROEREEFIT
Fig.3(a)iC ADN, MMAN, MEANH {k& X (WADN & D iR & % O DSCHI# % /R &, ADNH (K

TlE, 140 °CHHE 3 X U230 °CHIED 5 D2O DFEE A H D, 140 °CHFH I D F B X AN D 55 %
TH 5. ANIZ, ADNOHIH i CHER T 2NO» A EMMHT cCHE I LAV IR L T
4T 5. MMANH R TIZ220°CHHE 2 & BB S, ADNE ORE R TiE22 D FEHN
BilE Nk, £72, MEANTIREARICEVTIF140°CHEDL H 12 DRED ZBEH < 1
72. ADN/MMAND & ENVIEAGRDOBEFENNT7 VY ZF0TH Y, FLOOY— 27 DFEE L3
D EDFEMET24KkI g ' THo72. —J/7 T, ADN/MEANDODEELEARDBERE AT v R

13-129TH Y, FEADBREFZFHHETIIKIg'TH > 7.

7 7
g 20W gt S 20Wg'1 ADN
X X bk
S Sl MR A
— T — Urea
Ty f——~—— S— o
% I % [ rJ\ ADN/Urea
=} (=}
=t ADN/MMAN = — |
S q S AA
an T

i MEAN Y T —
s [ S N ADN/AA
E I J \ ADN/MEAN E I
! \ \ \ \ , ! . , s s \ \
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Fig.3 DSC curves of (a)ADN/nitrate salts and (b) ADN/amides mixtures
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ADN/MEAN (% ADN/MMAN & L, R ANT v 2B~ 4 F 2R E S RIGEAERE VI
bbb, KAENKE VI L2 S MEAN I ADN & o KIS 28 & <, BEffiHH A T NO»-
POH L DRIEHETL T B EEZLNS., FZNO»BHEIND T & TANDBERZ
nd, 2 oHORAZBH I hWarsZ R MEINE, 2 FIZ, Fig3(b)il ADN &
ADN/Urea, ADN/AA ® DSC H#iftZ /"3 . BREROFHMEH % R % L, ADN/Urea & Tt 2
DDFEH, ADNAARARTIH 1 D0RBMZRL 2. MR L FKICER YT v R LR
Bz T 5L, ADN/Urea AR DIEHE T v X13-8.7, | DHOFEEHEIL 2.3 kI g,
ADN/AA REBE R DBEFENNT v 213-30.6, BAmiZ 26klgl oz, AARBENNT Vv R L
BREOB S 25, Urea £ Y ADN L O RIGHERE K, FEN 1 DL 2 # I L2 5 MEAN
[ AR I EEMAFH T NOx LRI ICIG L Twd eEZLND.

Lo DSCholonfEi, fFEickoTtHRonclmis XL, TLrFLEirH
TOVECTIKIFEHIP R VWY HE 2 ADN L RIGHERE W & AR I N, SR OFREFE
T, Urea & AA DIIGHEDE WD S NOy I X 2/KFEF XK E D AE A 120 kI g' L F 7~
& ADN L D RIGHERE K, RIGEFTANDBER LAV EZFEZL L.

4. FLH
RHEFE Tld, ADN RE R O FEMEAHIC 2 #7355 7201, ADN @ gy i © 9] 11 4 K
3% NO»IiCHH L, abinitio st & B 21T > 7. NO»IC X 2t L 7 I FLa¥»
bDOKFGFRKERIED PES k7. 2R, 7TrF A E2HLRFHARCYHEHIT
BEMEAH B C NOy & D RIS W LA PRI . T 512 DSCIC k% ADNRAFR D
EE) 2 WAL 2/ R, R 2 5% o2 Y MMAN X Y MEAN, Urea X ) AA %% ADN
ERIGER R B or ko, RIFETH LN AKRIL, ADN R EILPs O #AHEH
RUFICEEN 2720 T <, EILPs DMK 2 KICTH OB H 2 b HEKT 5 ETHEHE R
ReE7zs.
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Construction of detailed chemical reaction model
for ADN-EILPs in gas-phase

Noboru ITOUYAMA™ 2, Yu-ichiro IZATO™#, Atsumi MIYAKE" 4, Hiroto HABU™

ABSTRACT

This study aimed to improve the detailed chemical reaction model of ammonium dinitramide-based
deep eutectic ionic liquid in gas-phase. Particularly, dehydrogenations by radical species which
weren’t included into the conventional model were investigated and added into the conventional model.
Their reaction parameters were calculated by ab initio approach. On the sample of ADN:MMAN:urea,
its stable combustion wave computed by the modified model showed the good agreement with the
experimental result. Reactions related with radical species might be effective for the combustion of
ADN:MMAN:urea in gas-phase. On the other hand, calculated results of ADN:MMAN:acetamide and
ADN: MEAN:urea were different from experimental results. It was suggested the importance of

condense phase reactions in these compositions.

Keywords : Ammonium Dinitramide, Ionic liquid, detailed chemical reaction, combustion wave
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1. EE

UTAE, HERAI /N E O BAEALATERAL L T 5. N R O FHIRIETE O 72 01213 EE,
l@-ﬂﬁ%@131&®#ﬁﬁﬁb%hé BEMAAT A& O/ SRR b A T D
7o DITITHEE SN DA O B = R VX — BN MEHE 2D, TO—2L LTHT
AINF—PEO—FETHLHT VE=T LAV = 7 I NADN)Z M & LR+ & 385K
By D IR X0 RERC S VD A A UMRIRIRDFZE ST & 7. ZAUTIEROHEMEIRIZ
BBEIZ 1.6~2.0 fFLVET= R X —EE(LEZZER L TNDZ ENREINTWAH[]. =
DOHEFESL T ADN OB & @lsibe THIO 3 R BaY, 2 I3 Emen T 7 a—J
(FEHETD, WIBCKRIEEE) [2]1& MR TARE T VBT L 0 EE DR & & OIRA Ho i ek
HPRRA LN TE. LaL, AT RAZBARBICB W THHE DM, HEESKOE KBNS H
THIND. ZOFKEBEITHERICESHEERDO T A —2ThD. £, HKENLE
FH T DITIXEDOFEKEEOBMNEETH L. T2 TEVDITEANEZY H>LHTHA
IRMIKICHER L, BERRNT 7 —F il b 2 L THEEIR O B K DK - IR G T
DfciltEE COBREEHED H 2 L b Uiz, RFEETIEA A U RO KAHEIRIZ 1T 55
ML E TV OREE & 2 O M4 33 L 7.

2. PRGBS

2.1 ETILRRIEETE

ADN % Kbt & U7 A A U PEHRIT ADN, 8B, @SR IO 3 iy THER S LS. 21
FTORELVBEELE LTATF AT I EBEE(MMAN), =%/ —/L7 I Ui (MEAN),
MlAPE TAIE LCRE, TR RNT I RO 5550« 3 4 37— OMBEA S DERFET
L. KFETEINGTRTENZRETH.
2.1 RIGHE

PSR IX A B OGR & 2 OMEEIRORA THK S 5. Daimon HIZ XV #E XN T
W5 NoHW/NTO FUGHERE[4] 2 FEA L LT, ADNJ[5], MMAN 6], JR¥% [7], MEAN[8], 7%
F7 2R 9D BUGHERS 2 N Z SOSHERE L L=, S5 D OWEFRISITZ, A
T DB REOS & KASUSRAT DT D ANVISZ RS 5 Z & & Lz, K2 NOy Y v F T
ORISR TIEINGOFGVEETHLZ LN TPRHRIND. £ZTNO, KO'0OH 7V
ANDIGIZHDNTHEHRH L., &F{bFEE Y 7 b Gaussian09 % ]\ T CBS-
QB3//@B97XD/6-311++G(d,p)[10,11] L~ /L TR AR HEME S (TS) DR K OVERL - ﬁﬁ%@%
m%@m&izw%—ﬁ%%%mbt.E;_@E%m%ﬁﬁﬁ%%%_Lﬁkﬁ
(TST) » ZHALERIREHER(VISTHICAIY , FRICORIGEEZ RN Lz, ZOREMIZIE
GPOP[12]Z FIH L 7=. 3?&73??‘—50)#7% IXEEE e B RE E LTHb D
G4 JE[131Z2 AW =, TRl Bk o B HIE GPOP[ 1212 FIH L. Z 0B I T
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YEANE—E 52 H0END 5. A, F{EEE ARM(Atomization Reaction Method)[14] %
MAWTHRE L2 AR hre—E L.
22 R+ZUFRR GRERER) RUETIVEL T

AL RIRET VN E AW HEOZYHFMI E LT, A NT v RERBESZ Wi E
BIERER & DR Z1T 9 . ADN:IMMAN:JRFFRLAKANZ D W THIBEIZHH HI2 L 0 @i STy
L5172 FNE BT D, A A MR OBRBERE I ZHENEIR TH D 2 &, BB
%3 D ME S fRREOBLE LV R BUGHIENE T GEIRES 25 um)& R 10 mm 7 A8 HLIC
AL, EETOA LT NRBESRNTREES S, MEL/ZET L% H\\WT CHEMKIN-
PRO OHEETNDO—DOTHDLBEIMARNA—FT —2HWTURET 0 7 7 A VEHEH, A b
T2 NEBGER L R 5. FEOHISRM L LT, WA AR E SR O RS DS 0y
it s L <IZZ&FE L7 b O[15], #IEHEEITMEEET €= LAOMERHEE[16], #IHIT A E &
WEIEA N7 v RRBR KL 05O N iR %IREE 2 H W CHE I S v %iBikm s bR AT
% 53R 7 A B A A L7z

3. EB LK CHEMKIN-PRO Z W=y I 2 b—Y g VR

3.1. F#MEZREET L (EILPs-G 01 model)

AL TERAALFZNT 7o —F I L0 B L2 & a0y OFE SOV T TST/VTST (23
SUVNCHEEES B Uz, A E 40X Modified Arrhenius ! k=4 - TPexp(-E/RT) TiEFE L C
W5, KA DT I NEE GG E LT NOy T OH DK#ES| & E FUSITHONTH
b FED i % Table 1 12777
3.2. L RIEETIIL(EILPs-G 01 model) DE 414 5T {ih

FEMME RS T VO G PERHE & L C, CHEMKIN-PRO ZHWZiEE 717 7 A LD
FHLAZ AT, ADNIMMAN:JRFEIZOWT, HH O O#HE L7z ADN:MMAN:JRF=40:40:20
OERME[S] B EFE LS E T VOREE, % L T4 Bl EILPs-G 01 model (2 X 5 #t5H
FER A Figure 1 (R T. KB 00580, EORISET VEREELTESEZ UL, &
Dol OH KON NO, DKFGHEE RIS Z MK L7722 & TEWRE T v 7 7 A VFBIMEL E
L7, 2072, ADN:MMAN:RHE D ZRIZHOWTILE VR EE TOMBEERIRIEN TTRETH 5
LWz D,

£72, MEAN R, 7% b7 2 FROBEICOWTHREED AT o72. T AT
RoS—F12 L D IRBER A O FEBRIOEUS 2 77+ 7=, Figure2 ®Y, 7& h7 2 KARODHE
FESATITIL 500K Fifz 27 7 v N 7efEil s FL S A7 23, Figure 1(b)D X 9 2R AlR T o E=7
LDOMRBHEET7 T v MIR D RFER LT R HREHEE CTH > 7=, Figure 3 1”7
MEAN %Dk K1 TlE, 600K « 700K « 800K & K& < 3507 T v hARREHEEZ R
L7z, EHHDRICEBNTHRREFERE ML PEEHE CHRONIMBAREE LY b
1000 K L EIRWERCTH o 72,
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Table 1. /KFE5| X t—E

No. Reaction AV b E?
Methylamine
1 CH3NH+NO,=CH>NH,+HONO 1.48E+00 3.619 15112
2 CH;NH;+NO,=CH;NH+HONO 2.34E+00 3.538 17094
3 CH3NH;+NO,=CH,NH,+HNO; 1.02E+01 3.541 16125
4 CH3NH>+NO,=CH3NH+HNO> 7.05E+00 3.465 23436
5 CH3;NH>+OH=CH,NH,+H,0 3.80E+04 2.598 -293
6 CH3NH,+OH=CH3;NH+H>0O 3.00E+04 2.573 -1481
Ethanolamine
7 NH>CH>CH,OH+NO>=NHCH,CH,OH+HONO 1.68E+03 3.505 17334
8 NH,CH,CH,OH+NO>,=NH,CHCH,OH+HONO 1.37E+00 3.567 20053
9 NH>CH>CH,;OH+NO>=NH,CH,CHOH+HONO 6.33E-01 3.574 25378
10 NH,CH,CH,OH+NO,=CH2NH,+CH,O+HONO 6.20E+00 3.494 23581
11 NH,CH,CH,OH+NO,=NHCH,CH,OH+HNO, 8.75E+00 3.46 23436
12 NH>CH>CH,OH+NO>=NH,CHCH,OH+HNO, 9.65E-01 3.487 12482
13 NH,CH,CH;OH+NO,=NH,CH,CHOH+HNO, 1.98E+00 3.476 18125
14 NH,CH,CH,OH+NO,=NH,CH,CH20+HNO> 4.78E+00 341 29682
15 NH>CH>CH,OH+OH=NHCH,CH,OH+H>0 2.25E+04 2.6 -1599
16 NH,CH,CH,OH+OH=NH,CHCH,OH+H,0O 3.82E+03 2.605 -1544
17 NH>CH>CH,OH+OH=NH,CH,CHOH+H»0 2.09E+03 2.527 -4383
18 NH,CH,CH,OH+OH=NH,CH,CH,0+H,0O 6.04E+03 2.641 1662
Urea
19 CH4N>O+NO,=NH,CONH+HONO 5.05E+00 3.462 27117
20 CH4N>O+NO,=NH,CONH-+HNO, 2.92E+00 3.38 31223
21 CH4N,O+OH=NH,CONH+H,0O 4.02E+03 2.657 749
Acetamide
22 CH3CONH,+NO,=CH,CONH,+HONO 1.99E+00 3.743 27111
23 CH;CONH,+NO,=CH,CONH,+HNO, 8.23E-01 3.479 27809
24 CH3CONH2+NO,=CH3CONH+HONO 1.01E+00 3.39 29201
25 CH3CONH>+NO,=CH3CONH+HNO, 3.52E+00 3.339 35759
26 CH;CONH,+OH=CH,CONH,+H,0O 1.10E+03 2.725 -387
27 CH3CONH»+OH=CH3;CONH+H,0O 1.48E+03 2.65 3374

DUnit system is [mol cm® s], ?Unit is [kJ mol]
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WIZ, HHEET =7 KNOMRERERE 2 P E S & LT, CHEMKIN-PRO IZ X 2% &
KREEOTHH A RATZ. 72 8T I K% - MEAN RELLOEEL, T v E=U A
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ZORR E U TUEA A MHRIRIRDRREE R T 2R N IRFEHR & T & M7 I KR -MEAN
RTIHAERDZENEZDLND. AWFFETIE, “A A MR OBRBEN KA IR O Kk F I
FFESnn7Z L2 E L CRHRMNT 7 e —F %475 T\ 5. — I ERCHAIR D REE T,
BEfaAH DR, D F D ITIFA 22 LIXEF 0T - SfEBUSIIRBR)IS TH S, LnL,
ADN O L 9 R\ =R NVF—WE DOLE, 2 OEEEME CTORMRRISHIEE 720, KHAKR
MHDET ¢ — Ry 7372 bb, BEEAHSOURFH OO ARSI O 53 MO T T R 6E & 7
% YEH DIZEFEICER T 57 BT 2 RS2 MEAN H3RD NO» 12 L B KFEF & P& KUSD
R SITOWTEAEFHEEHOCER L TEBY, EH 5054 bLRHEL MMAN (ZHA~
KFEBEREIENERRLT N L ERE L TWD [17]. S RNTOIET A E LT,
By ENE VS B RTe DN LIEARFE LT — A, D F D ITEHEMH CORIER 2N H D &
LCHEZIT- T2, AR EZEZD L, T2 7 2 F% - MEAN ROMREEN S %
HinT G, SRR L LARd - REMHBS 2 MET 5 BERD S .

4, FLHLEEBDREE

ARG ETIXE B EZ VT, ADN b L& Lo A A o YERIRO KIS 1
DHAEF RIS E T VO L 2 ORGEE WA Lo, T OFER, ADN-MMAN:JRFEHLAK Tl
W RFHFAMEFET NV E AW TSR ZRREERE S A OFBUCKII Lz, 20 &bkl
HDTOHNFEIZ KL DKBG SR ERIEPBRBEICHE L T DL Z emmlashi. —F5, K
WA CHEEE LIAL P RISET /LTl MEAN °7 & b7 X R &2 & TR O PRIBERE 754 &
I BDICESRN-T-. ZDOZ LD, MEAN Z7 & 7 2 FRTIZAREEESSE L
T2 EABORTE T TiE7e <, BB ORBEIC 5 2 BN TR INTZ. 4%, ZOKMHE
W g e LRSS T V2 W T 7 a—F Xz, A A o PRERIR OB X
JEOREATH Z & TR OREOE WA WA DE K - RIS OB 21D 5 .
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Kneading of AP Composite Propellant by Peristaltic Muscle Mixer

Daiki HAGIWARA™!, Kyota ASHIGAKI™!, Kota WAKAMATSU"!, Akihiro IWASAKI™?, Katsuhiko
Nozoe™, Kengo TAGAMI 3, Yasuyuki YAMADA™, Hiroto HABU ™, Taro NAKAMURA"®

ABSTRACT
In order to drastically reduce the cost of solid rocket motors, we have been working on devepoping
continuous kneading technology of composite propellant slurry using peristaltic motion type mixing
and conveying equipment. In this report, we improve the equipment for continuousization. Then, a
peristaltic motion type mixing and transporting device is installed at the Akagi Factory of Carlit HD
Co., Ltd., and 1.65 kg of the actual composition powder is mixed. In addition to laboratory
performance tests such as tensile tests and strand burner tests, the performance is confirmed in the

ground burning test.
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Hydroxyl Terminated Polybutadiene (HTPB): ARM/KEgIEAR Y 74 o
Aluminum (Al): 7 /LI =17 A

Ammonium Perchrolate (AP): i#¥EZET E=7 A

Dioctyl Adipate (DOA): 7 YV E VR A7 F v

Isophorone Diisocyanate (IPDI): A YA w A V73— h

wWE

IR, fhxA v 7 ZHoFHARIZHT, vry hofka 2 MEREBERITH LT N2
infwé.E%%@%m&ykiM%%@ﬁmﬁ/%_mm,mﬂ#OﬁmT@@ﬁwﬂ
Ko THH VI L, EEHEERORE LY, TI732 ) I NAOFERNTET S
Ny FTatAThbled, fiEZE L THPL MEEFEONEEHR AR NRELTND.
Ny FTaEARMEERIANDR MRy 7 THLEFP>TNDLIHLOD, ZHNET
HAEHROE R REECh o 72, ZhE, HEESEFA B BRI SRS TED DR KA B T DR T
bHZ Ll TIRZY IXITLDEE AW A E U DERMGIEDPME DR K O fERRYED
HAEME, REAEDHE LN SO THS. U Eo X 91z, EEHEEIKOK 2 2 MEIZH
T, e e i E FENEENL TN D T, %%%imé&ﬁfﬁﬁ%FA“
AlRE /e B OIRENEENCE H L, A OZEKIENLHRNEZ HW TS S CRAET 2 IGHhiES)
Ze LA AT RE 7 SR ENE B AR A L2 E A I JERH T L T D . 2 OEE L m b MR RSC[E R
AR DOILEC R OWGE N FIRETH D ). X 51T, FEFRIT 400 g LU T OHEESAS B4 2
LT, B LB OBREENERE & 0 LS L~V O FIMERE 2 R L7 Y. £7-, FEA
Z AR, MOERO H BB ATEE SCHIE S A T L% B b, WEENE B T 062 DA O3
P B TE 7, ARRE T 1 kg OSBRI OEFRIER L OWEOMR % B
LT, KEA—=DTHHH—Y v b HD L CToORERBRZFE S 5. 7—V » b HD T
FakBr e S5t L, s U7 KIEOMEREZ, 5l iRV Bk, A KT v K/N—F TOBREEEHIE,
BLOTM-80 07 v hE—X (AL TTOR FREEGABRIC L - T, ZOME 2RI 5.

RENEE AR S E R

B 1 (IZBE OWmMEEZ R 3. IBEITEROBAMIC X0, i3 IUHE L&A
T BE L OFEEZ Y K TIRENEE) CRILA RS - x50 K1bIc 6 =y D
I B E B AR Ak 5% Mark. I %, lOICHE=z =y FOfEEZ RS, AEEITZ=> F
W CTH O DB - IERNFEETH 5. T E 2 ER e Tl mifE s b T (LT, A
THRW), WlEAF 2—7, 770V RN DR I REETH D, N LHA
ERMTF 2 —THOF v U NANELEHMNT 2 Z & THRIT = — 7 BSNHIZEER L CE K%
PHIE S 2. [AIRFC N LG REE T A~ 9~ 5. 2 O— @ OBE A2 SiEigIc A SE 5 2
& ClFEhER A BT 5.
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(a) B A (b) WEENESE IR AR5 Mark. 1T (c) & OIS
(6 = M)

1 BN ) & i B I B R R A RS S E

EHEEMAR TOEMEER A E
TRPES « BRI PE R %
BB L 0 R EFF AT 215 T,
H—V v F HD O LIHN e
O K FERGESZZ BT, I
FEE AR S WAL E 2 M
UNTZ PR SR A S L 7 (X
2). T SEER CIIIEE O BKE)
R 2 fEFE 3 5 72 DI R
AL BRED X B 7=, IEEESHR
B REEERE ONEIZIE 80 °C
DIRKRZEH L, tEEhEE) R 2 /7—Y v bk HD #idk T8 C o kIR A B

> 7 OEEENZ 1L 0.06 MPa D

[EMEZE R 2R L=, HONUO 2L BEBEO T T RZ Y I 59 (5 TEUPGER N RER
AR TTFIREG L7- HTPB, DOA, IPDI, ALCA TP AT U &4 5)%, MkhE B AL
& CIREREE R o 7 ITIA T, £ D% AP Z B A B A B AZEE THA L T 100 43 R Fn
UHEESE A Z U 238 U7z, 2 il OB, HEHESE R 2 U OFFIRIE 2 G835 729, 20 47,
40 43, 60743, 80747, 100 /3HplZiFENEENESIILIEE B L, B THEEE T U olk
HEZ fifEss L 7.

ARG 5 CIRGE B EE AR S s 25 8 O BREh 15 2 —Elc U, BRE)RH & BiiE 3
LZFREE LT, WEEREZ 3RS 2 ICEE L, R E 64 /3 CEHE T D HEEIR R Z
U OFRBURFT ST L CER L7, 5IIEV B, A R T v RAN—F 3Bk, X RIEERAE R
FOSEM Bz L7z, TOMERLIY, RAOH VoM EE2MR L. WICHEEETES
PEIEE 42 6 AN S 2 A X3 B/ AV MBI R L, HABRORNZFER L, ¥—7
HERESE R U OBUGEHEZENLT 5. fHARE% 500 g, 550 g, 600 g (2 L7- & & OfEFnakR
iT-o7z.

%2, =Y > & HD ORFXNIZ T, ALLE THEAEEFHL OB L 1.65 kg 2 W
FREMERZFEM L. 2L T, TM-80 /7y hE—ZDHEL, MEEEREZIT- -
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4. WHBREEE

FIFEBRTIE, 100 1R OHEESR 2 Z VICiBitEix e <, REFDO AP ki R S
e, JRIKE L TIE, 20 52K T EHRM LT Z LIZ X DHEHEIER T U OREKT,
BRILDBRTAE T 72 Z L IZ X DR T ECOREIOR Y, f#E{kH (IPDD @5 5 KRR
WA L7272 D — 5L ET LSRN B 2o 5.

ARF DIRA FR TR O X MR A ORE R 2 X 3 12737, f2fngE 500g O 7
VIZRE U CIER—ABEE B O TRBEEE IZIZ D D X BRI, AT U OARE MR
IREERFPEICKT L CHO B A 52 DR L lro72. —J, {2k 550g, 600g > 7 /LB L

TUEF—RBEE D IC W TR L I R & e 78 BT <, X BRIFRER A COBLER R O
Ir7e B TIRBERFE DO ) B b HEEIK O X — M NCRE S U7z

(a) 500 g (b) 550 g (c) 600 g
3 X MRIEM AR A
AHERESH R CIERL L7- TM-80 147 v hE—
B DRBEFEBROM 2K 4 1 ord. 7T7x2 02
X CIRA LR AKIEEZH =07y ME
— X LWL T, AR VEREE L LTz,
AWFFETH AL, KIERBHZ AL T D 3 42
CIBRBOFRTNEEE C, i 2 HEEIR o FNIC
TR THIO TR LT,

X 4TM-80 & 7> NE—Z Z U7z
5. #&E Hh_E PR BERRER DR T
AWFZECIE, tEENESRR SRS IEE A T — ) v FHDHRR SO R TR ICRE L,
1&kg®£ﬁﬁk%@{*uﬂﬁbk BIRERBR, A RNT L RA—FRERR DT R LR
N DOPERERBRIZIN A T, i EBBERABR T, BBEMERE AR L7z, A%k, WEXr—1 & 1
kg LoD, BT 2 LT, XI55 FEMAl~OMEME &R ERSTETHS.
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Evaluation of the rheology of AP/HTPB composite propellant with focus on the
gap between particles

Kansei TERASHIMA™', Syunsuke MURATA 2, Akihiro IWASAKI™,
Hiroto HABU™, Soichiro YAMAGUCHI ™

ABSTRACT
We define the gap parameter y, in order to understand the rheology of AP/HTPB composite propellant. A
shape retainability of propellant slurry greatly changes with a slightly change in y. The viscoelasticity of simulated
propellants with different y was measured using a rheometer at different temperatures. The loss modulus decreased
stepwise from y = 0.5. y = 0.5 is equivalent to the value of y of the particle arrangement that particles are in contact

with each other in the simple cubic lattice. As the sample temperature rose, the step of loss modulus disappeared.

Keywords: AP/HTPB, composite propellant, theology, slurry, viscoelasticity

B
IBE LT =7 A(APYRL 1 & KU AKERIER ) 7 % = (HTPB) & £y & 325 2Ry~ MMk
FIZBWT, 2O LA u V=R a2 X D72 DI T A —F 9 8B AT 5.y O/ RIS
L CHEBEIE R T U — DR FEREN K E < B b Lz, LA v U—RrERIiEEE 2 V> CHL—Ri £ CTIERL
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1. #¥%§

AP/HTPB % =t AR Yy MMEERIZ 1T DB LA DORIBRICHE B LT, REE(LHEERE X Z Y —D LA
0 —REEIZOWTHFZE L T D . HEEROREINEITRE 7 e R ICEET D700, HEEERAT Y —0
L a ORI A EITEETH Y, TNETHHES R TE L D). EEOHETIIL A e U—
Ritk D B 70 2 HEMESK NI 2 X AR CT CTHIZE LR35 &, HEESRPICE 1T 5 AP O KRR [A L O RIS
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IMBRL T ORI LD b BRI D00 E 9Tl A m O —ReEN (LT 25503 DALz 3. AR Tk 1Rk
WRIA—R 9y ZEFRL, TNEHEERRT Y —0 Lo U—REREF MBI OV THET 5.

2. RLFHENTA—F y DEE

KT L T
1. EAHEERE N ORR T
X 113 HTPB FC /e DRifE D, d(D>d) O AP RIF230H# L T D8k 2R L7 HEESR O W4 ©
b5, REERTORTRBREZ w, VR REREZ L L5258, MR 23 Z ORI & A T
WTELRMIOAD LS IckRSND.
w=L—-D>d (1)

RDQ)RD & 5k MR L 2 kifE D, d THIAL LIZEE RN T A—5 y & LTEAT
D&, RN TEIB T E DMLy > 1 EREND.

> 1 (2)

Y=D+4d

AP ORIZREDNH—Th D552 d=D 7 5.
KR O PR 1 EEEE L 1, Q)N L 2 ITHEEEOIKEE VIZE D KR+ DO 2RL T4 N D
RODBILD. VINIZRBRLFO—ES7-20 BN EDDEETHY, ZOS RN LRl L TH 5.

L= |= 3

3. E72% yiTxtd HHEERDRREE
y DOTINRFETK U CTHEEEOTRIRFEN R E S Bip o7z, WEER EOL2MICEREL, AP KL
FORD VI U 7 A(KC] WA TR 72 H L7z, KCL IZEX THHEEIE R T U — DK
PEORFEAELA > TRV, £-MEOEERE LITV(AP: 1.95 g/em®, KC1: 1.987 g/em?). 725 < H—D
KL ARIZITSIT 5 K 902, Brp b “ o0k & T KCl ORIAEEFIPH 355 pm~425 pm (KL 534 & F5o
I mykiLi=. Zd X 9572 KCl & HTPB (P-41, JSR &, B B 10.90 g/cm’) % =iE 20 CTHEFML T
FERRHEMESE 2 /ERL L 7=, KCl & HTPB OEHEEEIGZ L 25 2 & TR DRI FHI/NT A —4 (046 <y <
0.52) Z#FFD 4 DOFERHEMERK Z/ERLI L, 10 fFFE Lz & X ORBEREZK 2 12777, y=0.46 (KC182
wt% : HTPB 18 wt%) O#EHX HTPB OFEIA DMK R FRENMENIRETH Y, REHIFFE L &0
AR REF S 72, y = 048 (KCl 76 wt% : HTPB 24 wt%) Ok & R ICHE L7z L & 0Bk
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y=0.46 y=0.48 y=0.5 y=0.52
2. B2 % y O Z R O RHRHEE S

MEFEF SN2, y=0.50 (KC1 71 wt% : HTPB 29 wt%) (2725 & B L o# Lt O 252 1A L
72. y=0.52 (KCl 66 wt% : HTPB 34 wt%) L& OITHEMENR S, HasBRICAT U —BER0, NEO
KClLRIF737EMe L HTPB O _EEANHER SNTZ. ZD X 912y Off, T72b b, KB DT0 12 %)A
N5 L RHEESE ORI FFEN R E KB b LTz, MR T 3B IC R S Nz mBE A 7 U —2h 0
TR LT NRENRAT Y —R2RO LA a V—ftEE2 K& EAFTDHZ EDNRBEIND.

4. BBy THRT B HEER OB LB R
LA m ¥ — R FEAl 25 i HAAKE MARS

MY —F7 v xY =P A2 T 4T 4T ----'___.___; | |
FRAEALR 2 T, BURHEE IO R 5 y O v o ETTeel

1R SRHIIER D2 L. 3 g s BJ R S
L BT 5 A B 0TS L A o 3 i . N

W L ORARAED DEIM SR B TH Y, Ktk 3 0080 B Y
SR ERT. PHHEERE ) OIE 0475 1D, AR
0.515 O T z, BEHEE % 20,40, 60,80 C = : igg '
U LT, FREROREHREICBT 58T | ¢ 600 S
BB ST A— 5 5 &RRRIEROWER R & 58T A

31, SRR 40 CLLF O & X 1% 3 0.47 0.48 0.49 0.50 0.51 0.52
the gap parametery

DEINTyZEEZDE y=0.5 & HLITHE M

RNAT v THRICELT 5. 60 CULED & X 1T

RRGRMER D p 16 U THREPEBIZ 2B b L7z, 9=0.50

3. KIFHBR/ ST A =& y &R

IZFWT 40 COBERFMERIT 60 CIZHE~ 6 f5F D> 7 1. HTPB i & B8 S i =R
S 72, F VIR T X 9 IZ HTPB BUR O i3 11 40 °C 8 pE[°C] |18 5 B 4 % [Pa]
£ 60 CTR2MHE LA LVDT, KIERTIZBIT S 20 56
HTPB O & EME2 1 T+ aiB TE e, 40 22

BAEE 7ok IR R T U — R OB itk Rz K & 60 9
HERF % TR SV CBAERA LT 5. p=05 & 80 5

WO ELE, ABSEREARIC I T D BMINZ &Y & D y OfE
IZEE LY, R —IC0 B L TV A RICEBWTAT Y
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WZEE LT & TR RIERHIO THWICEST 5 X 912720, ML TP EMS gL & 5. 2D XL
ORI FHANEN LT, y=0.5 ZBICREFMERN 2T » RIS D 2 LA HREIND. 7, REHE
JEAMEIRIC 72 5 & HTPB ORFEMENIRE - TR FFIIZ L DA T U —Kith~DOEER L, K3 D XD
IR AT PAROBERAFHENBATE L= DOTIE RN EZ 2 b5,

5. £&®
HEESK R Z ) —p ORI 2R TR LT LW R T A =X yp BB AT 5. B2 % y=0.46~0.52
2k U TR HEE IR R T U — ORI FFE DR R E B b LTz, bA o O — R & 2 o Ciedfe
HESK DI RZWET D &, 20~40 ClZBIT 2RO LR IT y=0.5 IZB VT AT v ARICE
L, 60~80 CIlZ&ITLEHT y DHEIMNTPENREBIENICZE L LTz, y= 0.5 IR 70k TR S5 &
5y OMEICHY LTRY, HFFREEENEARDO LA -2 EAE SN Z LN HRIND. 5%
BEOBLE S DIET DHAD LA = EC W TIIE 2 #ED 5 TETH 5.

<PEE>
LA n U —EEREE E HAAKE MARSII Ofif i THERIC 72 Y F L7z KUK PEEHANBFZERT O &8 75
BHRIRGE R L B £ 9.
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Preparation of ammonium nitrate/ammonium perchlorate-based solid
propellant for combustion control by N>O supply

Tomoyasu NAKASAKO™, Eiko HIGASHI 2, Hiroki MATSUNAGA ™,
Takeshi TACHIBANA ™, Katsumi KATOH™

ABSTRACT

In this study, in an attempt to prepare propellants capable of on/off control of combustion by
oxidizing gas supply, we prepared incombustible propellants in a N atmosphere composed of
moisture-proof ammonium nitrate (AN) prepared by spray drying and ammonium perchlorate (AP) as
oxidizers and hydroxyl-terminated polybutadiene (HTPB) as a fuel, and investigated their
combustibility by N>O supply. The burning tests performed under a N, atmosphere for
the propellants having different AN/AP mass ratios (AN/AP =40/60, 50/50, and 60/40) with 23.5 wt%
HTPB revealed that the AN/AP=50/50 and 60/40 samples did not ignite under pressures less than 0.5-
0.7 MPa, whereas the AN/AP=40/60 sample burned under the entire tested pressure range (0.3-6.0
MPa). Moreover, it was confirmed that the AN/AP=50/50 and 60/40 samples stably burned under
N2O supply at 0.3 MPa. However, when the N>O supply was stopped, their combustion was
interrupted with a little time delay, suggesting that combustion of the prepared propellants can be

controlled by regulating the N>O supply.

Keywords: Incombustible AN/AP-based propellant, control of combustion, N>O supply
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M =

N2O fEREIZ L 0 B BEA ON/OFF il C & % 3k B HRBEMEGE B M) B (A HERESE O F fl %
R, FOBRBEVEZ A LT-. ARFETIE, A7 L — RI A1 X0 BHBARE A K L7~ fsle 7
VEZT AAN) L BERBET VE =T AAP)EBRLAIE L, KiKEBERY 77Xz
(HTPB)% /A L & & Uiz [EAHEESE A FH%L L 7=. HTPB % 23.5wt% & L, FR{LAIF > AN/AP
Eb % 40/60, 50/50, 60/40 & L 7-H#EHEARIZ ST Ny 24K 0.3~6.0 MPa CTHREERBR 21T > 7
LA, AN/AP=40/60 139~ T OJESHFIPH THRBEN FERE L7223, 50/50 36 KT 60/40 Tl
0.5~0.7 MPa LA F T K Lighnotz. Zih 2 FEHOHEEIKL, NO 46T, 0.3 MPa TO
PRBERBR CITRBEN FR e L, NoO BtfR & 1L D LIREENE I L7720, AEBR TR L
AN/AP ZHEHEIEIE NLO I 1S L 0 BRJEE ON/OFF il C & 2 nl eI RIR S 7.

1. IXC®IZ

N LA R RF I RA R O RE-CH0E & HiI 3 2 HEMEM I 1X, K= 2 Mb, /NVIRE B3
ROLNTED, THDOEREZEB LT WEAHEERICRET 2R ED TS
[1]. L22U7ed3 &, — XA 7 [EARHEERG I RGE & Fific 3 2 B ARBEIE(BIRIE) 2 /3 5720,
—JE KT D EIRBEE LSO AR ORI R EECd 5. BEEOMFIE[2,3]TlE, FE BRI
IRHEMESR 2 FH N, BRAEFI 2 AN B HEE 5 2 & TIRBEDHI & ATRE & U 7= HEMERE 2 1252
L7z, ZOME T, #ERE LT, BLANGRIERET o E =17 A(AP), /A XK
IKEEFEAR Y 7' % 2 L (HTPB) & fV /= AP/HTPB RHEMESK A F] L, /31 » X DFLA 21
RFT L THBRMEZIZ, ST LD NO(HB(LER) & 35 2 & TRBEN Mkt 9~ 2 Fits
ERAL TS, L L2ans, AHEEERT, REHOSA V 2)BREORRETH 5 7= HHES
MMETT 5 EORMERD 5.

—J7, WA, HEEROBREMRS X3 A FOBLE D, HEEIK T ORRLHI(AP)D—EB % il
fe7 2 E =7 A(ANNWZAUER L7- AN/AP/HTPB RHEMESRICB T 2N RSN TV D, F
FH O OBAEONIZE[4-6] TIE, WD m < BEESLELZE Z Lo ni 8o AN OV
W EOMBESAYEET HHNT AN IZR Y ~—W 21, IAVRFATF LB —RT
F=T ACMCANE AT L— KT A K DIRA LI IRRIRME AN 23058 L, #HEtEK oAl
ELTCORMMERFT LTV D, RIRIBIE AN 2 & T fitESIE, 1RO AN O5E L0 b kbE
HEME T T 203 S 570, BALAIORLEHEZR DT 2 &7 <, NoO 512 X - TREE
A FTRE 722 FF H AR MEHEMESE 2 R C & D ATREMED B 5.

AHFZETIE, N2O 451 & v BRBEZ ON/OFF il T & #2252 L 2 HIY &
LC, [RURIEME AN B8 L O AP 2 LAl & 3 D HEESR AR U, FH% L - #EEIRIC S\ G,
No BPHR FCIBERME L 22 DA E RH L, SMT» 5 N0 24635 2 & CRBERTRE D
et L7z,
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2. EBk

2.1 #EEIKOFHR

BEFE DFFE[4-61ICHEVA T L — R T A2 L 0 (RILIREREEE T =7 A(AN)Z 8L L 7-.
MO AN(FI RIS T 28k L O CMCA(FEfi R T8y 2 v, E&EL
AN/CMCA/H,0=100/3/412 OKERZFBL, AT L— RT A P (PEEATIER)C L0 %K

AWEHEE S, AN KL 7-(RIfE:100~200 pm) &2 157, 55472 AN & AP(— U v hAR—/b
T 4 7 AR, RI:200um) % BT E O FL(AN/AP=40/60, 50/50, 60/40)TiRA L, BR{LHAlE
LTHWE., N U ZITIERmKBIERY 7% P (HTPB, #—V v hA—NT 4 7
AHEAL), ATANIE T VYA FIUDOA, VA 7T AR, AN A VR a Y
A YT 32— ~NIPDI, ML TEEYZHEH L=, AEl, NA 27 ORITHEHEIKOFIRAH
AIREZR AP Tl b ED D72V 23,5 wt% & L7z, Table 1 (27”7 EH &L T AN/AP, DOA B LW
HTPB # &4 L, 60°C |2 CHANtL, IPDI iR L7z, Bk, B2 v —2NTlitiaL,
60°C TEIRAEN T 4 HEIEHE L Tk S 7. 98 U 72 HEESE(7x7x90mm)E i 12 L 2 MHI(E
WY a— =R RTV 3 4, (FEUET TR Z 8 L, BRIV,

Table 1 FHHEL L 7= AN/AP ZHEMEZEDHEL

Mass ratio [wt%]
Sample name

AN AP HTPB DOA IPDI

AN/AP=40/60 30.6 45.9 235 3.52 2.34

AN/AP=50/50 38.2 38.2 235 3.52 2.34

AN/AP=60/40 45.9 30.6 235 3.52 2.34

2.2 RIGEABR
22.1 BREOFEOHREZE

2.1 THRBLL 72 AN/AP RHEEIEDIRBERATR % Fig. 1()IZrnT F LA=H R ~Z o RRFEAER
HEEAEHOTER Lz, EENOY T IVAZ 2 R(Fig. 1(b) LICiE 254 E L, Ny Z s
SHFRARIET % 0.3~6.0 MPa IZFRFE L 7=, 3k EIICE L7z 2 A Wik =27 1 ARUICEE
LTHEASHE, BEBETWE LOREKORBHZOWT, FEHEBRME & KB L7 BREENR 2R L
tﬁﬂ:oV{iE%é%ﬁﬁé&%%b,7v4ﬁv4%%m CBRBERE A TIE LT,
o EEERE B L ORARIE N OREN D Vieille D1 X) [8]1% HWTIE % n %
%mbk.&k 1RIZBITD r BLOP X, TRAETREEEES LOFRHKEITH 5.

r=aP" (D
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Exhaust gas
(a) Orifice (b) ] ]
(Internal diameter: 1mm) Nichrome wire
Flame front ] Screw
Ignitor
25mm &
Observation window Solder wire
25mm
Propellant

Nitrogen Pressure meter

Sample stage

Figl FA=RIR T 0 FERBEABREEE (BB Iy 2x o K

222 N,O B4 T TORBERAR

2.2.1 THAPMEZ R LTHEESR 2 H U<, BEEOBFZEBICHE, Fig. 23 A 7
> NERBERBIE E 2 IV C NoO flAS T CoRBERRER £ F2 i L 72, 2EE N (Fig. 2002 alkk %
FRIE L Ny 2l S8, FRIHEIESHR 0.15 MPa THAK L, &K &R NoO 230k FEi
OIS LERSIE D 0.3 MPa 12725 K 9 ICHHEE Uiz, RBEDORR 13T U X 0 A Z % v
THEE L, N2O fibfa i L OGRS NICds T 2 R BEsBh A2 152 U 7. JRBER B 135 2 el
B L.

( a) Exhaust gas I (b) Nichrome wire

Valve
Pressure gauge
Pressure gauge
.. Glass tube
Digital pressure gauge
— //'
Propellant
2
Glass nk\:
Propellant
ol ol

Fig.2 NoO G EBM A b 7 & FERBERBREEE (a) RIKB L OO T2 2 K

3. EREEBE
3.1 BAAMEDOFE
N, F5XPHAUET) 0.3~6.0 MPa T CHHEEILAPRBE S &, RBEO T HRCE K, &K, TWA
BE) A BIEE LT=. Rk, PIRHREE L 72 3UBHS DU TR U 4otk CRRBERBR % 2 [B1 9206 L 7-.
F 7o, BRBEDSERE LT RUBHZ DU TIIBRBE R BE 2 I E L (N=1), 45 OFER % Table2 IZ %
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L7, Figl3 i, BBEHE & RHKIE N ORBRRTH Y, Vieille DR(1 ) HH M L7 ES)
BHE X PICHFRE LT 5. Table 2 LV, AN/AP=40/60 T4 A CTRREEN 5efE L7z
2%, AN/AP=50/50 T 0.5 MPa LL'F, 60/40 T 0.7 MPa LA F CENENAFAkERD, AND
FIENELS R DIZONTAEKRERDEND ERDHEAN RO, WTHOFREHZ SV
THEK LA DRIKOBBEREN 0.6~07 mm/s THDHZ LD, TOMITICHEK/FE
KORBEEE ODBMENTFAET D EBEXBND. £72, AP OEIGDE & BRBEHE 3 < 72
DIEANRHSEND 5T, EAEBICE L TIE, ABFZECHEM L7ZRY TiX, AN/AP i

LT 03 Ak Lo T.

No PR T TOBRBERBR OFEF- LV AN/AP=50/50 35 L O} 60/40 7MEFFEIR CIE B BRI A
RLUTET2, WEINZBWT, b OHEESR A NO it T CobERBricfito2 2L L L

7.

Table 2 4575 P UL ) T ORRBED 536 I UMRBE

Burning rate [mm/s]

Pressure [MPa] 40/60"! 50/50 60/40
0.3 0.60 X2 X
0.5 0.61 X X
0.7 0.81 0.70 X
1.0 — — 0.65
2.0 0.9 1.00 0.80
3.0 1.15 1.10 1.00
4.0 1.26 1.32 1.12
6.0 1.52 1.30 1.20
*1: AN/AP LE, *2: X.. . Rk
10 ¢
! @ AN/AP=40/60, n=0.31
— @ AN/AP=50/50, n=0.29
E @ AN/AP=60/40, n=0.34
P
8 1
80
g
aa)
0.1 -
0.1 1 10

Pressure [MPa]
Fig.3 A-H#EMESK D PRIEH L & % PR U+ 7] D BAfR
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3.2 N;O #5456 T T DIRBERER

3.1 TRV TRESRPAS(0.5 MPa LL ) T B EZ 7R S 70 o 7o HERESE AN/AP=150/50 35 &
Y 60/40 % VT N2O 5 T, 0.3 MPa CRABERBRZ1T o 72, W OHEEEKIZOWTHHE
K ERIFFIZ N2O & AT 2 LBRBENERFE L2, 20L& & OWRBEEE 2 B fric X o B
95 & AN/AP=50/50 DA 3.67 mm/s, AN/AP=60/40 DA 78 3.07mm/s & 720, AP O
BIE D E O NRBERE [ XE W2 E b oz, E£72, Fig 4@~ T K 1S, REEDER
TN O O A IED D &, BAGE I B 20 PR ICBRBET Pl L7z, BEENICHE Lz
NoO DRI L D IRBEFINCE D L TOBNMNELZbDEEZLND. ULV, KHf5E
TR L 72 AN/AP SRHEMESRIZ DU T NoO A/ 1112 I 0 RBED ON/OFF Z il il T & % nf
REMEAS RIR S Tz,

— d \ :
Fig. 4 N0 46 N COBRBERBR O T (a)N20 fIEFART, (b)N2O BERARE, (0)N2O ftfafs Ik,
(AT 12> B9 20 F12 GUEE : AN/AP=50/50)

4. L
AT, R AN 36 KOV AP Z (bl & R A TR L, N BT CIHEH
ML 2 DR A Z R L, SN D N2O 2575 2 & TRABED ON/OFF Hilf#l 23 T RE D>
Bt L7, ZofiR, UTFOMARELNT.
o R(LAIT D AN/AP L% 40/60, 50/50, 60/40 & L 7=#EHEIKD Ny FRFHAUE S T CORREE
AERDOREA, AN/AP=50/50 TI% 0.5 MPa LA, 60/40 TiX 0.7 MPa L FTHK LN -
7
o TNHDOHEEIKICTONT N0 AT 0.3 MPa TRREERBR 21T 9 &, NoO fHAs FRBEDS
Bt Li=—J7, BHRZEIR3 2 & 20 RRRICHREEDS HIT L7-. AHFZE CRisd L 7= Kk
PE AN 3 LN AP ZBR{b A & 3 D HEMERR X, NLO 4G 12 XL 0 R BED ON/OFF % ffil{fl T &
% ATHEMEAS RIB S Tz
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