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Trade-Off Evaluation of the Mono-Propulsion Systems for the Micro-Spacecrafts

WADA Asato ', ITOUYAMA Noboru™?, HABU Hiroto™

ABSTRACT
For the attitude and orbit control thruster of spacecrafts, the various micro-propulsion systems have been
proposed in the world. It is important to clarify the positioning of monopropellant thruster in the various
propulsion systems. The objective of this paper is to evaluate the trade-off of each monopropellants in terms of

the theoretical performance and physical properties of the monopropellant.

Key Words: Green monopropellant, High energetic ionic liquid, Space micro-propulsion, Micro-spacecrafts

BEE
ST OB I R OB & L C, B/ NHEE R O e AKE THED DTS, ik
RHEEFIRN PR E SN TOWEH T, SHBOFTHES v ¥ a UARRICIT & FHHEER ONE S %
EICTHAZENEETHD. ARRTH, —IRHEER OB & & HEEA OB MERE S L OB R
IZ2WTC, ML— FF 7l &3 L e D THET H.

1. IL®ic

HE/NRIHERE R IE, HIERJE RO 7 & FRIGREN Y, R E B LORE B EMEOBSR D=0, Hilk
R EE 2 N FH S OHEE S L OHIEENR CH 5. L v mFHER coOREIIE, KE» O mIRE
T OGO E TR S, B3 K OHEHA B OHI R38R VBN BT IE, BB
BLOEHMER L LT, EROFHHEER CIIRNEENSME 52 5. FrT, HEERINL, ~ A F X
B FEH 6 FEORIBFEIR TR EEZ A L, H o EBRHLENROHNOSHH I v a
SZBWTE, AR L RMICEMERETHILER D DH. £, HBRAEOHIIR /N R
T, HEERZ VIV RBEOHIRIC L D4 27 P R&EWZ &b, #aERIOBEELRH I OmE (&
PEREAL)DSRRETH A Z LITABATH 5. Z ORI, B/ A HEE R OB E 21T, HEx
IRY AT DERR I v v g VORISR & EITHEE S R T AR O N L— N AT Rl & S D 44
ERBD.

NSRS OREMER & L ClE, —RBICERHEE, ERHEE, WIAHEED 3 FEIC KRBT 5. &
ZTIE, 10~100 kg A AOFEHEIZIRE Ltk 9 5. BXRHEEIZ OV TIE, Xe X° Kr FDOA N A
EHEHER & LI2FEMESF DA APy DROR— VAT A Y DORFSERRNERTH D, BIE
DFGH AL 7 R E N T T A~ KB BT 50, HEDN 103s A—F L@y, —F
THENEED 10'N/mM? A — 4 LK<, AT AZRIKOBETNHEER G, FHEOYEEGE ) 733

doi: 10.20637/JAXA-RR-19-003/0002
T 20194 12 H 2 HEZ A+ (Received December 2, 2019)
SRR IEIT T A LA g R

(Department of Space Flight Systems, Institute of Space and Astronautical Science)
RS TRRIITER (L AT AT

(Graduate School of Chemical System Engineering, The University of Tokyo)
UOAAREATRILS REIFIE R

(Research Fellow of Japan Society for the Promotion of Science)

This document is provided by JAXA.



12

FHAZERTTE D SRR ZE B 78 H 7 TAXA-RR-19-003

Bl Cd v, SUEEBRR], HHERICENT 2B NSCRGIERICRBOH 2 FHEI v a VT, &
REED—oThdEtrzxd. £, HRTEHEDIUVHELFE LA AL 2HBINHSEDLA 4
DVURB—INATAZNZONTHRPINED LN TEY 39, AT AHERNC LR, ¥ 7 FHEIT )
DI CHEMERN FE D 1) Iz X0 BpskieEssm B L, @8/ FHEOHEER & L CiXEfRTH D, £,
Fr@E M 5D FEEPY = L7 b A7 L —9L o 7= 4 4 ViEIK (e.g, [Bmim] [DCAT,
[Emim]' [IMZFIH L2 HEEEFIZOWTHIEINTND. ZUOHEERIT, 140 U0k
—VA T AR, AREB DO B Em W5 TC, #EIVBEERBD TS W2, 74— AT F
Y7 T4 NMEORWHES BB E LRWHIBEIEANICE L Cnb LB LS. WIC, FEERHEEIZ O
TIlX, BKNO; X° HTPB/AP/Al O A E ZHHEA & LT AT AZBREINTEDY
OMOTENASHI"% T® Cube-Sat FAEIZ AT 7oWFZEBHR ERE N D 5. T4 b BERHEMEATIx, —FEHE
RN RV E AT D L, HKHIEAHRRN D, [FHEER TIIHSEKTET, KfEHE2LE
ETDMEBEBICHEANRESND L 2D, KIS, MEROREREETIX, b KT V0% FHeER &
L2 BBGIEHR N B TH Y, REEI v~

a ROHUERE R R TOFEE B L. FERHE 60 - Spacecraft Mass: 50 kg
HERL L 72 0 | HRURHEER DA L /A ss | X Lodibi
KHEVENTTRE R 20, WK 722 B g0 | 60%H0;
= E
FBCRERDHOERES 2 LEETHE% £ 45 ®
- N = €SS
s L OWLE R EEM S LCE L T\ D g 40 ¢
LEZOND. T ORRICAHEERM T, H# S 35 F
HEAORBIRTE, D 7 SRHEE A 0 7 K g 30 f
KR, e - RIS £ 5T, T 2 25 | e i
: -~ ) o R S E xt Green Monopropellant
VAT ASDESROFER A B2 D, ERER 2 20 | N,H, Adoy
RN DD Z ENSND. & 15 f
Fkx PR R R STV A T, # 10 B0,
DR A R L, A R 50 100 150 200 250 300 350 400 450 500
WEBST AT - EREBETHS. A Density-Specific Impulse, s* g/cm3
BT, TOHHE LT, A HEERO (@)% —UHEREFR| O PERE oz
BLAD DA HEHER O BEERMERE R L O BRAF 25 . Spacecraft Mass: 50 kg
PEICOWT, b b— N 7R & 32 L 7= D 24 [ Delta-V: 100 m/s
0“7 F
7 E a5 + HNP225
‘E‘a 22 | X N.H,
2. ALFEEHEIC L B E— R HEER] O g 21 f
BERIEEM RS L OMERIEICETS S | FLP-106
SRR g ] A A OADN-EILP442
E ‘ }\ 1‘7%%, e = 9 LMP-103S AF-M315E
—EAHEEANE, kb e KTV § 18 | o8
(NHY)DEFRTH D23, ZBRKER L OFMER E- 1.7 - SHP163ADI:_EILP63]
m <, i ETORPLFIERICIX, Bk 16 |
EHCEH N L AEERVETHB D, F 15 Bvevn s Ll e R Y

7o, BEE SRV, EICHEER Y 7 0
B RERALE L SND. L OMEE
R B 728, BUIEL 0 AT S, BiE (b)) B FT VB LUV HAN R, ADN il UEstE
AR OERE L OMER L oHER oS AlOTEREKER

Btz HIEL, &= XEEYE % HHK & 1 % b 7 d K OHERERITE & 2 D BIfR

Density-Specific Impulse, s* g/fcm3

This document is provided by JAXA.



BT ENITE R ST BT R R 13

L 7o R AARHEE R DA FEBRFE DSEH TH Y,
E RZTUMbBBATERB LS O®H 5 9.
Z O/ X EERDEICIL, WMkt Fr
X LT =7 . (Hydroxyl ammonium
nitrate: HAN, [NH;0H]*[NOs]") SA#HEHEA]TS &
KT E=ULY=1F7 I K (Ammonium
dinitramide: ADN, [NH4]' [N(NO),])A % T
bV, ZOEMIREL Y & LT, KA H
J—=NEOT v a—HE R E RS 8,
— T, KT N3 — VD ERIEEIN G :
W2, HEERID T LR EEE A S, g E .
7, BIOREIC LW ARKIELNEL D 10 20 30 40 50 60 70 80 90 100
-, REWE| MBI DGR N S E 5L Total Spacecraft Wet Mass, kg
LWV o T HATREDN T B . X 2 FHEE R I OWEER R X 5k nTRE 7R
ZIT, MTRAXYEMR T N—TT RS OBMENE
i, BT RAFEEDEICT LV a—VES

* Propellant Mass: 6kg = 6U-size (Dry Mass: 12kg)
r Prope ikg = 4U-siz 35: 7kg

lant Mas

ropellant Mass: 2kg = 2U-si

— ADN-EILP631
— = ADN-EILP442

Propulsion System Delta-V,

20
KT DEPEZ SO [E AR E R L & 3
MEEHILT, AAViRkO—fEL Sh 0 Mﬁmual NH,
% Deep Eutectic Solvents (DESs) Z i L 72 1 0F - pr—
_ - : &5 A
M. ZD—FEL LT, ADN ZHH|L L7 -10 | o LMP-1038

1%

E
R 2L WE T HREIEE ) A F LT 3 £ 20 Higher
v (Monomethylamine  nitrate: ~ MMAN, § - _ s
[H:CNH;] [NOs]) 35 & UVR S (urea, (NH,),CO) = ADN-EILP442 &
MBS ADN RiE T R F—A F R Bl SHP163
(ADN-High Energetic Ionic Liquids, ADN- 50 |

- . i X 60%H,0,
EILPs) DL L L T 5. 60
[ 11C, B R A A L L 0001 001 01 1 10 100

AR (HAN FZHEHER]: AF-M31 SEg)’ Vapor Pressure, kPa
SHP163'?, HNP225'3, ADN A H#EEFA]: LMP- B4 3 4% — iR AHERE A O BEE A ds K ORAUE
103S?, FLP-106”, ADN-EILP442

(ADN/MMAN/Urea = 40/40/20, wt.%)'", ADN-EILP631 (ADN/MMAN/urea = 60/30/10, wt.%)'D), 60%:it& %
{EAKFE (60wt.% H,00) "B L RT P OBEHES & HEEAIEEEOMBEZ T, 22T, FH
MEE % S0kg, EEH AV OFRMEE 100m/s & RE L, FHEERIOFEGG LLHE 1T, RBEEIT T 0.4
MPa, / Z/VBH I 100, BRIV TR MRt K0 B Uiz, SHEERIEAG OB L1, B
BUK IR &R T REOREIC K0 HE) & BBIBRICH 5 2 L6, HEERIOBERMER L FETH
L. F, WEEERROBE L I ORI, BERMHE E L TERTZ N TE, BELMNNE
T, FEHEY AT ACKDERAVICH LT, #HERAIOHEREEZMZ D2 LN TE, XU I RE
SMERE S AT LD/ - BREAVINFATRE L 72 D RA A IR, B R UATHA, K 68% ~90%D
EE LS O LR ETE, tho—HEER] & T, (LR L, BRI E O IERE R
HLTWDZ ENSNE. £z, H WCHEEA B2 & P RO B & AHEERNZ I CRER AT
BE 7320 4 1Y 45 D BEAR %TT B Z1%, 100 kg DT HEEIZI VT, ADN-EILP442 HEMEAIE 6 kg 22T
HE LIS EOEEH X, 155 /s THD. FAEOFHEERIZBWT, 1 km/s OFFEH S ZK
éﬂé%é,ﬁsugwﬁﬁﬁﬁﬁﬂxgkﬁé BREHEERNHRT L, [RIFRD 5K S H R 23

This document is provided by JAXA.



14

FHAZERTTE D SRR ZE B 78 H 7 TAXA-RR-19-003

WHTE DA, HER2ERD R T A ERITFA% L AT 2 LN TE, AR ORI HEERIMERE DB
TO ML= RATRARETHD. 7, KHEEFTRN R DAL, #HEEREES ML — K47
MR EIeD., AR TIEZOFMEZE <D, —RHEE R AN & B R iR HEE R M B 12
ZFONH5E T, YIIREE LT, MRAEZZE LIRS OHEER ¥ o 7 ZFoOHEERE R, A
T ALAKIK HEMEVERE, TN — LA EEEERB LI AT AXELE, etc.), HEER IR CTHLERE L5,
INOOFFEMKL b — R4 7Fl 2 £ T 2 LERH D,

303, BHEEANC I 1T A EEE LR L OEKEOWEME 2 i L7 X Th 5. A1 4 IR,
b KT VB I OO @ HEERNC AR RER L OBE AR ER 5. B RTI VU0
A, BEEZ -0, BESLE 7 BB~ R DA L T H(FEEEN TOEGIE 21T 5 ) WER H
D, ARHEERNZ, HASIHIAIE U Curea Z1RET 5 2 & CIREERZA L, (RIREREE T CToORHIRH
FFEICERL WD, ZhbIick by, e—XEBHOHNE, S>F 0 FEHEERRFOKE L aliEs L,
O HE S 2T & (BLEESR, ete WCEB DBy Z[E4 2 & C, L vy a v OREIERT 5 2 L3 HIfFT
5. LEERoT, #HEKEEHEDA L GT, EFHEEEORMI v a b LT, KA A UK
ZRAWEHEERIL, EHEERVED.

3. BTRNAVX—A F U REHEER ORI

ARROE Y, FmWHEEEGECTEHRE T COMEFEICBWTEMER R O 5 —F T, #ER O
SR IFE RBAROHERER AN I DWW TIE, < OEGREEZ A L T, —KRoe K7V UH#ERT
W, BRI X DRSS — R TH D0, T D AT ROV BRI & LA & U e
T, AR X DREHEREE oM E, S VB2 X (mr 2L EE O I LT,
KBBED LHIC LY, SRR T X 5 EEMEEOSERECH LR N2 RETH D D, 2
AU 5 HEHERE D AR BEROGTE DR TS, BAGRFHOAER A DI XV BRI TR K 5
HOTIEAR L, HEERIOVERE % B AU O MEPERE I A b TERMIZHE L T2 008BURTH Y,
RAKFIEORAB R RE L NNETHD.

TIT, WX, Bilole i KAEKITIER LOHE T IEOHEIHER 21T o CTE 0. RA A IR
{EEMNTE TR A XN F L DESGETHD 2 0D, BERMNMEFMIGIZHE LTV D L PSR,
O EES K OMREE H A DOZARGEIR T ORI W 72 ERINE OB AR (B CO BN e ER 0L
FOEEICL DA A VREFZIMEID L5 B HMEIC L 2HEFBISHATELEE 6N
5 F, INETIEEZRIAXTYE 2 EA & LUTRIEHEER O 7 7 X< K08 I UORBEHERF (TR
NI L TEY, AT AZOFFHEHB L OZFOFEIAHEMEZ R LTS 1820, K a1 4 gikico
WTHZEDRTAZ~OHHZ B L, EROLRFFMZED T\ 5. F72, ADN-EILPs O IEHEfRIF) 72
RKFELELT, CW L—PF 2L R L —FFE T T X~ DORUKEBEZIRELTEY, bl
HEAZHEEDZ LT, MRV F —A A IREZHEER & LCTIEa L, |l X ONEHES & il
S U TSR BUHEE R DB 12 R R R 2T - THR Y, T ORNIEIZ DUV TREAMS L O 2 Bids L C
W5,

4. FEim

AR T, —IHEER OB b B HEER O FEFGPERE R K O E IS\ T, b L— R T 5E
filiZ 52k U7z, &R, (b PliEtEds X ORI O BLA T, ADN-EILPs MENIMEZ /R L7z,
— 5T, HEHER S AT AORINHITIRE TR VWONEIRTH D, 5%, FTHEIFRRICmIT, HiE
FilE £ OV OREERAN OFFM & REEE L —EINES T2 0ER’H 5.

AWFF21Z, ISPS Bl#F e B4 JP18H05900, JP19K21074 DB A2 17726 D ThH 5.

This document is provided by JAXA.



AT — NS SRR R 15

BEER

1) Koizumi, H., Komurasaki, K., Aoyama, J., and Yamaguchi, K., “Development and Flight Operation of a
Miniature Ion Propulsion System,” Journal Propulsion and Power, Vol. 34, No. 4, Feb. 2018, pp. 960-968.
doi:10.2514/1.B36459

2) Watanabe, H., Cho, S., and Kubota, K., “Performance Evaluation of a 100-W Class Hall Thruster,”
International Electric Propulsion Conference, IEPC-2019-447, September 2019.

3) Kamhawi, H., Haag, T., Benavides, G., et-al., “Overview of lodine Propellant Hall Thruster Development
Activities at NASA Glenn Research Center,” AIAA Paper 2016-4729, July 2016.
doi:10.2514/6.2016-4729

4) Tsay, M., Model, J., Barcroft, C., Frongillo, J., Zwahlen, J., and Feng, C., “Integrated Testing of lodine BIT-
3 RF Ion Propulsion System for 6U CubeSat Applications,” 35" International Electric Propulsion Conference,
IEPC-2017-264, October 2017.

5) Tajmar, M., Genovese, A., and Steiger, W., “Indium Field Emission Electric Propulsion Microthruster
Experimental Characterization,” Journal Propulsion and Power, Vol. 20, No. 2, March-April 2004, pp. 211-
218.
doi:10.2514/1.9247

6) Shawn, W. M., Benjamin, D. P, and Raymond, J. B., “Electrospray of 1-Butyl-3-Methylimidazolium
Dicyanamide Under Variable Flow Rate Operations,” Journal Propulsion and Power, Vol. 30, No. 6,
November-December 2014, pp. 1701-1710.
doi:10.2514/1.B35170

7) Hashimoto, T., Yamada, T., Otsuki, M., et-al., “Nano Semihard Moon Lander: OMOTENASHI,” [EEE
Aerospace and Electronic Systems Magazine, Vol. 34, Sep. 2019, pp. 20-30.
doi:10.1109/MAES.2019.2923311

8) Sacheim, R. L., and Masse, R. K., “Green Propulsion Advancement: Challenging the Maturity of
Monopropellant Hydrazine,” Journal Propulsion and Power, Vol. 30, No. 2, Feb. 2014, pp. 265-276.
doi:10.2514/1.B35086

9) Gohardani, A. S., Stanojev, J., Demaire, A., Anflo, K., Persson, M., Wingborg, N., and Nilsson, C., “Green
Space Propulsion: Opportunities and Prospects,” Progress in Aerospace Sciences, Vol. 71, Sept. 2014, pp.
128-149.
doi:10.1016/j.paerosci.2014.08.001

10) Matsunaga, H., Habu, H., and Miyake, A., “Preparation and thermal decomposition behavior of ammonium
dinitramide-based energetic ionic liquid propellant,” Science and Technology of Energetic Materials, Vol.78,
No.3, 2017, pp.69-74.

11)Ide, Y., Takahashi, T., Iwai, K., Nozoe, K., Habu, H., and Tokudome, S., “Potential of ADN-based Ionic
Liquid Propellant for Spacecraft Propulsion,” Proceedia Engineering, Vol. 99, 2015, pp. 332-337.
doi:10.1016/j.proeng.2014.12.543

12) Katsumi, T., Inoue, T., Nakatsuka, J., Hasegawa, T., Kobayashi, K., Sawai, Sh. and Hori, K., “HAN-Based Green
Propellant, Application, and Its Combustion Mechanism,” Combustion, Explosion, and Shock Waves, Vol. 48, No.
5,2012, pp. 536-543.
doi:10.1134/S001050821205005X

13) Igarashi, S., Yamamoto, K., Fukuchi, A. B., Hatai, K., and Tkeda, H., “Development Status of a 0.5N-Class
Low-Cost Thruster for Small Satekkites,” AIAA Paper 2018-4753, July 2018.
doi:10.2514/6.2018-4753

This document is provided by JAXA.



16

FHIMLZEITTEBR TE AT FEPH e L JAXA-RR-19-003

14)lizuka, T., and Sahara, H., “Development of Mono/Bi-Propellant Propulsion System with 60wt% Hydrogen
Peroxide Solution for Microsatellite,” Aeronautical and Space Sciences Japan, Vol. 66, 2018, pp.273-278.
(In Japanese)
doi:10.14822/kjsass.66.9_273

15) Fokema, M. D., and Torkelson, J. E., “U.S. Patent Application for A Thermally Stable Catalyst and Process
for The Decomposition of Liquid Propellants,” Docket No. 11/457, 985, filed 17 July 2006.

16) Wada, A., Itouyama, N., and Habu, H., “Simplified Performance Analysis of Discharge Plasma Thruster with
a High Energetic Ionic Liquid Propellant,” Proceedings of the Space Sciences and Technology Conference,
JSASS-2019-4321, November 2019 (In Japanese).

17) Wada, A., and Habu, H., “Electric Ignition Characteristics of an Ammonium-Dinitramide-Based Ionic Liquid
Monopropellant with Discharge Plasma,” AIAA SciTech Forum and Exposition, January 2020 (Accepted
Paper).

18) Wada, A., Watanabe, H., and Takegahara, H., “Combustion Characteristics of a Hydroxylammonium-Nitrate-
Based Monopropellant Thruster with Discharge Plasma System,” Journal Propulsion and Power, Vol. 34,
No. 4, Jul. 2018, pp. 1052-1060.
doi:10.2514/1.B36762

19) Wada, A., Watanabe, H., and Takegahara, H., “Performance Evaluation of a Hydroxylammonium-Nitrate-
Based Monopropellant Thruster with Discharge Plasma System,” AIAA Paper 2017-4757, July 2017.
doi:10.2514/6.2017-4757

20) Shindo, T., Wada, A., Maeda, H., Watanabe, H., Takegahara, H., “Performance of a Green Propellant Thruster
with Discharge Plasma,” Acta Astronautica, Vol. 131, 2017, pp.92-95.
doi:10.1016/j.actaastro.2016.11.022

21) Itouyama, N., and Habu, H., “Continuous-wave Laser Ignition of Non-Solvent Ionic Liquids Based on High
Energetic Salts with Carbon Additives,” Propellants Explosives Pyrotechnics, July 2019.
doi: 10.1002/prep.201900063

22) Itouyama N,, and Habu, H., “Investigation for Ignition of ADN-based Ionic Liquid with Visible Pulse Laser,”
Trans. JSASS Aerospace Tech. Japan, 2018, pp.291-298.
doi: 10.2322/tastj.16.291

This document is provided by JAXA.





