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Performance and thrust control characteristics of N20-based rotating gliding arc
thruster
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A 2= 3410 KIA2O, &3 HIFEZE2 278.9 sZ AHAEN, &t oz ZaE N202 HIFEQ 202.8 s&
Agole ds2 BUCL. = MO AE0M=E NO SN ) MEg SgHEo=2 XH0N |SH =2
HEoHH MAE > UASS S0IoIYCH 0I8 HIEo2 AXHO =3 o L YEA HIE DBt ot 0ol =&
MO Jtsd28 ZSTo20, Ol B0 =2 IS4l R4S IFcte A& 2= 0@ EJMSH sUEC=Z

Key Words : In—-space propulsion, Green propellant, Space mobility, N.O, Electro—chemical
propulsion, Rotating gliding arc

22, SAHOA AXR AR 23| | ek AEo SYsts Je® 2 HFHE
N SLOIRCH 01248t Hlg FLES OIS 2= AR JisHd2 =X =11bs[l}
TIAOM, 012 S5 018 AES C ¢ B L= )
ALK, MENMOo=Z =4 L X2 o
= [l ZE, ASA 29
SFAIIR O ERIDF AL 5 =)
QIEIIN, 012 SME =2 =X 522 NN, MBS L =2 HOI 20
AAEIQ] Za=0|CH®,

:
>
E
i
o ™
0
ror

1 1
tol
3¢

M

m .

=i

SlIl 10

[0 %

o

oy

o

= b

U

40 M
2 o

my

2 10 1
or
Wi

Mo

I 0x 40 &

&
=)
[
il
@
m
o
B oox
[u]

o 44 rr

ror
k>
o

oy M
b
=
HU

ol
o ¥
= =

ANAEUAME GH0IS2HR J|gt HASEXHY =2I|9 =2 JAY =26
T B2 D QUCH 2L, sH0IS2HRS oM XN SA4S

DT2EZ0| Z4HO0|H, 012 26 29 HIK0l Z=Jiotn 240l MEtE s
@ o0 e AY L P 22 DEHN B2LD HE 524 HAN s 22
P RC M0l HX II£3E D QUCH SE ZFHe LYBHOoZ X
IHZ USHN, 282 MSHZE H0:. "0 N0 4D HERQN 0|24 ZXHZzs
nium dinitramide (ADN)">'® and hydroxylammonium nitrate (HAN)'"'8J}F QICEH 0] =, N,O=
L AQHA ESIM0ID OHMGIN FZ0l 20I6tH, €S 2% HWA I 220

0 0x
MO 0% o
I

= 40 |0
S

(e}
o =

i)
(][]
= -

o e 0= K S 4o
ro
0¥
z
to
é
to

o 0% oY o v

3
b

rir olr rio
Qﬂ
Oy
i
0
04
=)
$0
[w)

ol, Xt Jr0l Jtsdted EE2l Jte AIAE 20l S©&0tHAM Azl
2

(=
=
ANAE #=0] Jtsot 22 2220 UCH

$0 M xr & © o I o o



20248 SEFF=Ed [?F/91d 22E|E] 2O0f]

Al 252 oIgh A2 S0HQ olY ZXIIJF ZARO0IH, AFZNIX 20 Ol A2t A0l Z 35T
s BHOIS2tE 2 024 =EM Hl ¢S HIE=RE JIRCs ARl UCHS3,14). 01
225101 sl N.OE St =2 HSESHUY, [y Jiy 2D M OFFIMZ
2AUG=(21) E A 2T E =0/ Qs CHYsH 518HA F2 grAlo] HMIOE QACH J24Lh oledst
gtHe A5t WXE AT HIILE FIEQ ZZ AAHES ZE2 50 AIAHO =2HAZ2 =0/1
WA QB2 ZeHEC O U0, 0l2ist M2 wAle =2ANOo2 515 BrSWAM LMEt= Do
ojgh MEtESz YA Jissh HIZ) AstS 206

SIS XIQ EIIMUXIS SH0IERIER AFR6t=s MIIsHEHR 2AlS &) 2=29 AlptelJt € 2
S 2U02 BOILH EA, 0l22 = 249 22 =XHE HXNAEH, DC o7 ==
OOI22IZ Jigol=0l ®MII0HXE &256ts M<Z(electro—thermal)=& S 02O Z gl&tEt=
oz gME AB0 M =2 JtA 2% 240l Jtssit®? z=3os N.0%, ADN®P0) w
HAN® =0 2t cdx=Xgol ot3, (UL)ZA A, [Ol0|22Oe 2e st MI|-9
ZRIX0IE NE6I01 SO0 MY A2 OHE6IHLE =8 452 SAAIIE 1Dt =280 UL
ZotX(H= 318 B2 #435F HHES SFEHL AME & ACH, JHUXES HASZXHZ wa N
MY Jbsotllol, W20 oFEXol M3HIL JbsotCh 0F OfLl2t, Z2tX0IE NSz 9E Al
D2 220 A0 =2 452 SAAZ 2 AUlls HE QS QACHESY,

2 HANME NO SHUEZA DI MIISHEA A A|AEO A2 WIS HOHSHL. 55t
S AMEIO NO =R H52 QOAD, =01 Q0T =2X0l 212 Aok AC M2 J|gto] 3|A
0t3 Zc2t=0F (Rotating Gliding Arc, RGA)E E=Z20I%L. RGAE A8 K== Sol o2
SIFMAIII= SAI0 AC Ol3 LAS BHE510] AASE0| LMs £ Q= Do XHo Y WHME
AYUsH 9 2EE SXoIHA ®2 01282 IAsteled JlEg & UL s or3 ek
ZotAOts OHOI2Z2ImMe gel, D0 UAS 98 2&s6 32 ALHA HE0 LK %oH,
HM20A X2 Y & IS AABS 2CsiD A2l UH PRAs 2 QU i
=20 ME RGA =XD| &S = XX Jissh OI2t0IEQ Q10 2D N,O S0l W2t =& 450l
MY ot = EM 2T HFY 2 0|9 ASAHS MWHECZ 24510, RGA Z2tX0it A5
SEAN DI0iBls HEZ2 HUNMOZ2 HIIGIQCH 0l2 J|eoz, axoz =3 Hsg Pas
= MO 2 YTA HIE J|BIo| O|AFMOl X2 HOE ASNMOR HZ5IRULC

2. RGA FH7J| dA % AE HH
2.1. RGA 27| dA

J2 12 RGA =19 &H HEo st Jlz FEZ2 M2BSCH RGA == JIHl AR
NoOOl RGAZ A0 ZYUSHH JIgE 93 JIA) XS5 S22 S45lE= AsXoz
SHCACH. RGA ZEOZ N,OJF 2= SAl0, =20 Al=2"E ™ o <42 Moz
MNSZ2 FIXOZ LGS A5 SUE JIUE £ UCH RGA )= 9E My, WHE IIE,
D2l =28 =2 2HSECHIY 1(a).

SAE BMH: RGA =J|9 9E MU= 03 2AES AZGH=E 2A QAOICH QHAEROQ gtEZ
QMAME HEE AlS M HANAM SHO0| AIZCOOF 8L, 2HAS Qch, M2 22 FHXI9 DEQ
clole 2l M2 oG WE MBS Q1istD, AHQZIA AE 9X MU HXLS
CIZABIAULE 0 & 2EZ2 Moty 2202 HINMoZ 22|50 U202, SUst gl Hz= g
M2 SrA MY 209 2HA0 oJd HAHECH 2 AIRNAME RGA AIEZ fst gA 2AS
ABRNOZ 0.7mmz AHGIYOH, U™ o AL {7mm=2 AHACH. L5, 22 W &
SHE RUSH SXotD M2 0IZE 223610 Aol N,O HAE A9 =02 2Z6IYUL A€
SE2 SYNM 6mm A AXIN XA 2mme Y 3MIF Ys AKHE Soll LMSH(OR
1(b1)), OI2 Eaf M=209] 20| YwWatoz 03It BARGITE RE6I0 OFAE HAESAIIID, BHE
JtAS 20 DS JtsotH BT

WHE ME: WIHE MEE= D ZAUME SHAERQ 0l ¢E2 2&6HI| Qs 24 QA0ILC
0o SANME =X == BT SIttd HARQL 03 2AO0l HHKYXSZ, o3 2YS
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BHXIOLOd Ot E CtEEAIZILD, O0t32 Z0IE =d Sua= SUatotUCH oI, ota ZE2 &%
2 7cl =2 20l fAXlotll, EHiE 22 WHHE LES HY =20 fXotH, A28 S0
olgh SIMGHA ECHAOE 1(b2)). 0t3 ZHO0l WHE MEN tEHC=z NFLH, 012 ZHOUA
HEE DUUX BS0l FH=IZ SHAMZN HEH HHOH S2AU20t MEIJL E4&E0. =, 0t2
2822 2ol N.OJF SoiiEd SAI0, =IHEQ HUHX 3222 dde 0l=2st ) gdetE I
ES0l HEH HHE A &Ch. O ZDH HEH 3 WRS g3 JtA9 2&28 &40l

M0
O N
ol

2ot &SSHAH =L

ZE8E 5! De-lLaval =2 HEH WO otEH0l RAXIGHH JtAL SEE =3H22 JisSot=
Aes SN 1(b3). & 5 B2 &7 HE2 22 24mm, 2.7mmZ A L ISEHUSH,
LE = 20l= IZ2E ZAotI| fAoh 5mm=Z ZAHZUCH =8 L o 2= 242 602 155
A& ACH

@ (1) Swirler

Gaseous N2O

Cooling After chamber Pressure sensor slot f

P!
Plume

Discharge chamber

High voltage |
N
- Anchoring part Supersonic nozzle Swirl flow
Discharge gap
Power supply = Ground
(b2) Anchoring part (b3) Supersonic nozzle
—_

Time

8. 1. (a) RGA =&D| N

=
~
5

<, (b1) A", (b2) =104 M2 =& 8 WHE MIES 2E, (bI)
= LE0| QoM ZAEt Otst CHolotRE E8

]

2.2. £ NE 74
= GF0UA=E NO S0 £ M50 HE RGA =HII0MA NO2 2ol 6f & FIHHQ =4
d5 gas HABESE 2461 2o, O 2% &2 a8 HEXE FAFoUL. 4 =AM =2,
X AEH=Z 2 Z2I0 MEE N.OE d2dOIHE Sl 2= 10 bar2 & 7, 7
HOJIMFC)E Sdl HMOE SFS=Z RGA FEDIIN 336tUCt HY MFC= 20T, 171
ZAUAML JIH 20 ST(NLPM)E JIE2=Z2 &L AHEE MFC 222 N2 WHEEJAI WOl
No.O AtE Al EEtst K% =F0| ZR06tCH MFC2 AFZ0A HMEB3dt= N0l OHst dA H=E
d&s =, &3 HW M RE2 X0IE Mesalabs DryCal 1020 EXIE Soff EZotAH Hlw
omtet0le= AH 2ol JIEtot0 Hstot R 2L, A

SHEIAL. 2E A M5 8 x2S YAIS
2DUNAE B8 RY'CE BIIGIAUCL B 12 &FE 2 30 B2 N0 T3 ZAMA AH
RY AS UEHCL 83 ROl 70 Umin(LPM)S ZDsts F2, 10 SJWAH 042 2Ol
UMSIR U, 30 LPM OIRHHIME ES% 5201 LAGHK 20h, = ATNAME NO RS
00N 70 LPM HSIZ 10 LPM 2t2{22 £F5t0f ZSotA20, 0101 2 =X H52 24U
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H 1.N02 €3 R0 2F& &N =&
H(LPM) 30 40 50 60 70
(LPM) | 28.58 | 37.84 | 49.94 | 56.93 | 67.21

RGA =)= 1NdEY AC &3 32 XM 2o HsEC =2 MHEE AC M3 52 EXle
CHet2l=2l PowerFactors Co., Ltd.OlA JHZOIRULH & == XS 2R2ot P2 6 kVZ
HAAHCQUOH, ™ FlhL= 20 kHzZ2 DHEUCH RGAN Z22Es dE2 22 M85 MHOGHH
THCUSH, 2 22 MR= 6.0 AOICH O N.O S8 Z=AHUA 3.0 A 012t 48 HRUHA=
Of3 &0l ZMEHX] &0 2 ARNAME 6.0A,45A, 12l 3.0AS ZAHUA AES 3ol RULCH
AlY Flle DM ZZE (Tektronix PE015A)2F &% IZZE (Tektronix TCPO150)& AFEZ5H(d
RGASl &I HIOIEE H=dtD, QA ZADI(Tektronix MSO44 4-BW-200)S Sol 2LIE& 6N
2t ol MRUAML =& A2 S46IQUCH L8t 2S5 £ Soll ¢&Ee E82 1% JHhet2
EADI L.

RGA =)o =X Hds2 WY L8 FHS J|HteZ HIIZQAULH 08 Moz HIIGH|
ol BHUAML N.O 2diEsS SHolQUCH HluAE &2 =3 Ajdz Qo 22X £ L 20|
LOIESE HEs =8 =HO0 oHKZE 2= AJ| M2, 2=, &=, el 2dise =32 24
HEol AE HNEONAM =HIJUCH 22 HE2 PSCDO010BCPG(Sensor System Technology Co.,
Ltd, CHStBI=)E AI=25t 0IR0H B/ SMH, GRAPHTEC GL-840 HIOIE £=& AIAH(DAQ)ES ol 10
Hzol MZzl =2 JIEC/JCH. =22 CUX-6200HX QICIHOIEHE Sdl SHZYULH, =)=
XNIDE Eolf ZE/UCE. 0lF, NT-works EZZ2 00| EXl=l PCE Soll 10 Hze MEZE £H£&=2
JISCIUCE E6H BH WRH SZEHUE &4USE FR MM LCUA ot 2E0] 2ME JisdsS

Jedot d8H WE 2= 2% =IotAl UL
t

N.O 2olES Zotot)| floll, OHEE HO ZENA L2 JIAE MEZIGHH RGA ==)| &=
= AAZA2Z N.O 2dlE22 ZHOIUL. MIDAC EXl= FT-IR Y$Al2 #3560 N.O Sds=2
Moz 2AolQUCH &Xo s =F SHHE DG, HAH =2 N.OZ B2I| WL =g st
= 21 lpm2 OI¢E2 HIZE 0lZ0 BIESHX dilution chamber2 ZLWHUCEH O UEOMA N A E
FII2 Fot N.OE SIAGIR2H, xJ| 34 == MIDAC EXIJb dZ4 Use =S
HMB& = As =0 stAHBHRl 42000 — 45000 ppm ==E22 HHFHGIFCE N.O2F N2l SES
XEGIH 2EE N.O 2ol MIDAC ZDF AXES 0I5t

RGA Z=&J|9 Alg€ &EXs COS1 20 o™ HZE S30A MFCE olgdl RGA ==J|I2 N.O

= 0l =

M JIM &Eiel N.OJF & = ANEsS dota ZEet otH, 0 2E= 10= ¢
A&t Ol D8 AC dE B35 EXE AM arc 2E8S AlFot=0, 0 AIES SctX0t
2t doethh. of3 ZE=2 diA &dE =,
Ol= AHE ILMENAM AEH2=Z 3|HGHH N.OE =Eolfotd) JIESCH HEE JtA= OHEE BBHE

HHE =85 S350 2ol IS0 =S ZUAIRICH S2E0t 2= 280 =288 53 =

102 s NEEHA, Bole =8 AMlle 60 S NHEU. 0lF ditA 2201 5x2t NEHE =

A B350 SEHECH 0 N.O & e B8 Ells BF =322 dEHYI W20, =
O 9

QPIb LB
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Hii};sgzed —  Plume i (3) Decomposition rate
, measurement '
. (1) Pressure measurement __ ‘ MFC :
Gas supply line ) Gas sampling line : '
® , ' :
A : :
MFC r : Dilution :
Ground line ' chamber N |
Ceramic separator E T E
: Al ' :
Coolant /O +——8 Iligh-\'u]lelgc]incg _‘.é : FT-IR :
Thruster jig E ;' E u E
1= N - - 5|2 o '
(o) Force sensing - 8 GG o l:
(2) Thrust measurement g 2% |lo0 oo0o0o
Oscilloscope Power supply
I8 2. RGA =89 45 HSS A8t &8 NE B
3. A1 U 24
3.1.N.0 9% U 97} Meo| mE ere W £3 24
eI M= (08 3(a) ¥ H 2(a)) N:09 2% (O 3(b) & H 2(b)0l RGA FZEI|o &HH
28 =40 OIXl= BSHs 24GHRULCH 0 WHOUM, BE MH2=2 et Set=0t ZE0l N0
Fol2t FIAEQ 2& A4S0 0X= Zes Eotoldl ol HH N.O 2lES =ZotACH Lt
g0 pE4du ML E HASotI Flol HEZC!I A0 CHoll E2A BE F& AE@S =oAL
e 22 HEHXNE AMHEdt= 3.0 A2l &8 28 MJ] XZHS ot HEZCL Aol CHol N.O
FolE= SO HE =2 X ZHUA2 FT-IR HIOIHE &F1s ZN, N.O It 2%
FTOHEASE =g = JJULH WM2tM, Jlsdte 2 ZHUHA= NOJF 100% =ZoHE AHEH0l A
= ds8 gototh
eI M E d=s ZEg4d= =olot)| ol 50 LPMel &F |E0HM 22 6.0, 4.5, 3.0 AY
A% ot MR XHo=Z AEs HEOIRUCH. 28 3(al)dt 3(@2)0l EAIE A2t S(x=F)2 MFCE
Eol 50 LPM2Z2 FZAN 3201 AEE ABOX)RHL S8 Al2FS UEHYHLOL N.O 2t 83&He
ditA 2E= 102 S NSEHUACH, o dEHUAS 250 =22 282 0.548 bar, 0.243 N2 2
SHEALCL. O F, 10=x2t Sct2lt 2E2 MEGHH 2GEJCDL M0 HKNEH SA LHO
ANEERD, EEo =H0 L Mg uE Q0T LU FHE0| SLHOZ MNSOIH R=+8t SH
S UERO 28 & FE2 o4 1.7 &S5 AlIZE ™ 34 HEHH SEotRUCH HIIA &5
AZt2 HItA BEMAS o ot &3 & FH0| 5%E =Uet AIERH, Sct20F 289 Fd
aef 2= Y FH0| 95%01 =Eot= O 28 Al2tS 2018t
1 T
Vems = /;fo Varc” (£)dt (1)
1 T
Irys = ’;fo Iarcz(t)dt (2)
1 pto+T
P =2 Vo (O) X lare(O)de 3)
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I3 2ES AANOZ LXot)| HHHASES AlASICE. O 3(b3)9 HR, sds &4F
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o|0|ettt. RE HE R ZTAHOUHAM zero—crossing HENX M LSOl 00 =LA $= &
Solf, ol23tE 03 ZE0l F=J| W |SXEHD USS &g = AT

M
u d o
M

. 1o

+

N

2

H
e =2

I.

[
r

0

I3
H
=)
U



= o F/R1d 2L E| O]
(al) o (a2) 2. (a3) 12
6.0A 6.0A 60A = 45A = 30A
51— 454 20} = 45A g 10
o | = 30A — 30A )
£ ) ‘ 2 15 g 8
95’ 3 Cold gas @ %_U.ﬁ
% mode E 1.0 g
= Cold gas / - B —é o4 \ \
1 made _ mode e 0.5 pre— . < 0.2
0 ) ‘ 0 / n B 3 =] 0 ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 0.04 0.08 0.12 0.16
Time (s) Time (s) Time (ms)
(bl) s - : (b2) 35 . (b3) 16 .
; 70 LPM 0 70 LPM 4 0LPM —— SOLPM —— 30 LPM
= 50 LPM ) — S0LPM g
o 7 — s0em 25 | —— 30LPM z
;‘f’ ’ z ., g 1.0
5 4 7 o 08
7 3 E . = 0.6
E 1 = o %_ 0.4
2 g o
1 0.5 < 02
/
0 0 0
0 3 10 15 20 25 30 0 10 15 20 25 30 0 0.04 0.08 0.12 0.16
Time (s) Time (s) Time (ms)

J% 3.N:0 S 210 M) 2 &3 U = HEY. (a) 50 LPM2 3 R& XAUN &3 2=
HRE 242 6.0,45,3.0A2 SFFE MY (al) 2, (a2) F, ¥ (al) It S, J|M JoH2
YWItA QEE, L2t Hdo2 E2tX0t REE LIEHYL (b) 6.0 A2l &3FE 20t BR0HAM &3 RE2
0, 50, 30 LPM2Z2 ZHIMS M (b1) &£, (b2) =, L (b3) I A,

H 2.(a) 50 LPMQ #& SHAH &8 QI MR8 Z&& E2, (b) 6.0 A &3 21Jt MFRUA
Sus IS A0 FN MO 23 W 2,

(a)
87 It MR 60A | 45A | 3.0A
dolA B2E 0.548 bar/ 0.243 N
AS A2t 1.7s 1.6s 1.7 s
=ct=20F 25 | 4.54 bar/1.92 N | 4.38 bar/1.87 N | 4.13 bar/1.74 N
IS 3.15 kW 2.66 kW 1.98 kW
(b)
843 | 70 LPM 50 LPM 30 LPM
YA RE 1.01 bar/0.482 N | 0.548 bar/0.243 N | 0.161 bar/0.0893 N
s A2t 1.7s 1.7s 1.6s
E2t=0F 2= | 6.76 bar/2.93 N 4.38 bar/1.92 N 2.45 bar/1.03 N
A FS = 3.61 kW 3.15 kW 2.74 kW
8 40lME 70 LPM, 6.0 A Z210lA 5 AIOIE22 REE BA BE =& Ag82 8ot =&
QYW FHES S =2 =40 4= d3SotRUCH 2 A0IE2 10x2 dHitA Z2Eg
109 Zct20t EE2 F4EMH, 5 AMOIE s ¢ 2101 sgs Eez BA Xss
SHOIUCH E 30I= 2% AOIZ 22 & MEHHANS LD =2 HOIHES JIMASH, 24240
BHE H=a== 0.727%, 0.691% 2 IR =2 Bt=42 LIEHWLALCH



(a)

Pressure (bar)

3.2.

Set input current

8 (b) 3.5
7 3.0
faoannn o osnnn
. Z 20}
4 B
2 15t
3 E
2 LM. Lm_ LM, 1.0} k_i ]
1 "
0 - - \ : . 0 : : ‘
0 20 40 60 80 100 120 0 20 40 60
Time (s) Time (s)
8 4,70 LPM, 6.0 A ZAH0UIAKS (a) & L (b) = U124
H 3. 854 AEHUHA 28 AIOIE 8 A4 A &8 2 ==,
‘ Cycle 1 Cycle2 | Cycle3 | Cycle4 | Cycle 5
‘ Ha 4= | 6.71 bar | 6.72 bar | 6.79 bar | 6.81 bar | 6.81 bar
‘ Ll =2 2.91 N 2.92 N 2.94 N 2.95 N 2.97 N
33 459 maHEy o3
Subsonic Supersonic
< . . . .
<
o
< . . . .
)
-
< . . . .
<
on

[?F/91d 2Y2lE| ZOf]

20 LPM

30 LPM

40 LPM

50 LPM

Set flow rate
8 5. N0 &3 Q1o 8&F 2

M

o2t
2o TTo

60 LPM

L.

100 120

70 LPM

o HE =8

OIDI Xl



[?F/91d 2E2|El =0F

A

20 30 40 50 60

Flow rate (LPM)

70 80 20 40 50 60

Flow rate (LPM)

70

30 40 50 60

Flow rate (LPM)

12 6.3.0-6.0A,30-70LPMl £F QIJ} M8 L HAF 2 ZAH0 Wt (al) I ML (a2)
QIJF MEOIOIE, (b) WItA & ZetX0F 2EMAMS & AEH (b1) &3 2 (b2) == GI0IH, (c)
Z2tX0F 2E0 A2 (c1) SASE, (c2) HIZ= HOIE. 2 QAN 2 HIoIEHE & Sl
i S AIEI AL

02 50IAS BAE 2ES HIEC2, 12 60lAE ASEE0R TEE EAST, Cu HIFARS
S0 UNOZ FA HA=s2 2AGIQC EH =T HIFHS Al (4)2 (5)2 Edil HAMZUSOH,
e 2 AME BHUAMS 25(293.15 K)2F N.O2l 2X12(44.013)2 HIZ22 AN 21 |SS
Ol2d AHESHULE

02 6(al)liiAeE ASEE ®M X220 8 |STY SF QI R ZHNAS M HEE
BSOS 2E QI 87 XAUNA SO SIOELEE2 MU0l AScE 28 =08 £ A=, 0l
S SIHol et ot=aS XME0l Il 2010, MFIF LHGIH 22EHs AN or39
CIH A Q] 2ABHHLE 21010t 202 I MEO0| ZItet0] 0| ASsls 2&S Bt E8F, 1t
M2 ZI15tH o3 L 0l2ste AX LEIF S0 M AD| MEEIF SIH6t22 d0| Lotkls
ZeT ZECQUCH. 02 6(a2)iME AF Q) MR HAF Q0| ZIELE QI M

o o

2 Z0M= 3.0-6.0 A, 30-70 LPM2 Q1D MJR2t RE HRANAM F& As0 UXs IEsS
MABCZ 2AGHULH HAH 2 ZHUAN LMol 25 Sol FEEQ 2HAs =doIU2H, 0IF
oD F2 GIOIEIE JIBIOR 2 A0 8 S4 ZT9 HIFAS MEGC 0150 FFHES
TAOIUCEH. O LHOEJE, N0O2 3stst BtSEE2 J|ttez & S4=553t0 UlWote, RGA Set20H0t
As &0 L0tLt Jl0oteEXl E2E2=2 EIIGHL.

8 b= dE8E o0t M7 2 /K ZHUM ScXl 2E HES Al 2= Z2Z& 0l0/XICH
o2t =325 X229 X0IE ZXo6t)l fof 20 LPMt 30-70 LPM 2= HIWokLH 20
LPMUIME 2= €= MIUHAM Otol CHOIOH2EDE 2E SR LU0, Ol HAAUHUHAM S=st
280 EHEX 20t 24 R=0] LMoL (UASES 20180 BHH, 30-70 LPMOIM= S0 &4
AdFIF SOtEol et 2801 20K, Otot Ciolot=& E&0l = SHAYotH UEHSCH 0l=
S g3 MBI =O0LAHAN AAA k2 HiJ| JtA &I S| HEeg A& L.
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) e - —— 45A = 2.0 & % 1000 — 45A
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2 20 e = T =110
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3.3.2. =& MO

RGA =HJIE ¥z &Z0t)| st = MO 2 CHol =28ttt 2FA 3.1 3220l A
B0l HIt 20|, =2 3 M=) S el #HEE £ AU 108 6(b1)2 CIoIEHES
LH&SHH, SHE =2 Z2MAID|D| fIs HEst g M) RS g2 T2 = UL 02
HHECz, SH F8 ZZOIgs HASM0=2 P280te =8 MO AMHS oA H, LdEA HEE
JIgoR B OlAEQl X2 MOl WAIE PEGHACH

2 9(a)= 6.0 A, 45 A, 3.0A9 HAE 2 M7 THUM 22 HEs RS L5100 1.5 N
1.0 N, 2.5 NO =&€0| =X8Ccz BMSHE =8 HO AH 2042 BHEC. 18 6(b1)2 CIOIHE
25l 2 =) e 4F A2 MFQ SO XS TEOIQULCH AE EXes 102 WitA
FEE RAE =, A FE XAHUM 10z F 30x =2t E2A0t EEE 2Yote gAae=
ML ACH. O0lF O3 YH=2 BZotd 10x2 HitA BEE KX e § &&= 0tR2oHULE =
5312 A& NEJI =d8HIU2H, 6.0 A ZHUAN= Bt54 S22 ol TIRH T3MA 332 A0
HE /AN, T4= 45 A, The 3.0 A ZAH0A 22 MHEUCH 2 22UHAMH SEE 2220 229
A ARl == g2 B 40 JIEHJACH O 9b)E 6.0 A ZAHUA 2 RUAEE E29=H E=E
AR 2 B0 EC.

(al) Region I Region 2 Region 3 (a2)
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E o] / _ i £
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20248 SEFF=Ed [?F/91d 22E|E] 2O0f]

ALAFEtCY.
(a) .
30+ 100% 4 3. y — 50% - 5s pulse
E ‘ =+ 50% - 3s pulse
=20
£
=
=10
0 1 ( . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s) Time (s)
Fig 10. EA = BIXE &% = [0 (a) 100% FEI ALOIZ, (b) 70% FEI ALOIZ, and (c) 50%
SEl AtOI2

2 100lM= RGA ==JI2 70 LPM, 6.0 A ZAH0A BA = BHX (Pulse Width Modulation,
PWM) MO ZAlE2 Z2ASHH 22 100%, 70%, 50%2 SEl AIOIES =522 ?545* AE Z2E
SBHECH A EXes 10x2t9 cold gas 25 #F, 30x S92 PWM SEI AOI2 2975t
gtaloz XERJACH. D8 10(@)liAd=E 30 S8 100% SEI AOIE2Z2 Q%L D, O
Ob)dIM=E 7x2 E2t=0F 222 SXOI HIOtA REE BI=dt= 70% FEl AFOIZ0] ’—‘*.%LIO*EP.
OIXI2e 2 O 10(c)ilAMeE 3—.‘4 5&2l EZtA0t 29 3x2 YWitA 2&=z AHE 50% FEI
AMOIZ2E 2dotCt. olelst 01I/\4 FHE oMo Z HA ME =0 Z=<dolCh Ols
=9 #HE 22 S4=2 % ot PWM Aoz FH MOI JisgEs dEgNoez o
ZI0ICH 2 AEUA=sE RGA =E)|9 dXLNHE 2o REH stHZ Qdl =4 3=
ol Alg0] U2, FA AEHA HIE 22 HMAIDKX £pASLE, EetX
MR =019 &8 Jisd2 e =2 M2 AUl Yt

|'||'

ol

r 0

0

08 2 lo
10 [> 2 7

BIAE NO e FIME JIBCZ 8 MEE g2 &J|-3st FHIIE Hetetl
BP HE My HEs S20A =8 ds &€ =8 MO S8 HAHL=Z 2480 RGA
Jle €2 =0i 8l0I&= N.O°| s=2Hel 2ot H, s 8&ES AlEots RGA= 6.77
2 3 1 2EUAME 0”‘“‘*8' o3 ¢H Lo, 2= W= S2H0A 100%

— O M

4440
J¥ 0N i

oo
> 3
10

10
In

x
Ir

2d
|0

1o gr
S
e

>
30 29
0/0
mo S
Jav
re
o

o D
Jn
0x
I
H
fol
W
e
ﬁ
o
S
0

e Z2A0A otst HES
2F 3410 K =22 (=EMH, oltHel dZ dl
tHEl 37.5%2 ds &&= ‘Z‘Oi-EEF
S ZHAIZII Aol N.O REl HE d5s SEH2
= 970lA MAIE RGA =5J1J0t &JIH L 3t
L8 Jlss #F10 UASS LSotH, FHUA S
2 N dssS MAIEO OIE JIBteZ2, HEH02 FH F
[E JIgtel Ol X2l =5 HOUE d882=2 d5setlh. 0ld
XAl MIE <ol =20 Het =5 MO HES &
1 =8 KELES Aol 2z 2FZ

TT - ©

B
zjorA

fol

o

ro

w

o

()]

N

2

v o

I'T

[w

J2 e Hu

=
=)
2
1]
o
§°)
4

90
-\:’-5:"]

[ >

Yy Moo

Y

=
tol tu

o

|0 rin
= M
i

=

i 9> 4
<o

Hu
HI
ol

(e
o
on MO
Skl
™
_é

1

[0 no JY¥ B [H >
Q
o
ﬂ
]
HU

Hu

e
o 1 gjn

l=
=

4n 2
5y 0
S22
o
o
2N g

lo Jn 0

=
rz

o0 ot
0x
o
O

= B

2 or

é
Ja}
OB 2 o |0
i
1y
>

Y=

0o & o > @ 4
M
o
OOII

-4

HO b

0o

!
o 10 g I
In

>
ol
=2

o 30 IY rE % 0T =

S

2 o rr mo
o > H0
o H

|0
HU
o
0l0
e
1> o
$0
alo
n 10
2y
HA
[m)

o e
OIS

[1] C. Daehnick, J. Gang, and I. Rozenkopf, “Space Launch: Are We Heading for Oversupply or a
Shortfall?,” McKinsey & Company, 2023.

[2] S. Malisuwan and B. Kanchanarat, “Small Satellites for Low—Cost Space Access: Launch,
Deployment, Integration, and In-Space Logistics,” American Journal of Industrial and Business



[16]

=ed [?F/91d 2Y2lE| ZOf]

Management, vol. 12, no. 10, pp. 1480-1497, Oct. 2022.

J. Lee, et al., “Lab—on—PCB for space propulsion: Integrated membraneless micro—ignitor for
MEMS solid propellant thruster,” Sensors and Actuators A: Physical, vol. 363, p. 114696, 2023.

J. Lee, et al., “Design and fabrication of a scalable solid—propellant micro—thruster array using
lab—on—-PCB technology,” Sensors and Actuators A: Physical, vol. 363, p. 114738, 2023.

A. Sarritzu and A. Pasini, “Performance comparison of green propulsion systems for future
Orbital Transfer Vehicles,” Acta Astronautica, vol. 217, pp. 100-115, 2024.

A. Cervone, et al., “LUMIO: A CubeSat for observing and characterizing micro—meteoroid
impacts on the lunar far side,” Acta Astronautica, vol. 195, pp. 309-317, Jun. 2022.

R. Walker, et al., “Deep—space CubeSats: thinking inside the box,” Astronomy & Geophysics,
vol. 59, no. 5, pp. 5-24, Oct. 2018.

J. Lee, et al., “Lab—on—PCB solid propellant microthruster with multi—-mode thrust capabilities,”
Lab on a Chip, 2024.

H. N. Nguyen, et al., “The toxicity, pathophysiology, and treatment of acute hydrazine propellant
exposure: A systematic review,” Military Medicine, vol. 186, pp. e319-e326, Feb. 2021.

J. Lee, et al., “Conceptual demonstration of a Lego-like modular fabrication method for an
engineering model of a small monopropellant PCB thrusters,” Acta Astronautica, vol. 219, pp.
506-516, 2024.

J. Lee, et al., “Lab—on-PCB technology for liquid monopropellant microthrusters: Design,
fabrication, and performance evaluation,” Sensors and Actuators A: Physical, vol. 372, p.
115347, 2024.

H. Kang, et al., “A mixture of hydrogen peroxide and tetraglyme as a green energetic
monopropellant,” Combustion and Flame, vol. 210, pp. 43-53, 2019.

G. Cai, et al., “Design and performance characterization of a sub—Newton N20 monopropellant
thruster,” Aerospace Science and Technology, vol. 23, no. 1, pp. 439-451, 2012.

K. L. I., et al., “Design and experimental research of a sub—Newton N20 monopropellant
thruster with inner—heater,” Chinese Journal of Aeronautics, vol. 35, no. 5, pp. 309-318, 2022.
L. Jing, et al., “Experimental and numerical studies of ammonium dinitramide based liquid
propellant combustion in space thruster,” Aerospace Science and Technology, vol. 69, pp.
161-170, 2017.

L. Li, et al., “Effect of voltage and droplet size on electrical ignition characteristics of ADN-
based liquid propellant droplet,” Aerospace Science and Technology, vol. 93, p. 105314, 2019.

[17] W. S. Chai, et al., “A review on hydroxylammonium nitrate (HAN) decomposition technigues for

[18]

[19]

[20]

[21]

propulsion application,” Acta Astronautica, vol. 196, pp. 194-214, 2022.

T. Guo, et al., “Simulation study on optimization design of structural parameters of 150N—class
hydroxylammonium nitrate (HAN)-based thruster,” Acta Astronautica, vol. 191, pp. 346-358,
2022.

L. K. Werling, et al., “Experimental Performance Analysis (c* & c* Efficiency) of a Premixed
Green Propellant consisting of N20 and C2H4,” 53rd AIAA/SAE/ASEE Joint Propulsion
Conference, 2017.

A. Kakami, A. Kuranaga, and Y. Yano, “Premixing—type liquefied gas bipropellant thruster using
nitrous oxide/dimethyl ether,” Aerospace Science and Technology, vol. 94, p. 105351, 2019.
J. P. Sahoo, D. N. Choudhary, and M. Praveen, “Experimental Evaluation and Design of
Propulsion System For Cubesat: N20 and C2H4 as Green Bipropellant,” Journal of Aerospace
Sciences and Technologies, pp. 126-140, 2022.

G. P. Sutton and O. Biblarz, “Rocket propulsion elements,” John Wiley & Sons, 9th ed., 2016.

F. J. Bosi, “Global model of microwave plasma assisted N20 dissociation for monopropellant
propulsion,” Physics of Plasmas, vol. 26, no. 3, 2019.



20244

=ed [?F/91d 2Y2lE| ZOf]

Y. Hou, et al., “Experimental study on microwave-assisted ignition and combustion
characteristics of ADN—based liquid propellant,” ACS Omega, vol. 6, no. 35, pp. 22937-22944,
Aug. 2021.

Y. Hou, et al., “Experimental study on microwave ignition of ADN-based liquid propellant
droplets doped with alumina nanoparticles,” Journal of Physics D: Applied Physics, vol. 57, no.
14, p. 145505, Jan. 2024.

A. Wada and H. Habu, “Electric ignition characteristics of an ammonium—dinitramide—based
ionic liguid monopropellant with discharge plasma,” AIAA SciTech 2020 Forum, p. 1895, 2020.

Y. Tang, et al., “Ignition of an ionic liguid dual-mode monopropellant using a microwave plasma
torch,” Proceedings of the Combustion Institute, vol. 39, no. 4, pp. 5063-5071, 2023.

J. Thrasher, et al., “Pulsed Plasma Thruster Development Using a Novel HAN-Based Green
Electric Monopropellant,” 52nd AIAA/SAE/ASEE Joint Propulsion Conference, pp. 4846, Jul.
2016.

A. Wada, et al., “Effect of Geometric Swirl Number of Discharge Plasma Catalyzer on Green
Monopropellant Reaction Characteristics,” Transactions of the Japan Society for Aeronautical
and Space Sciences, Aerospace Technology Japan, vol. 14, pp. 139-144, 2016.

A. Wada, H. Watanabe, and H. Takegahara, “Performance Evaluation of a Hydroxylammonium-
Nitrate—Based Monopropellant Thruster with Discharge Plasma System,” 53rd AIAA/SAE/ASEE
Joint Propulsion Conference, p. 4757, Jul. 2017.

A. Kakami, et al., “Design and experiments of a HAN-based monopropellant thruster using arc—
discharge assisted combustion,” Transactions of the Japan Society for Aeronautical and Space
Sciences, Aerospace Technology Japan, vol. 10, pp. 13-17, 2012.

H. Kang, et al., “Conceptual demonstration of martian atmosphere—breathing electrical
supersonic thruster with CO2-based rotating gliding arc,” Acta Astronautica, vol. 200, pp. 196-
200, Nov. 2022.

Z. Zhao and J. Li, “Repetitively pulsed gas discharges: memory effect and discharge mode
transition,” High Voltage, vol. 5, no. 5, pp. 569-582, 2020.

S. Gordon and B. J. McBride, “Computer Program for Calculation of Complex Chemical
Equilibrium Compositions and Applications,” NASA Reference Publication 1311, 1994,



