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ABSTRACT

Chemical propulsion system possesses superior thrust performance compared to other propulsion
systems, making it suitable for the missions that require high thrust and agile maneuverability, such as
orbit transition and attitude control. However, when it is applied to micro-satellites, the size and
weight of the system manifest itself as limiting factors. Therefore, simplification of the system for
microsat is inevitable, and possible approaches include component miniaturization, introduction of
additive manufacturing techniques, and improvement of pressurization methods. Additive
manufacturing techniques enhance the design flexibility and significantly reduce the number of parts,
while using solid pressurization system or incorporating propellant management devices are also

considered as the miniaturization approaches.
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ATH1]. Fyra o
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S R
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o oyl HZ9E 10 am x 10 cm x 10 cm 9]
a7l d#F 13 kg& 1 U (Unit) o2 EF3}
B A (cubesat)&] 7ol &3] P 9]
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=20
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Fig. 1 Characteristics of propulsion system[5].
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WA (ionic  liquid)?]
(Hydroxylamine Nitrate)?} ADN (Ammonium
7IRke]  FXAY Aakskgea
(Hydrogen Peroxide) o] A& AT
[6-10]. ol24 HA= &3] 100 T = <F
ol Foleom FAHE A FH doe=

Dinitramide)
L]

AF-MB15E=  Aerojet
Rocketdyne A7} 7HEd FIAZ slol=ehzl K
o 50% &2 density-I, S AFsheE A=4e 1
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o 3y LxE= oF 1,900 TEXH As E3, A
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Fig. 2 Propellant's /s Vvs. temperature of combustion
gases[10].

(thermal management)”} 2 & 3}TH8,9,11].
HNP-seriess= IHI Aerospace AbellAl 7]&g
HAN/HN (Hydrazinium Nitrate) 7]¥e] F31
Alelt}. Fig. 2014 &£ = 31%°] HNP209= 3
olEgtRT L HFYH diA 25E KO
™, HNP2213} HNP225% Inconel-6259] H+3
S aEste] ARHE 284S o=, 74 3¢

i;q

<55 A ¥EFsloy, e tha "ot
Fig. 32 HNP2219] burning rates 3% A9

o= FAAT 4e WAAAE soloje HE

Table 1. Physical properties and performance of chemical propellant[8-10,11].

) . HAN-based HAN/HN-based ADN-based HTP
Properties Hydrazine o
AF-M315E | HNP-221 | HNP-225 | LMP-103S | FLP-106 | 98%
Theoretical
Specific Impulse 239 266 241 213 252 254 186
Iy (5)
Density 1.021 147 122 116 1.24 1357 | 143
p (grem”)
Volumetric
Specific Impulse 239 391 294 245 312.48 344.6 266
ply (grs-em®)
Chamber Temp. | 375 2,166 1,304 990 1,903 2,087 | 1,222
Tc (K)
Freezing Temp.
. 2 <-80 <0 <-10 -7 0 -
Tr (C)
Vapor Pressure 21 14 - - 13.6 21 -
(kPa)
Toxicity High Low Low Low Low Low Low
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HNP221 w, WeE Ryl IhfFo] ol AR
Before igniting Igniting Tnterrupting combustion

B . & B 3tz Aoz FAHATS,12].
npgto g AAksleAE HTP  (High-test
Peroxide)® &1, gt o=z 95 FXo=
8% F=E 7t7 HTP7F AHgdth =%, 7
i e AFAHLE 18 FIAR ERFE
H, @57} AN stolEgxlBn 84 5ol

Fig. 3 Burning rate measurement test{10]. 4Rl ok 2, HIPE ogE 534 <14
FRAANzR O E FAEE A, 325 s o9 I,
o daubgol dojupAul, FAL 97k o =2 £ JrH93].
slolo] ol 2 WojxwW dAirt FoEe el
& 4 Atk o]A-E burning rate’} 09-& %3}

v, A7 02 HNP-seriest= 3 MPa2| 7)ol
A d 4™ flels AF S v
B2 Al FIAYE

ADN 7]¥te] of
ECAPS AFe] LMP-103S%E 100 mNejxl i

3. Micro-components

=& 3R go
3t A TH10]. Aol ArgEE T 84AEL2 ASHA F
FAQA FFAQ Bradford el =279 FAE HAsst, 2832 9

UA &H7t FRsslol & ek ole) A8
o AFYe BEse] wpAHolol Pk 53

200 N7bA) 7070 o)/l F#7lelA 150,0009 =3,
odel HZEZ s3] Ve daE7t ¥ BHE= A4 9F 8 T FAAE A28
Table 2. Characteristics of the micro-components used in the small space system[14-19].

Image Component | Manufacturer | Type Temperatoure Operating Size | Weight
Range (TC) Pressure (mm) (8)
Lee Company| Solenoid 0-135 0-800 psig | 6.5 (D) 47
Non-
20 (D
Marotta latching (-25)-50 0-4,500 psig 0 (D) x 100
. 112 (L)
Solenoid
Valve
T;i‘i?igo Latching |, 010 |10 ©) | ,
WA Solenoid MPa 55 (L)
Systems
Busek Piezo- - - - 67
actuated
Pump Flight Works - (-40)-125 10?;:{300 22 (D) 235
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23 32d F9 ’%‘/‘JQE 24717
£ A (plunger)7t ©lEstd 29 4
= %7(]5‘}%13] A4 < 0}_’ &R0 R
= W3d 4
T AHoe= ?_IEH a]'% Z‘ﬂw-‘:"r«] 3%9—§ =
FHE FAL & Utk o= 3 EF &9
ol WHRG HHEE IA HFT £ U=
Aol At21]. dex MHE= Aol ThsfA
H HAE piezoelectric-actuator’} WP H o W
B7} dele WA or, ditAEo® A9t &7l
A AHEEH, &9 AlZdo]l Wi W= mpe
Fol glo] 2 e EATET2223]. FZ 7}
& Alz=Ele 714 ZksE Al 2"l Bl A
27F ARy, Fu7p za, gask wEe] oY

b

H

J

o= AU FY Biol Avael 29314 3
A 28o] ABHE BEolh ojddE 2835
H ZE, 4 W) (pressure transducer) a9

I kAL lﬂr‘ﬁ-ﬂ'(burst disk) s°] oH,
A28 @7 Abgrel wie}t A 2] ETh

4. Additive Manufacturing

A Axs £, AE 3 sojoj/HAE

of ABE AH&3te] HololE HFFOEH
32k FEe Adsks As A FH oI 24]

71&9] Xﬂ 12] (traditional manufacturing)
< B2 34 o 942 2 HEe A% FFol
F7tE o Aol 57}0}1 < Hl&o] a74
o} ofol] ®hell, A5 A== Fig. 49 Zo] HF
<= et ojAlEd %7&*3% <0la, A4
aga FEFELEL7Z 95 TR
e FEATI= FAC W A

Zrol 7hssith25-28]. 18y, ol & A A3y 9
AE AZE LR ol 4 ®F,
Az EA, =4, 281 59 v 59 EAH
< AsfoF gtk 53], &9 vpH IHSY
< AAs A e EH ?3‘1}9} dAe 9
ZAe o] FHrETH =3I, Fig. 504 Hol
= unle} 7o) _‘?_H%?{H(overhang) 2 54 F
B2 At =2 A9, AERH 22 A4S
2T 4 Jormz AYd AAYrp Frz A

A Fofof &T}H29-31].

Table 32 A3 Az 7les<s UHET Aolth
FEF 7 AYelsE FE PBF (Powder Bed
Fusion)®} DED (Directed Energy Deposition)

Subtractive Manufactured

Two Machining Complex
Operations Joints & Assembly
Eliminated Eliminated

Additive Manufactured

Fig. 4 AM internal passages showing the elimination
of assembly processes[29].

Designed Model

Inclined Angle

Horizontal Plane

Nonmelted

Laser Sintered Cross Section | Support Powder

Fig. 5 lllustration of inclined angle and individual layer
with unsupported overhangs[30].
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Table 3. Additive manufacturing technologies in the aerospace industry[27].

Additive Manufacturing Technologies

Directed Energy Deposition

Powder Bed Fusion

Other

Laser Engineering Net-Shaping

Direct Metal-
Laser Sintering

Binder Jetting

Electron Beam Welding

Selective Laser Melting

Supersonic Particle Deposition

Electron Beam-
Free-Form Fabrication

Electron Beam Melting

Cold Spray

Wire Arc AM

electron gun

astigmatism lens
focus lens
deflection lens

powder feeder
powder

printed object

www.additive.blog

Fig. 6 Schematic diagram of EBMI32].

o] ALgHt

PBF= £ & AH8s] % d90E =3}
A Fe FEo delyAE =AY AAE =
olal e FAS wEs= WHoH. 8§
HA g 282 AAgel Jbest, AS5E {9
oloj7} AA Fxo HTe Fu= Aol I
[27]. 1% EBM (Electron Beam Melting) 2]
A A AALE ARl 55 £2E 7HEst

o ol WA O Fig. 6014 Kol uleh
o] & ZeElellA Tl FhH Aot thr]
< dAeke] T AES E}EE}. ojuf, FE
AAH O ZHE LZ A= 2)
7F LA, Z*Z} < “‘OM: 9FS A

Laser Scanner

Powder bed

Powder delivery ’
system

Fig. 7 Schematic diagram of SLMI33].

4ol A8 7}E3lTH27,33,34]. SLM  (Selective
Laser Melting)> Fig. 704 Rol& uiel o]
g o)A & AL3t= PBF Walolth, 34 & TF
He v VAe s Fde Adste] A
o] 4kst gl FaE FHassta, sl W
ZIANA ARe AL PATEE FAT
ol® jldl, MEe F=et AEIt FEHEE,
EBMET ddiHog sd=rt o =3, F
ANz="E o)A/ AR Y a7F Has)
o & Tz A% HFe HEHS WA
el Bl ool &
38 dolofs =3 éf}giw 7vg st
SLM2 390 HE9 255 °f 0TCE FA 3
T A7} A€ TH27,33).

DED+= Fig. 83 o] dxAj7F &% =& ¢
o] FE2 SFH= s o)A, A =
© Tzt of=me] dddol Aol &8 E
1 AHE FYPste FHoIth YdWHoR
DEDE 4% 9 55 %ol AarHo] thztmellA

o i m

o
o

(<3
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Laser beam
Metal powder
& Shieldi g gas

Deposited layer — DED direction

Substrate

Fig. 8 Schematic diagram of DED[35].

o] RHH, Ay £ WA J1AVE 74
RN s AT o] FejXnh ®F
DED= &4 & A& WAe] golstv], 2
¥zt £52 ]ls] sSLM3 Wi A4 FxE
FastANt, oWy 2o 54 3 [

5. Trends of Small Propulsion System Development

51 CAPSTONE (Gslunar Autonomous — Positioning
System Technology Operations and Navigation
Experimen)

CAPSTONES slol=abd ddF=RAE Ab

;P 12 U Z7]e] FBEAMo|th 1% FHAIZ=H
2 Stellar Exploration AFe] EG3 RS 7|8k

= XﬂZ}QMJﬂ 2U x2U (20 cm x 20 cm

x 10 em)e 372, 971, 7o Wx, nAW,

agla gy Sol xdEH FH7E 025 N

S Fig. 99 Zo] 8717k wixIH o] 9lef 6-DOF

(Degrees of Freedom) A7} 7}&3dt™, 471 €]

MY TEC E59 JIFoE HAH A #

ANz AL w77k (plume)e] FEFS H

4318 & JH37-39].

>~

o ot ob

52 MRS-142 and MPS-series

Aerojet  Rocketdyne AFe]  %7]

Capstone flight unit

Fig. 9 CAPSTONE propulsion flight unit[37].

MRS-142% Fol=gtd S 82 3 1 U 47
FEAOZ Fig. 103} Zo] FIA2=E} o

A A 8= OLEU]H zHder 45

< Az=E e WA
*ogi 7k AME Y B FE Al
245 FHFT TxoIM, 6A14V HEHES
of AZ=ANT. oW, AA A F=
e =4y FAdnte s FA4Ho Az
A& Haslsta, A vl A TH40-42].
AHEE F¥7]= MR-140AE Fig. 110014 H
ol= Hie} Zo] FA A &7|(fluid resistor)E At

- =

o e YO

|3ty FHo] zHEHY. ol& F3l, BOL
(Beginning of Life)ol= 0.24-2.8 N F¥& U

Fig. 10 MRS-142 integrates into 1 U framel40].
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fo

gl - AFS e LR

Service

Valves |®| Two-membrane

Isolation Device

Propellant

.,: Fluid Resistors

MR-140A
Thrusters

Aol =23t ¥ 0.093-0.99 No& ZHadith 3
Nz"olE F 4709 Y771 Fig. 129 2ol
EAge FH717F X5k A A e <
oz 5% s1golx MAHU o= &, 1A,
8 AA Aof9} delta-V F3 o] 7Hsdt FAll
Aol AA N5 FxEFH WAL HAa3
a7l Sigolth. E@, AR EHA FEe AE
ZHA (short duration)™ A2 FZA| A g =Fo]
HEE Afdde A9 4ARE HAEsr] s
7)ol AR Fu) W= E|(atalyst bed
heater)®] A|77} 7best®, Bodo wet Fd
g AX 7t 7HsstEE oF % Tth40-42].

T4 Q2= Fg 11904 B & o], Wy
<l It FF Ag X (membrane paraffin-
actuated isolation device), WH, 3}EF, FE
o] 3o} At HEHA FHA T A
A dol sEde Z&3o]l wat I e=
AWBE olgete 4T Bol BY B £52
o] &3t FAE Aglste WHo|TH43]. o]
71t B39 98 '3 Abold] mixEo] Z+
A ALsted dde A AR B 2
g GAZREE AxgS Bt E3 WHE
ool dAE 7} Qo] redundant MEI} F
7h2 WX EH, AgkE BAEr] s g Bol
A X ETH40-42,44].

[

- o
o [+
= =
[ z 1
(] 4 —
= i =

e 5

Fig. 12 MRS-142 thrust vectors[40].

AlE mdol MPS-seriest= W7]A, ©

A, 283 Al=(Xenon)2 Abgo] 7hs3d
MR-14X-series F#H7]E 7|¢sted F3
o & TdEES AFsATh 3] FA
el GdFAVE gAE mde sfol=ezl
AF-M315ES  FAZ  AL&3F 3 Th43,44].
g, x7] B2 2y dgiRRe #4 2
Fig. 13914 & & %ol AT A=7IHS A
g3tdon, FHr7= A7) BAE 53 5

o[ = -V D A A )

B>

Propellant Tank

Pressurant Tank

-'.*'F',,&P IN625 Stank-off yvr‘

Ly '3
b /

Ti6-4 Brackets

EL-Form I/Re
Thrust Chambers
and Nozzle

Fig. 13 Propellant tank manufactured through AM[31].
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25 Bd FFAA AHEPsl= electroforming,
FH718  AXEFE Bz ~ElEQ

(stand-off)= SLM, 81 IX2ESE XF3e=
B EBM W 02 A 25 th25,31,43].

53 AMAC (Advanced Monopropellant Application for

CubeSats)

AMACE AF-MBI5EE dRE 3t BusekAt
9] 1 U FEAMolt} Fig. 149} Table 4= AMAC
of glojob& AEd ZoE 05 N 72 BGT-X5
F87], FA4 ¥4, 3Ed, Az zF dE,
PLPS (Post-Launch Pressurization System) &<
2 T4 EH1845].

Fig. 14 AMAC system layout[45].

Table. 4 Components of AMAC[45].

Component ID#

Power Processing Unit (PPU)

Bellows Propellant Tank

Pressure Transducer x 2

High-Pressure Burst Disc

QL= [ W|N |-

Piezo-Actuated Thruster Valve

0.5N Thruster BGT-X5 with- 6
Thermal Shield

Post-Launch Pressurization- 7
System (PLPS) Cell

Tank Manifold & 8
Component Mounting Plate

FHE 2 HYE BEHoz EE29 A
7}A ™, heat shieldo] &4 AP d=

FH Fd AXE BRodoH45]. 23 AP-M315E
of Wl w2 @ Y 2EE I, stol=z2
e ZujE A8E Ae, e &4 8
o] #l= F# ] E(catalyst bed plate) I &
o] ZAZE 2T 4 Ao ol st 8,
Busek A= Fig. 1594 Hol& Hle} o] o]g
F(Iridium) AFe FH@8)Y B(18") Fd<]
BEAE #HE(ferrule, 26)2 F=3 H, AW HF
of &H3teE Al E (monolithic) & 7|&s}
o Azt Zoidiet W= EHoES Al
T}H46].
FXIA WA= Fig. 163 o]
AAE EHste= wiAAd FA
2o wgt skEFHo FAY IYE FE

Fig. 15 Schematic of catalyst[46].

BOL

|‘.l 212¢c (208cc usable)
i “, Propellant Reservoir
in Bellows Interior

Fig. 16 Bellows-integrated propellant tank(47].
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bellows7} AH&E SItH45,47]. olwl, FZA 71t
o &=+ 7F4AlE Busek A7F IRAD (Internal
Research & Development Program)¢] A&
ol AR A FEje] B2 7HEAITE AHE
Hyem, A FHEZ  PLPSel  WHAHAT
[45,47,48]. 714AY HAE= FFHIIVYEF
(anhydrous sodium bicarbonate) &%= w&
b e AYH,  FEA4
(endothermic) &2 =3+ HE-S-0]
T AGEH dALE AF3
YA = Fig. 17014 Hol= nie} o] A F¥WS
=2 slEd os 7tEE] 714 AdEd Ha
ot COE 8. o, 57|19 CO7F T4
Zdd W3 =8 Ae, 75719 $F2
COol &af7h EAysto] ®=sto] ¥ssiA =

O

"
Il <« Condenser

Frit filter
(option)

Anhydrous sodium
bicarbonate

— Heater

Fig. 17 Schematic of PLPS[48].

500

2 VI
oo | —f—f 77
KK\\M\\\

PLPS Cell Temp

Pressure, psia
Temperature, °C

|
|
0
0 50 100 150 200 250 300 350 400 450 500

Time, min

Fig. 18 Pressure control by temperature control of
PLPS[45].

o a8Eg, FF gl AxE =z FE(frit
filter)l} S5715 AM§Fo=ZH vl of=H
°] 2 H,0& Aol COE 7IHARE A
43174 ®TH48]. Fig. 18 PLPSY| &% xH=
da WstE FEE 4y Ao AFAE =R
Zoltt. PLPSY ZHE 2% WY& 180-220 C=,
ALE AAT FH, dF &5 olstd =23}
o o) Jt2rt AAEA ol dEo] FAEHE
AL FAg %15}[4548] olE E3, j%xlxﬂ
BaE 37MEe Edd 33kl PLPSE ¥
F7Ho " Evo%ﬁl A o FES T"rﬂ
stAl EHedl, ol FlEE EESTE
(hybrid-blowdown)elg} F2w, 3U /4 kg 914
of Agd A, 71¥ EES O WAEG
16% FAE Al2" =S Hl v} )’J\]q‘[45]

[¢]

e

ml

54 LFPS (Lunar Flashlight Propulsion System)

LFPS¥ AF-M3I5EE A8 E 3= 6 U FH
Aotk % FAA2="e 25 US AAH, 6
kg PIRFO. 2 Fig. 1904 Hol niel o] =A
FAA Ak iyuE= MEodEYE FAH
o] ATH49]. E3Z, FIAA "= T, F,
a8 Azg BERAY giEo] kA g
Addol F7tm aHol Hx FH A=Ho
AREAT. I Az FAA2F A redundant
BE7E AeElen, o]E Fig. 20014 &g
T %4[49-53]

A4 BAE 78 B2} AAE $5E A
79, 8 Z=olx= B3I Fig. 19914 Hol=

<Propellant tank>

<Manifold subassembly>

Fig. 19 Overview of LFPS assembly[49,50].
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ukel o] AFHA| FHom AFHJG o=
HEZ Az"e] Agow Qs 1k o] =4
HA ool ®A TheAlE T Al diE
o]l Heoemg, Ao AHge SHEE 5 3l
7] WEelt50]. FA B Azt AF A
Z B2 7Y EA(striated nature)oE <
al W= il wAl dAF F92 TteAe
S8t 7]Eo Az WAS AHEIAH. =Y,
34 "3zoE gH(rib) TFEE AHEse ®
a2 ¥ FAE HE2E FATFH FAA YA
Zol TAE 43 tH49,50,52].

FHA "I E gz Ha 5 dEs
3 829 of 24%0l A& FAEH, F3A
AE&  Adr] 98l PMD  (Propellant
Managemant Device)7} W= Qlth. PMD+
#] 2l (vane) @ 2~ A (sponge)7} A& Fig. 21
3 o] B9 sty H2HTH49,52].

e ghe F&Bos wAl Y AEdA
= wo <R gdHe PMDE AdE
9

£ (expulsion efficiency)°] vi-¢- &

L

HEATER PUMP

ISOLATION
VALVE

RELIEF

|- Temperature Sensor

[B = pressure Sensor THRUSTERS x4

Fig. 20 Schematic of LFPS[50].

Fig. 21 Sponge (red) and vanes (blue) in tank bottom
subassembly[49].

TH54]. WIS Fig. 2104 &
Be AqAE FE&E] g
wojx oy, dA FE ol #Ed =
7hEETE BASE AHAA olFe] FA

HE THo] glomg ol Bealr] 9 2~
A7t A FREY 284 g§3d ek F
T APAR A5 FAT] ZE o WA=
o @] THE FAAE x5y Aeld,
FAAE BAR Al o FAFE
ot o] #HAHoA FZA= PMD FH
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