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Nomenclature

Arop Ratio of internal division on the top stage

Aq Surface area of droplet, m?

Ae Nozzle exit area, m?

A¢ Throat area, m?

c* Characteristic velocity, m s!

C Heat capacity, J K-!

c Heat capacity matrix, J K-!

Can Conductance between the vaporizer and the nozzle exit, m s
Cr Thrust coefficient

Cy Flow coefficient

Cyc—n  Conductance between the vaporizer and the nozzle inlet, m s
dt Time step, s

Dy2o Diameter of water molecule, m

Dy Throat diameter, m

Eac Specific energy for acceleration, J kg'!
Ep, Specific energy for plasma generation, J kg™!
E, Total specific energy, J kg!

f View factor

fote Natural frequency of the thrust stand, Hz
I Normal force, N

fsp Load capacity of a pivot, N

F Thrust, N

Fload Load by calibration weights, N

F, Restoring force, N

FS Factor of safety

g Gravitational acceleration, m s

Ipit Impulse bit, N s

Lhor Normalized impulse bit

Isp Specific impulse, s

kg Boltzmann constant, J K!

ksp Torsional spring constant, N rad™!



Kets

Keff,es

Conductive conductance, W K'!

Conductive conductance matrix, W K-!

Effective spring constant, N m™!

Estimate of the effective spring constant, N m!
Knudsen number

Distance between the middle stage the counter weight, m
Distance between the middle stage and the displacement measurement point, m
Distance between the gravity center of the rear rod and the middle stage, m
Distance between the top stage and the middle stage, m
Flow path length, m

Mass, kg

Mass of calibration weights, kg

Mass flow rate, kg s™!

Particle mass flow rate from droplet surface, kg s°!
Evaporation rate, kg s™!

Injection rate, kg s7!

Molecular weight, kg mol!

Mass of counter weight and the front rod, kg

Mass on the top stage, kg

Mass of the rear rod, kg

Number density, m

Quantity of the calibration weights

Quantity of the pivots

Quantity of nodes

Pressure, Pa

Ambient pressure, Pa

Combustion chamber pressure, Pa

Nozzle exit pressure, Pa

Saturation pressure, Pa

Plenum pressure, Pa

Tank pressure, Pa

Vaporizer pressure, Pa

Power of the thruster-head heater, W

Total power, W

Power of the thrust valve, W

Power of the vaporizer heater, W



Awat

ﬂinj

Heat, W

Heat matrix, W

Conductive heat, W

Latent heat, W

Radiative heat, W

Radiative conductance, W K!
Radiative conductance matrix, W K-!
Gas constant, J K-' mol'!

Flow path radius, m

Reynolds number

Estimate of variance 02, m?
Estimate of variance O-I%eff,es’ N? m?
Surface area, m?

Time, s

Injection time, s

Temperature, K

Temperature matrix, K

Droplet temperature, K

Vapor temperature, K

Vaporizer temperature, K

Exhaust velocity, m s°!

Velocity, m s™!

Velocity in droplet, m s™!

Velocity in gas phase, m s™!

Velocity at the vaporizer, m s™!
Volume, m?

Distance between the front rod and gravity center of the counter weight, m
Displacement from a neutral position, m
Displacement at a neutral position, m
Distance between the front rod and the rear rod, m
Travel distance of the z-axis stage, m
Evaporation coefficient

Injection coefficient

Condensation coefficient

Volumetric filling rate of water

Injection coefficient



y Specific heat ratio

Iy Particle flux, m? s’

AG Specific Gibbs energy, J kg'!

A H Enthalpy of evaporation, J kg!

AM;jn;  Mass shot (mass of injected water droplet), kg
AMpyop  Consumed propellant mass, kg

Ap Differential pressure, Pa

AS specific Entropy, J kg'! K'!

Ateyae  Injection cycle time of the regulating valve, s
Aty Evaporation time, s

Atopen  Opening time of the regulating valve, s

AU Specific internal energy, J kg!

€ Emissivity

€cal Residual error of the effective spring constant, N m-!
€load Residual error of a calibration load, N

Ne* Characteristic velocity efficiency

Nep Thrust coefficient efficiency

Nec Electrolysis efficiency

Mg, Specific impulse efficiency

Mp Efficiency of plasma generation

PPy PPU (Power Processing Unit) efficiency

Mt Thruster efficiency
Nu Heating efficiency
Ny Thermal efficiency
0 Angular displacement from a neutral position, rad
A Mean free path, m
U Dynamic viscosity, Pa s
p Density, kg m™
o Stefan—Boltzmann constant, W m2 K-
o2 Variance of calibration loads to thrust stand response, N?
,%e ies  variance of the effective spring constant to consumed propellant mass, N2 m?2
[0) Inclination angle of the rod, rad
¢n Inclination angle of the rod at a neutral position, rad
air (Subscript) Value for air
con (Subscript) Value for an operation with a constant mass flow rate

ex (Subscript) Experimental value



id
peak
std
tank

1-4

(Subscript) Final value

(Subscript) Initial value

(Subscript) Ideal value

(Subscript) Peak value just after injection
(Subscript) Value at standard condition
(Subscript) Value for a tank

(Subscript) Value for water

(Subscript) Value at throat

(Subscript) Pivot number
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Pico«1kg « Nano > 10kg € Micro e » 100kg-»Mini
Satellite Class and Mass

Figure 1-1 CubeSat specifications and classifications. 1U unit equals to 10x10x10 cm?[6].

1.2 MRS XA
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=
o
>

27

NFPA704 1%, WE Ofalttz £oRnd D=0 OMEHERE ] & L TaKkEZ2HE (NFPA:
National Fire Protection Association) 23KE,/EH L TNWDHHEDTHDH[13]. 77 AT —H A
YES REMFREND, WOOXENIT BT H A Y RO Z D TRERENRR S
NTW5D. HEPMEREE, REDSREENE, HEMEFIARZEN, AR REFEHEZRL
TWD . AELSOXENZIZERRIEDS 0 205 4 ETOREMTHEEE L TRRINTED,
BHAREWVIZEERERE N L EFBRLTWD. 7747 =4 A YT RO
fEEE % Figure 1-3 (27”7,
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GHSO01: Explosive GHS02: Flammable GHSO03: Oxidizing
i
GHSO04: Compressed gas GHSO05: Corrosive GHSO06: Toxic
GHSO07: Harmful GHSO08: Health hazard GHSO09: Environmental hazard

Figure 1-2 Classifications of GHS pictograms[12].
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Health hazard Flammability hazard

4: Will vaporize and readily burn at normal temperature
3: Can be ignited under almost all ambient temperature
2: Must be heated or high ambient temperature to burn
1: Must be preheated before ignition can occur

0: Will not burn

4: Can be lethal

3: Can cause serious or permanent injury

2: Can cause temporary incapacitation or residual injury
1: Can cause significant irritation

0: No hazard

Instability hazard

Special hazard

ALK: Alkaline 4: May explode at normal temperature and pressures

ACID: Acidic 3: May explode at high temperature or shock

COR: Corrosive 2: Violent chemical change at high temperatures or pressures
OX: Oxidizing 1: Normally stable. High temperatures make unstable

efc... 0: Stable

Figure 1-3 Classifications of NFPA704[13].

1.2.1 J—J)LFARDTY FRF XA (Cold gas jet propulsion system)

A=)V RHAY =y FARAT AL, 27 Il LTcmEN A %, iTsRF o= 2 e —
DIHH TR NX =L LT AN HT 52 & THNEZER T HATAZTHD. b
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v, IKES), DOEEEORWAT A THSH. L, RIS, HHEIIE20-70s F2
FEThon. iz, HEHEMEREN 2 0 7 [EDHAFT D720, FlE ITHERMET T 5. Sk
T ARICPE D S E &L OB T/ MULIZIZRARH Y, IV K& b= LA L7 ULR
ZREMATREZ/ N — )V R AY =y FOEBUIHIFRFTE RV, LTz, 20T 7L s
W} 2T, BURE b/ NUFHBEICHER SN BEROZ WA T A X Th b, THFElX, 7a R0
AR E LW/ a— L RH A 2y h AT A BEEBEEEIN TS, &
KW a—/V RHAY =y NAT AZ D% Table 1-1 IZR-7
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Table 1-1 Summary of cold gas propulsion systems.
NFPA 704
Manufacture Product name FIMN  Isp/s IJ/Ns N Size/lU  Propellant GHS B R v Flight heritage (year) = TRL Ref.
SSTL None 4.6 43 13 1 1.00 Butane 2,4,7 1 4 0  SNAP-1 (2000) 7 [14]
Marrota CGMT 2.4x10° 65 - 1 0.25 Nitrogen 4 3 0 0  STS5 (2006) 8 [15]
SFL NANOPS 50 45 70 1 050 SF6 4,7 2 0 0 CanX-2(2008) 8 [16][17]1[18]
SFL CNAPS 50 45 108 4 1.58 SF6 4,7 2 0 0  CanX-5(2014) 8 [19][20]
Aecrospace Corp.  MEPSI 100 30 054 5 0.25  Xenon 4 0 0 0  MEPSI-3 (2006) 8 [21]
Microspace MiPS 1.0 43 10 8 0.25 Argon 4 0 0 0  POPSAT-HIP1 (2014) 7 [22]
TU Delft T3-uPS 6.0 30 - 1 0.20  Nitrogen 4 3 0 0  Delft-n3Xt (2013) 6 [23]
VACCO MEPSI MiPS 55 65 34 0.25 Isobutene  2,4,7,8 0 4 0 None 6 [24][25]
VACCO MarCO MiP$S 25 - 755 2.00 R236fa 4,7 1 0 1 MarCO(2018) 6 [26][27]
VACCO Standard MiPS 10 40 312 5 1.00 R134a 4,7 2 1 0  None 6 [28]
VACCO CPOD MiPs 25 40 186 8 0.80 R134a 4,7 2 1 0  None 5 [29]
VACCO Palomar MiPS 35 - 85 8 1.00 Isobutene 2,4,7,8 0 4 0  None 6 [29][30]
GOMSPACE NanoProp 6U 1 60 80 4 0.50 Butane 2,4,7 1 4 0 GOMX-4B (2018) 8 [31]
U. of Texas None 111 80 57 1 0.50 R236fa 4,7 1 0 1 Bevo-2 (2015) 6 [32]

F: Thrust, Ig,: Specific Impulse, I;: Total impulse, N: Number of thrusters, GHS: Globally Harmonized System of Classification and Labelling of Chemicals; 1:Explosive, 2:

Flammable, 3: Oxidizing, 4:Compressed gas, 5: Corrosive, 6: Toxic, 7: Harmful, 8:Health hazard, 9: Environmental hazard, NFPA 704: Standard System for the Identification of the

Hazards of Materials for Emergency Response; B: Health, R: Flammability, Y: Instability/reactivity, TRL: Technology Readiness Level, which was estimated based on reference [33].
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122  BEMEHRRZ XA (Electrothermal propulsion system)

BRILERI A T A 2 1%, HEERZ ELAINEL, I L7 HEtER % ) AV BHEHT 5
ZETHENEERTDATAZ THDH. MU, BERE —F —0 D OBRESCHEF VR E
NHWSLNS. BRe—4—%2H\\5 Z & T, #ilH %22 DL ERT > ¥ v TR0
BT HZENARETH D, L L, AR X — 2B = 3L X — (TR T 5B N T,
HERERNZ 5 2 & 7o — OB 3L F— PIEE) = 1L F — [T S LT RS R 3 58 4
T 570, BBROBHEIME AT 25 L T 25 & HEEZRINME. UL, HEdEA 2 gk
T 55, IV RTARZAZ LD MR ED. BEINER A 7 22133512, VYR
FYx=w hAT A% (Resistojet thruster) X°7 — 7 2= v N AT A H (Arcjet thruster) (T4
fkaind.

LYA RNz hATAXL, iR 2 e — 2 —%STEALC, / ANV TEESEDLZ &
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Table 1-2 Summary of electrothermal propulsion systems.
NFPA 704 Flight
Manufacture Product name FImMN [/Ns P/W Size/U Propellant GHS heritage TRL Ref.
B R Y (year)
CU Aerospace/ VACCO CHIPS 31 472 25 1.00 R134a 4,7 2 1 0 None 5 [34]
Busek MicroResistojet 10 240 15 1.00 Ammonia i’ g’ 3’ 3 1 0 None 5 [35]
Aecrospace Innovation MICROJET 67 - 36 0.30 Nitrogen 4 3 0 0 ]?ZIORIO; 8 [36][37][38]
CU Aerospace/VACCO  PUC 4.5 184 15 0.25 SO2 4,6,8 3 0 0 None 6 [29][39]
U. of Arkansas RPS 500 - - 1.00 R134a 4,7 2 1 0 None 3 [40]

F: Thrust, I;: Total impulse, P: Power consumption, GHS: Globally Harmonized System of Classification and Labelling of Chemicals; 1:Explosive, 2: Flammable, 3: Oxidizing,

4:Compressed gas, 5: Corrosive, 6: Toxic, 7: Harmful, 8:Health hazard, 9: Environmental hazard, NFPA 704: Standard System for the Identification of the Hazards of Materials for

Emergency Response; B: Health, R: Flammability, Y: Instability/reactivity, TRL: Technology Readiness Level, which was estimated based on reference [33].
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123  EBRHMRER S XA (Electrodynamic propulsion system)

BRIERLA T AL 1%, MEIZL Y 7T X~k LT HiER %2, AT 2 ZHBD 5 OFRRE
GROEEYs, HOWITEENICERE 5252 LIk — 1L Y HEOBERS) ThE
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A A% (PPT:Pulsed Plasma Thruster) , EHZ87 —2 A7 A4 (VAT: Vacuum Arc Thruster) %
Wb En 5.
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EHEERIE LCTHWD Z ERZ 0. BERHEERZ VT 5720, LT ORE, v— ik
BENARETHY, /ML LORE(LDES ThH 5. LR OKRH MR CHUNED 2384 S
B ENHRETH D720, THEOKEE I LBEAHIECAEHIEICE LT\ 5. ITFE T,
HEMEAIFI DR O Bz v # JEWEAE HIRE L TR EHEERIE LTSV AT T Xv AT
AB DR H I Z7ebit TIN5,

BIEY — 7 A7 AKX, #HERITH L EREREZEZRE FICBWTT — 27 MEICL -
TTI7A~L, T2 2 L THENZ AR T DA T AZ TH S, EHEkeRE LTIE, =
TNRTZ I ERHWL NS, TR, @SBRI LY ' VEOHER T T
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Table 1-3 Summary of electrodynamic propulsion systems.
NFPA 704

Manufacture Productname F or I I/Ns P/W Size/lU Propellant GHS B R Y Flight heritage (year) TRL Ref
SSTL None 0.9 uN 296 1.5 0.25 Tin coated copper 7,9 1 0 O STRaND-1 (2013) 6 [41]
AustrianResearch Centers uPPT 20 uN's - 4.0 - PTFE 5 1 0 0 None 4 [42]
Mars Space Ltd. PPTCUP 382 uN's 42 2.7 0.30 PTFE 5 1 0 0 None 5 [43][44][45]
Fotec GmbH None (PPT) 10 uN's 1.7 1 0.30 PTFE 5 1 0 0 None 5 [46]
Busek uPPT 130 uN 252 2 0.50  PTFE 5 1 0 0 FalconSat-3 (2007) 5 [47]
Busek BmP-220 20 uN's 220 7.5 0.70  PTFE 5 1 0 0 FalconSat-3 (2007) 5 [48]
George Washington U. nCAT 25 uN 1200 7.5 0.20 Titanium NC 1 1 2 BRICSat-P (2015) 6 [49][50][51]
U. of Illinois WVAT 30 uN's - 4 0.06  Aluminum 2,8 0 1 1 None 6 [52]
Phase Four RFT 4.8 mN 786 112 1.00 Xenon 4 0 0 O None 5 [53]

F: Thrust, Iy;: Impulse bit, I;: Total impulse, P: Power consumption, GHS: Globally Harmonized System of Classification and Labelling of Chemicals; 1:Explosive, 2: Flammable,

3: Oxidizing, 4:Compressed gas, 5: Corrosive, 6: Toxic, 7: Harmful, 8:Health hazard, 9: Environmental hazard, NC: Not classified, NFPA 704: Standard System for the Identification

of the Hazards of Materials for Emergency Response; B: Health, R: Flammability, Y: Instability/reactivity, TRL: Technology Readiness Level, which was estimated based on

reference [33].
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124  FFEMRE!R S XA (Electrostatic propulsion system)

IR A Z 2 203, #lER 2 77 A<, ERBICLD 7 —nr aA 4Tz
HZETAF U ZYH L, #1%ERKT 5. FEEP (Field Mission Electric Propulsion) %>, =
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Tho. HEINTE N BRE LIEF IS W), BRI T 77—, 743 —A—va v
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ST, 2018 FFITA—A N U T DAL — T v 7T % ENPULSION 25T T FEEP
DLE FEENCRE LT,

anA RAT 2K, FEEP &/l JOMEER# 2 £ > X T 22 Th%. FEEP &
25 50E, =y Z LHIHERORIZESBEZHML T, JRFRA A TR HE L
WHZE T 2ATHAS. HHEH & L TiE EMI-BF4 (1-ethyl-3-methylimidazolium
tetrafluoroborate) &V o724 A RIS HN LD T E R,

AFATAZNE, AF U EGIEMT AT P E, EF Lol EHT gt & 72> THE
BEITWD. HENTA AU EHULICE DA F VIR TEICERSND. HEH LA &
[FEDOE 2 F WM T 5 2 & CTFHBOBM 2k OKE R OOR TG TH 5.
AN T2 v oT VTt Vo T AR LD Z L. HiERE 7T X
~bET D FIEIC L - T, EREEN, SEEAEN, v 7 nERERXO RIS
A, ERMERICBWTIE, Ae—0 Y — RSN EFRT / — RiZmdo TN
W, EOBPCHMERL L EREIEDL D &“C“77X7%2$EJZ?”%5 En s ENE, 7
FZ A LIAD DO DHTGIRIC K> T, W07~ T A7 REIZ S BT S

5. BUER b FHIEEFNZWONZ OEFKERA A A7 A2 Ths., LinL, BV
— ROFEE L W o TeFmOBUR CRIEL I T\ 5. mERKRERIE, 77 A~ Fadhib
WCBEMITTeaA Vb EEEOEENSG 5202 L TEFICZ VY —2 52, &
EHPEFRIF AR S E D 2 LTI A ERT 5. mENMERIT, 77 XA~ DERT
1512 £V ICP (Inductive Coupled Plasma) & CCP (Capacitively Coupled Plasma) @ —FE$H|Z X

SicisfbEng. @Al L LTiE, —iMIZ 10 - 100MHz OFFERHWLRD Z L3%

. EEMAFF -2V, %ﬁ@%ﬁﬁf B Rk U T Z RO, L L,
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7T A ANES BRI S RBRRENZ L, PRgmIicAe—0 Y —FEHAns 2 &
WCERRT DA Wo e A TV D, ~v 4 7 migERIE, 1100 GHz #i&D~
A7 aEE T T AKBIHEAL, BBy FENTHA 7 v b dlihd LT
moxt L, YA 7 v ka3 (ECR: Electron Cyclotron Resonance) % 5| X Z LT
TR LT D, T T AR MNICEME R 7207w, mERER L R U < A
EEW. S A 7 a7 T FH T T A FTOIICEET D 2 LR ATRERTC 0,
BEMA~OBRKREELT 5 LN TEDH. — 5T, vA 7 B AR TOEKL, ol
ERARICHRIZRDOMANE L W o A2 2 TV D, RENREBEINER R T A X DT
% Table 1-4 |Z/~"7".
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Table 1-4 Summary of electrostatic propulsion systems.

NFPA 704 Flight heritage
Manufacture Product name  F/mN I/Ns PIW Size/U Propellant GHS TRL Ref
B R Y (year)
Busek BET-1mN 0.70 605 15 0.60 Tonic liquid* - - - - ST7-DRS (2015) 6 [54]
Busek BET-100 0.10 180 5.5 0.40 Tonic liquid* - - - - ST7-DRS (2015) 5 [55]
MIT S-iEPS 0.07 46 1.5 0.20 EMI-BF4 7,9 2 10 Aer(‘;'oclgt)’e's 6 [56]
. Not
JPL MiXI 1.5 - 25 ora Xenon 4 0 0 0 None 5 [57] [58]
module
. Not a
Giessen U. uNRIT-2.5 0.50 - 34 Xenon 4 0 0 0 None 5 [59]160]
module
Not a
Ariane Group RIT pX 0.50 12000 50 Xenon 4 0 0 0 None 6 [61][62]
module
Busek BIT-1 0.10 - - 2.00 Xenon 4 0 0 0 None 6 [63][64]
Busek BIT-3 1.1 57000 80 2.00 Todine 6,8, 9 3 0 0 None 6 [65][66]
Not
U. of Tokyo I-COUPS 0.35 7000 40 mo(()iualle Xenon 4 0 0 0  PROCYON (2015) 7 [67](68]
ThrustMe Neptune 0.20 - 60 1.00 Xenon 4 0 0 0 None 6 [69]
ENPULSION IFM Nano 0.35 6000 35 1.00 Indium 8 2 0 0 Dove (2018) 7 [701[71]

F: Thrust, I;: Total impulse, P: Power consumption, GHS: Globally Harmonized System of Classification and Labelling of Chemicals; 1:Explosive, 2: Flammable, 3: Oxidizing,
4:Compressed gas, 5: Corrosive, 6: Toxic, 7: Harmful, 8:Health hazard, 9: Environmental hazard, NFPA 704: Standard System for the Identification of the Hazards of Materials for
Emergency Response; B: Health, R: Flammability, Y: Instability/reactivity, TRL: Technology Readiness Level, which was estimated based on reference [33], 1: Speculated as EMI-

IM although actual substance is unknown.
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125  {bZEHHE (Chemical propulsion system)

b HERE L, HEEERID R b P L X — B #H B = R L — (DA 5 2 & THE & 5%
ET2HDTHY, —KAAT AR RKAR T AL, [HIKE—%, "7 Uy Fary b
ENFETDHENTED.

—IRAA T A2, WRIRIRRE TRpE U 7 HEREA 2, RliiEz -V TR L, 2845 Lo sl
AaPHTHZE THNEZERT DATAZTHD. R L LTI RIVUVPHNWD
DT ENE Do, IEFETIE, WEE{k/k$E X HAN (Hydroxyl Ammonium Nitrate) -&HEiE
%I, ADN (Ammonium Dinitramide) SZH#EER] & Vo 72 ARFEMEHEER] (7Y —> T BT )
NEHZED TS, BIRO JHRAT A X LT 5 EVEREITS D28, HENHEFE L VD
AU FEFFO.

THRARA T AL, A V= 7 DI S VTR & R A & BRBEE N T A KR
S, BAELCERT A ZHHT 52 L THNDZAENRT DH2AT A2 THL. BRELE LTt
RTZDURE/ ATV KTy, Wbl E L@l —ZR 0/ HWHD Z N,
—RAAT AL L L CEMERETH D —F, 1 ¥ =7 X TOWMRALCMEZERRSE, ThEME
DB THAINAEES BED .

BEAE— 2 1%, BBEENICRIE SN EARHEEIRZ B RS2 2 L TRAET 5
BAAZHRHT DL THANEZARTHAT AL THD, HEEE LOIa AUy bR
BT NR—=ZERNANLNS. sk, =7 Ny 7O AREESEL LTHER ST
WHRT UREAENRHNSND. B—F T — A, J )b, EHkE, EIEHEER ) S O THE
S AL, (LFHEEO T TR OBENHR TH DL, BRETE-e, BEA Hhxey MY
YIIMTERWVWENITAY v ER3d 5.

AT Yy Ragy ME, BREESEIZIRE U BEIRBREHI R LT, iR H 2 W IR O
Flaftad 22 L TEHEKBRBESE, BETLIMBTAZYHNT 52 & THE 24T 5
AT AL ThD. BOAFKENR S ZEMENRENT &, BLAIHFEHREOHIEIC L v ke
WromE K, HEJ ATy U T BRAREE WO R 5. — 5T, ERREIREIZR T 5
BEREIREE A I = X LNEHETH D Z L ENLREFEAICITE > T, REHRL
EHEMEDFE LA Table 1-5 (2787
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Table 1-5 Summary of chemical propulsion systems.

NFPA 704 Flight heritage
Manufacture Product name  F/N I/N's Size/U Propellant GHS TRL Ref
B R Y (year)
. . 2,5,6,8,
Aerojet Rocketdyne MPS-120 1.0 810 1.00 Hydrazine 9 4 4 3 None 4 [72]
. 1,6,7,8,
Aerojet Rocketdyne MPS-130 1.0 1300 1.00 AF-M315E 9 1 0 3 None 4 [72]173]
1,6,7,38,
Busek BGT-X5 0.50 565 1.00 AF-M315E 9 1 0 3 None 5 [74]
1, 2,7,
VACCO/ECAPS AND MiPS 0.10 1808 1.00 LMP-103S 1 0 4 None 5 [75]
8
Fuel: C3Hs 2,4, 7 2 4 0
Hyperion Technologies PM200 0.50 920 1.00 None 5 [76][77]
Oxidizer: N2O 3,4,7,8 2 0 0
DSSP CDM-1 77 226 0.50 AP/HTPB NC NC NC NC None 5 [78]
DSSP CAPS-3 0.30 - 0.50 HIPEP-501A NC NC NC NC SpinSat (2014) 6 [79]
U. of Tokyo LIMO 30 212 2.00 BKNO;3 NC NC NC NC KKS-1 (2009) 6 [80][81]
Solid fuel: ABS  NC 0 1 0 None
Utah State U. None 40 - - 5 [82][83]
Oxidizer: GOX 3,4,7 3 0 0 None

F: Thrust, I;: Total impulse, GHS: Globally Harmonized System of Classification and Labelling of Chemicals; 1:Explosive, 2: Flammable, 3: Oxidizing, 4:Compressed gas, 5:
Corrosive, 6: Toxic, 7: Harmful, 8:Health hazard, 9: Environmental hazard, NC: Not classified, NFPA 704: Standard System for the Identification of the Hazards of Materials for
Emergency Response; B: Health, R: Flammability, Y: Instability/reactivity, AP: Ammonium perchlorate, HTPB: Hydroxyl-terminated polybutadiene, BKNO3: Boron potassium

nitrate, ABS: Acrylonitrile butadiene styrene.
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13 MRS AIADER

2000 4EfRIE, AT AFITRLF/NUFEKD = R —% > b LYV TO#LE EVEB)FEE
ICESAYTOR TV, Dk, & Vbl CubeSat DI IZFEY, AINRFHTH I, HifiE
AERHE & Vo T2l D, EFHBERA L BRABAANL D E LTS, ZHUTfEny,
v a v EFTTLHEOOY—LO—2L LTHKIrR—F> MIE, HINFHIRREDOE
R5M ERRO LTS, /INUFHEO EF A EALDT2DITIE, AT A2 DSERMATRER
AV DILRPVETH D, ZHE TP FEAES N TEI/NUA T 2 Z OERRATREA VI
Fom/s o8t mls W0 LU UN— IR TH 572, Table1-1 IZ/R L7210, i b RS
BRI T — )L R ZARAT ZZ DA, ERATRE h—2 LA 7OV RTRKTHE
ANsEETHDH. ZIITEEN 10kg D 6U Y1 X CubeSat (ZxF LI+ m/s FREED AV L
B2 ENTERNWZ EZERLTWD. UMD EE m/s & 25 WI3ET m/s O
AV ZERTE DL, BUERFHOBRERNEG 2V, I vy a rOENEIICHE
DD, AVEERODOEREL 70> TS ORI T 2 ZIZHB1T HEET AR THD. Flx
I¥, Table 1-1 T/~ L7 NANOPS =° CNAPS (@ EH A ZHWTWD. @ET ARICK LT
+oy Tp B ARIR E R LT ERR G 2B 2 125 A, ML T D1 SRS B
T2 MRIZ, ATAZRVAT LEEETHET 52 LR TENE, MEEE~OM L,
DEVD AV O ERRIAEND.

INIFEHEDO A Y hO—ORFHBSAEREOIKRE Th 5. EFHOEE/IZINZ T, 5
A EROEE 20T 5 2 LI FR R Tl L WO BR T ICEETH S, N
T OHLER A S OIER DT, BESZ Oulr v MT ETFHEE BERT7 4 Ko =T
ERAEL TS, T4 Rv=T &, aby NOREET EIFEED 2 HWC, /N ERE A R
NRABR—RELTH EFEENIHLDOTHD. ZDGE, £ v— Rk L TaEsE &FE
TZERBRNED, T4 R =T ET HREIA m— Rk LTk LW 22 A 5 UE 25
T ZENEREND. FETARLAHBHEERZH N TN ZVE TDORT A X T
BT 205G, ZOREFELMELN -9 720 OBINFER O FHECEFHEREICEL L O
BRZE U VY —ANEDND Z Lo TCLED. £, 12 HiOFHEIZFEE LZ#EY, GHS X
NFPA704 & WoTof5iElE, vry FOREFEEICEEMENIND O TIIRWA, X8y
BHOH ETORRANNCBIT LML EET 5 ECEERLD THS. Table 1-1 725 Table
1-5 TRLIZEDIZ, ZTHE TR TON TEILATAZ THNWLNTWAIZIET
ST OHEER DM & DO TR ANERIEZFFOME L L TaHBIn TN 5.

T AR, NI O ISR LM e o S OBRSFERIR b BRI
HHATNS. 2018 42 AT, EA/MUFERe 7> k §S-520-5 128> T, 3U A X
CubeSat: TRICOM-1R 23 Biflt CHJLjE 2 A S 4172[84]. 2018 4E 11 HIZ1% Rocket Lab #1235 BH%E

J
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35/ - | Electron (2 K- T, AR THIO TN 7> SO EIF»AITh, /)
v ey b ORI HRHRD A BT 72 [85]. /INIUFH O EIFICF b Lz 7r v F DA,
FEANAS v — NI T 2 EEFEIIBETLOILEN RS RDLHT20, BEFEERITFEMIND
ZERTHREND. UL, NIFEEEAEOBIR I AN AR D DR, Hfisns A
T AL AROZEENENFTREN LI LN TH L. &b, il 77 X~ Hk
B A BENEARINCA D E 22 AT A X, oFHEKEa VR —F% 2 b2
—MREE LR FE o TS EDO LI R AT AXITK LT, fafth e vy RN I 5
WA S TVIUE, B RS 3 F 72K VNI ERERI O BB AE I L > TE, A
FEEENE < o CLE .

U bzaFEDn e, NUIFHEOERN RS, XS AT X 25 IR HOPEE Ok
KIZIE, BIED AN B L2 THRIROED BUVWINLA T 24 NYLERAI R TH S,

14  KZEHERIELTRHW-XF XA

AT A B RE UL TRV ED RDWHEEA & LT, RN TIVAKRBER ST
7o AKITHEIRE L CHRIAITER ATRE CH D, AT AZ BTV AT AERETHERRETH D720,
FE S A RHERER) L g Lo G A I E E B o R ERERBLATRETH H. KL GHS X
NFPA704 THREXRIGNE /2o TNDL Z ENOLREMEREWI L LN THY, #Hikick
FOEHN TR NIRRT IIFFS NS, ERRICFHBIHEHR IR LY A Ry A
T AT D HATIRTIL, KOFEEHER 2 AOA XL —ZIZL 5> T30 5N TET
LicbfiEsnThy, WEIFHEZHWA L) RE = A NI v v a B W TIRIHERIC
KERAV v b THBHESKENTNDH[86]. KIZAFMELIEFICTR W=D, HIETOHEE
HIHE REOLEGIZFEBR AR TH D, fka RIE 2L, ISS (International Space Station ;
EBRSFH A 7 — 3 =3 ) X° LOP-G (Lunar Orbital Platform-Gateway ; HfliE~7" 7 »~ k7 4+ — A
TF—hrrxA) Lol FEFEEM TOHEERFES L OB . T e R A
RERH, Tt/ V%, BOICANLND Z ERSWHEER] L L L T RN S WD,
XV EHEI DN HIFF S LD, Guerrieri H1E, 95 fEFHOWEIZRL, NHL YA Y=y b
AT AL OHEER & U C o RTREMEREMN 2 5256 U, /K23 e A Cd 5 Lk
72[87]. MA T, KIFFHEWRELE LTHERZBO TS, BlRFATHE < ORKE TKRHER
TR A & & AT, K, KOFENTRB I N TN D, BRI ER Bk Dk %
HeHERI & UCRIAT 2 2 &N TEIUL, HEERIOWE & Mfife 2400 3K L7225 HAT 2 By
REHEANFEIARRICR D, EHITE, KER—RIZ LA V7T VAT A0, #iIERCH,
B Z EOFHZEMIOBE IR 2 b Iff SN 5.

KEHEER & LIz AT AX Y, 128 CORLESEO®@Y, BEEINER  ERINER &
BANEI AL HEED LD ICETH 2 N TE D, I BFFEBEENMTDR TV D DITE
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BINHERTH 5. KEHEES & L THWEERINER R Z 2 221X, VLM (Vaporizing Liquid
Micro-thruster) , VYA MYz v hAT AH, SEEREBRAT A ZBHFEETSH. VLM 13,
MEMS (Micro Electro Mechanical Systems) #1iia T um A — & —ORUNRRESS ) AV %
ML, NMULEIT ST AT AZTH Y, ERSOBIERESE, $2 < oM ThitTn .
JFEIZ ERDOL A MY 2y hAFAZLFEICTHD. BEARERA T A 21, KIZEEE
ZEMLTT I X=bL, / AVipbHHT o 2 L THNEZART AT AZ TH .

BRNHENZ BT, AKEHEERI L LTHVZ PPT OBFFEA 2000 FRYITEN HITHH
TS, EEIMEMIZIBVTIE, 2018 FnbKEHEEAIL Lo~ A 7 v BMERA 42
T AL DIRFENITOIN TN D ALFEHEEICB W CIE, KEBROM L CTKELBRFE LT H
L, WEFZRIESERE LI A% ) AN OHEHN S ETHED 2 AT 2 BRI A Z
AENRENRLOLE L TETOND., TAIEKDOKIGSERHBLIEANA T Y vy Kalry
FOBEBITON TN D, KEHEHER & Lo AT 2 2 OREKH 7257 C % Table 1-6 (Z7-7.

KEAT AL OIEFELT R D N R VX —THR—ICEHR TR TX 5. ER
HEME(ZJ5 1T & HEHEZD =, 1

FZ
= 2mp,

Nt (D
EEFSIND[88]. HEHERN Ry L, BRHEEICHEA LIZESPNS ENZ TR LR OES)
ANF—ICEMINT0ERTLOTH L. BERMEEOL S, 1T & A ENEZERE T CrES)
L, E¥HAENS 0PalliiW e ENHEINTMD T/, L7ehs o THERE B u &

F
Ue = — (2)
m
b, Lo T (DIE
_ hud 3
Nt 2P, 3)
LRYZENTE D, HHESIIE
F Ue
IS =—=— 4
iy (4)

(5)

ERTIENTED., BEAISEHEEDRTORHAET & LT
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_ A\ 2niE

I =
Sp g

(6)

L REHEER & LT AT A X OEATHIRICBIT DN L b x v X — DR %
F®m14_m#.v~ﬁ~i%ﬁﬁn B DENE, 74 AISHEERRICH T 5 HHE
MERL TS, BBRTHARMETIRET DA TAZIZONTY, 25HiTHLNL
fEREMNC~y—I—%27 1y FLTc. BELEMNICEHEINTZENN AT ZAZITEAS
NT=EENTHD ), EFRNENEBE I TWDD, SO ERED BRI Ch 500 5E
HE T 5 DEIZ DOV TN TR R B0 23 o 0, K~ — 7 —I1Tk L TREN ST H
D00, FHEEOBIHEENILHE) LR LXF =T L TE S Vol A o7z b
DTHLMWERET IS THD. VIMRL VA Mz AT AX LW BRI
B2 T 2 Z TR R L = MEW, AN 2 T A X ICBIT S T R L —
DT v AR

E; A H AU
77PPU Nv TIU

(7

ERIND. HUE-HITAFET U Z VY —, HiF HITKAK[D LN = 1L ¥ —251 b
BT D, nppyld IR (PPU: Power Processing Unit) 203 CTh 5. ERNEAF L O
BINER R T 2 Z [T L= @ MBI S 5. FERHEI L, HEEDR 0.1 128105
HEREEHE) L0 SREEBITIELS oo T D T NIUET TS 213 L, I X~ ToH#Hk
DRBENRREL 10D 2 ERHEEAIFIHZEMELS 22 Z LITER LT\ 5. ERINER X
FOFFEMERA T A X DT 3L F— 37 o 2T
E. AH Ey Ey

=—— 4242 (8)
Nppy Ny np Nac

EREIND. AUF IR A NE —, FHAE I T 7 A~ AR LB b 3or
X—, FIOFH =THILEMRINE S 5 WITEF BRI LR = fLF— (xS T 5. R iR
IR T A B, ERIET & EMNFEROHHBREDLL =R L X —% L 5. BRI AZ
AZIBT DR F—D T o AKX

=—(AG + TAS) (9)
Nepu MNec

LREND., FUEHOERF 7 AT R X —[TBRIT R X — (5 L, KOEE
H24Klg &, KEKFZREBIREIRHESEDL-ODICHLE RV — 134Kk)/g =2 L
EbhbEELDOThA. FUE HOTY ha v —EBIB = kL X —Cx et 5.
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Table 1-6 Summary of water propulsion systems.

Type Manufacture Thrust/mN Isp/s  Power/W  Specific energy/(kJ/g)  Year Ref.
VLM U. of California 0.46 13.4 6.70 1.91 2000 [89]
VLM NASA JPL 0.28 98.0 1.44 4.96 2003 [90]
VLM National Center for High-Performance Computing 6.00 38.2 - - 2010 [91]
VLM Chinese Academy of Sciences 6.00 91.7 - - 2010 [92]
VLM Indian Institute of Technology 1.00 50.0 3.60 1.76 2012 [93]
VLM National U. of Singapore 0.07 6.93 9.20 9.20 2012 [94]
VLM Nanyang Technological University 0.63 64.6 4.01 4.01 2015 [95]
VLM TU Delft 0.98 120 8.19 9.87 2017 [96]
Resistojet NASA Lewis Research Center 240 114 781 3.65 1989 [97]
Resistojet SURREY 45.0 153 100 3.33 2002 [98]
Resistojet Aerospace Corporation 3.00 90.0 8.70 2.56 2015 [99]
Resistojet Deep Space Industries 8.93 175 25 4.81 2017 [100]
RF Electrothermal  U. of Central Florida - 800  5.00x10° - 2006 [101]
RF Electrothermal ~ Aerospace Corporation 100 428 2.10x10° 88.2 2007 [102]
PPT Ohio State U. (128 uN's) T 7960  (30)) F - 2003 [103]
PPT U. of Tokyo (650 uN's)T 2000 (8.01)% - 2004  [104][105]
Ion thruster U. of Tokyo 0.25 415 47 781 2018  [106][107]
Electrolysis Cornell U. - 70.0 - - 2015 [108]
Electrolysis Tethers Unlimited 6.80 310 50 22.4 2017  [109][110]
Chemical U. of Surrey 4.70 45.0 - - 2017 [111]

VLM: Vaporizing Liquid Microthruster, PPT: Pulsed Plasma Thruster, 1: Impulse bit and capacitor stored energy were listed instead of thrust and power for a PPT.
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700

5
600 | &
500 _ /
S on thruster [107]
Resisto [98] | 7/ 7/ \b
400 | ;
£
3 RF electrothermal
Electrolysis [110]
200 F .
;:4"‘ Resisto [99]
> G—— VLM [96
100 VLM [90[] ]
/CLGVLM = VLM [95] Present study
0 — VLM [89]“% VLM [94]

1 10 100 1000
Specific energy/(kJ/g)

Figure 1-4 Previous studies about water propulsion systems relating to specific impulse and specific
energy. Counter lines show ideal performance curves at each thruster efficiency. “VLM” means

vaporizing liquid microthruster. “Resisto” means resistojet propulsion system.

15 EBREEICBITALCA MDYy FRASRAADRERIT

L4EITRLIZIEY, KEHER L Lictkx 7oA T 22 OFERFBEIED b TnD . F
7o, 128 TRLIEEY, FOFBEDORATAZICHGEZNENFERH Y, BEWVICHHL
DT, /INHFEHEN D DI v v a VERIZIG TR TR AN RD Hivd. K
EHEEAIE LTo/NIRA T A X 2 RAULT 2720121F, HAT A OFREEIRE LT 5 2 T,
KEHERERIE U CRIAT 2 ECORE L 722 283 KON 2 PR L, S BE % & o
HWEDRDD.

KREVFHEICB T 2 BRMEEDOREL 2D KD &, FEHHNCAFTEBE S 5 X ORI 3%

MIATONTNZDE, LYA M2y NATAZ Tholz, R THO CHEHEILES N
BRHAEME = Z, v T OfE Zond-2 ITHE S 1964 I L EIF bz VAT T X<
ATAZTHDLHDOD, TOEEIZIIT AU DB UIHFHE Vela VYA MYz B R
T A B PNEEE S WEH RN 72 SN [112][113]. bRt TE b - B iEH S - 2
EHLHY, 1960 FFRL LD 1970 FFRICNIT TL YA MYz y RAT A 25 L2
DL ATH BiIF b, #uE BEBNSEGEN TN, BNBREIERNICE E > Tho T
[114][115]. 1980 A% 21T, PEAEEAE Intelsat-V2 B LUV A F Pz y AT AZITL
% GEO TORALHIENITE) L7z[116]. 1ERIT, —IRAA T A Z L A A T 22 & FIvT
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TN T ZRALHIE 2, X0 @)K = 2 N TR AMRE/R L YA MY 2y h AT
AR TITONEZ LIV, BERHEEDFZFRI R F A BT 7=

1990 AERAEEE TIE, LYA M=y b AT ZAZBRELSHEED T L 72> TEAA
DB 1990 ISR D &, ALFHEESCL VA NP2y PATAX TELNMAE
HEIZT =V xy NATZAZORE/ FERMPEED, 1993 FIZEEHE Telster-401 (2
TV xy NAZRAZPER SN, WIORHARIBATONZ[117]. LI, 1994 2R —
VAT AL ORI, 1997 421 A AT ZAZOFERAFA L W ko, BEXMTE
DI T =7 AN—NEETWD., ED%, A ALV AT AZRR—/VAT AZPEi &
o TWKHTYH, LYRAMN 2y hATZAZE, KA, AT 7 b—va UO@EAE
BEOREE Vo722 v hh, RIEIHEHSRL TV,

ULbED LIz, RKUFHEICB T 2EXHMEREBOEXFE L o7 DIZV YA MY =y b
ATGAETHD., LYVANxy NATAZTEDIVZHR HliHB_X—2 L7720, L0 &
JERREBIMEHIA TG AL TChHLET =7V 2y NATRAZOENMMBRESR, A F AT AH
KRB — IV AT AL Lo 7o X0 BRSNS EME A BB NE R ERNERL A Z A 2 DI~ &
BN TS, F SICARPAMICALE ST b a/MIFEEHEOELRHEEICBS N TYH, £<H
C7Fao—RNYTEEs VW) Z &, KELRHEEDRELZ AAICHLNTH D, FEE
(2, AKREHEER & LT/ VA F 2 2 CHGE FAEBYISGERS A bl — AR fhH Y, &b
LBHLLYVA N2y hATAZTHD. REILIE, MEIATONI/NUK LA Y=y b
AT AR OWIE FEENZOWCREMZ FL T

1.6 INBIKLORA MDY FRSRZDEELEE)

16.1 UK-DMC

2003 42 Gibbon HBHIE L72AKL T A MYy hATAZN, EEOEERIMLTHD
Surrey Satellite Technology Ltd.23BH%& L 7= 90 kg #k/NMilfi 2 UK-DMC (25 # S fuiaE E/EE)
FREDNRAHNTZ[86]. HIERDAA VAT ARIT X Rl LIV U A MY =2y B R
TAR A=)V RHAY 2y NATAZTHY, KLYV ARMxzy AT AXIHE FE
BEIEE W ONE ST Tholz, RSN ALIVA N2y NATAHXE, Fa—TRHZ
VI, TANE— Ay va, I A RNLT, BEXORRATZAE Ay RIDOERSILTVA.
H 7 3AME 10 mm, NEE8 mm, £ & 100 mm D AT L ARMETHY, NEAMRILS
cc THDH., ZOHIZ 206 g DANRFEEINTWD., ¥ o7 BfANREICIE, EHeFARL
MAShTRY, FER— FOKELHS TS, 27 Tk, FREFHZBAL D 58
—T A4 I NMIE DA ZIF =2 a VDD DT 4 M RHFRE S TWS. R E
LT, MRS A T OERENY 7 D FFIZIRA I FFIFSTnd. # 2 7 ks X0
BIZIX, EH28VDC TSWOEBNBEAINDLE —F—03E8EZFIToNTWS, Z 7
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OHFLENZ IR > THREAR Z L7285 2 LIk, b— o 7 LR UJRBLT, MMEETIX
2, FEMBE ISR Z 2 K 5 ekt a7 FE2EA L, AN T S D
DESRAREMTON. TEMEEZEBEBL, oYL A RV NESHERE STV 5.
AT ALy RITMEGE L ) AU BAERL S LTV D BTN ERI I X E  SREL D M6 A X
DA P —ERNFASH TS, A P —DO—EE Dy b5 2 LT, i S Al
D, AP —EE AT AT~y RIEE L ORI ZBIERE O X 5 I D7 L e o
T 5. SBEE BRBNTINET 2 2 & TIERZ il D HEERI A2 INEL L, 2> DURER I IC T 2
Z L TEMREDRDN LRI TG, AT v L A BIEE L EREL Y — NI S
FIZK o THER SN TN D, M L 7 XV HERA S [T STV D, ZAUT L0 e %
K 600°CETHBTHZILNTES.

Fig 7 = — XIZBNTWL DO MEERH Lo 7. — R BIE, 7SV T NEOAY
T4 A TOF a—7 ThoTlz. YO TIE, / AvAr— ME042mm lZxfL, »L
TAY T 4 AN 020mm Lo TCWa, ZDD, AV T 4 AETOT a — 7 BREL,
AT AB Ny R~OUFEE DN EBIE T U CHEEMEREDIR FAARAE L, 4V 7 0 A%
LOmm OV T HFEREL, AT AFITHAAT Z & TR STz,

TOSBNE, KICHEE LT A & SRRV T X 7 NI LT ADEIK T, B
ZEH COPMEENIZRB W CTENZEIC L Y REOKEHHT 2 FEERH D Z L ThoT-.
74 FNETIITITERT DA Ao KkE 10 S REZCERE P+ 2 & THA A 2170,
MR DR DT oL T

=REE, B 225K 200 °CE TMMEN L7 ARERAER I3 1T 5, / ZVH B TOKEK TH
STz, ZOFRKIZOWTIIHA L IZIE R > TR WD, FEHHIL, L0 ER T, AN
ZREBR L7223 IR D KRR DR IS A S 4L, WA S AUTKZFERRD 7 AV INBEIC i
HZETRNIERENTZDEA D ESKLTWD., ks LT, MBEOB AL /) XL
AHOKT EWD ZoO@BIREENE 2 Hivian, EBRMEOBANS 7 VB OEOET &
WO BN E Sz NV TETCOF a — 72T 57—V BB LT, BHE 0.20mm,
BAK 1.0 DAY 7 4 2%8UWEL, BEfFO AT — ME 042mm O T /3—/L ) XV TEIZE
MTEHEETDHLOITHEY T B Z & TRUSHIThIE.

MU B L, WIHIEBIR DA BV TH FIRICIEEA IR ENTLEI LI LD TH -
To  WREEEBN T, DEVENCIVRELERERTEESND L HITH 7 #FE L THIK
RE LT ZOMBITMRE SN eh ol RRE LT, ¥ o7 LJENGHE 28T 2R L
SIARAERMEE E 720, Y BT —1 3 UARE LIREO KRS IS Z & C RIS
DKMEEESNTLESTWVD EW IS T O, L L, RAR 2 RIEMRR T 5T
Bonenoi.

HREE, AT7AZAERTEZSAEREEOLMBETIESH 203, FEREOE&NEN T
TR ol VI THh D, A LIHEER ST~ THRH & 7212 & B & 38 &gk ER
DOHADBEEIRTO Y 0 USRS 203> 72728, 1EBIRT% TOEBECENFHE & 9, R
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ELUTHHEDZFHMET 5 Z N TERNoT-. ZORRERIZOWTIZH L NI - TUHRU,

AR SNTK LTV A Y=y AT A2 0P S 71 2003 4F 9 H 27 HICHTS |k
F 54,2004 1 H 8 HIZTRTOT LA M) F—=HIZERFENRNT & DRI T2, 2004
2 H 14 BT 30 DR T A~y FINEGRERS Tl S 7z, i EBRIC IS 1T 5 BIEER
JEIX 180 °)CTh o727y, Wl LIFEh TORGEIREIX 265 CTH 72, ZHUTFHEE X7
AHEPIEE I SN CW=Z &, BLO e =& =B HWTW ey T U —DE
JER 7 I F ALV bR ERNRRATHL EEAIN TV, BEREX, e —2—¢&
EER & OWrEM A ] 41Tz PTFE EHE T = — 7 O MEVREE ICVTH L T 223, 8
7 &I S AUBRBR DML T S A7z, 2004 452 H 20 BIZERMIIDO A T A X AEEERER )Y i S
iz, JAH 1B, Duty b 10 %DIEBEINGE 10 B4 7 VFEhi Sz, FEBIRICA T A X~y
RIZ200°CETTMEA SN, AT AZFBERICA T ZAZ~y FIZBWT, K25°CHR
BZRIREEAR T 2SE STz, M EBBR CHIE S U IRE IR FISECCRRE TH V, B 5 2T
E FEBIRF ORI FOH N KE D o7, ZAUKIRIEO KB P Shviz Z &2 & 2 wlhetk
DEWNEFRINTNS. 30 BEOIRERTOOL, FONREN EA LIGHTZZ &0 b,
ZNEL EHEERI DB PR STV e WD ERH Ll o7 ZEiEI Y OV T 7 v a R A —
NOAEEEZCENOEH SN SHEIT 33 mN, h—F/L A /LA X 9mNs Tho
7o, UWOBRFHEITHES 02 mN, h—F /LA /UL R 02 mNs Th Y, Bl EHlEmM S 7%
FHE & ORI 10 f5LL EOZEBRAE Uiz, 2004 452 A 24 HIZ [0 H DA T A X R
Ehi Sz, LorL, LT EZHRWTHHEDNAERSINT, AT A X~y NEREEBERENS S
HEHERI S HEH SN TR WD ERB ST o 72, FE, AT 22 BHEER 2+~ Thko T
EREEmATT DT, HEEREROFRGEM & LT, 1) EIENZRY —2, 2) RO T AP
KRLRRICRIT 2 EL EoREERIPEH, 3) —FBIB OE IR 5 2#EERIPEY, © = 8%
FIEL TS, — S EIZOWTIE, MO T LA NI T =22 /5B ) —7 B35 5 LD
RREBEIT RO E SR EINTWD. R HIZOW T, FENLHT EFE TORIZ,
Zo7DY =TI XV LATREND 1| [EETHEEL, #ull LiZBWTEOET) THRiK
DIKBIEND Z LIk > T, —EHOIEERFIC T R TOKDN—SUTH U S 47 ilaet:
WD ESKINTND. Gibbon HIZE S THBEBINIZAKLTA NS 2y hATAX D4
Jt% Table 1-7 (27”7,

Table 1-7 Summary of the water resistojet propulsion system installed on UK-DMCJ86].

Item Value
Wet mass/g 188
Propellant mass/g 2.06
Nozzle throat diameter/mm 0.2
Expansion ratio 1.0
Designed thrust/mN 0.2

Measured thrust on orbit/mN 33
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(M6 screw)
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H
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Figure 1-5 Schematic of the water resistojet propulsion system installed on UK-DMCJ[86].

Al

i

Figure 1-6 Photograph of the water resistojet propulsion system installed on UK-DMCJ[86].
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1.6.2 AeroCubes-OCSD-7B & -7C

2017 #-Z Rowen H23BAFE LT72AK L VA RV =y M AT A XA, NASA @ Small Spacecraft
Technology Program (SSTP) (2 & - T 3 & & 4172 Optical Communications and Sensors
Demonstration (OCSD) 7'®1 77 AT S 4172 1.5 U ¥4 XD CubeSat: AeroCubes-OCSD-
TB & -7C IZ#5# &, #¥TH BIF HH72[118]. 2 #$0D CubeSat |E ISS ~DMEifaAN S 7T A
\ZHEH S LT B B R IR S, 7 AN 1SS BB A A S #
A IV TFHERICKE S, AT ZAZ A X138 0.5U T, 26 cc D/KRMP RIS 72
J RAVAZEIET H E TOWMBE COWFEE Todlz, 2707 I FI/VIREIT 45°CLRE
SNTe. KURGBEINEICRE SN ZIBERIC K > TThI T\ 5. # o 7 G R I3t
ERICEocHEEERIC L B fEs . ) AMWE T VI BICEAIL 0.70 mm Th o 72

1 ERBRICBWNT, VAT 2em OKBZER S, RINE LT, BEERET
(BT DI DOVEBRER THRIKD KD 7 AU BHEENTWD Z EnEF bz, Fdn
BEHOZ 7 ENIRGDETH Y, KOBERMAKIIEL Y bEWZo, PIEICBE N T, £
DIENTHEIKRDAKDBBNI I LHS NP SN TLE > Tz, £Z TKOTEEE 26
cc ETHRLT L2 & TRREBK G-, &IRMAI61 °C, EKIRMI-24 )COIREEY A 7 V% A
FAZIZX LT 20 ENTF DS, U —7 37002 &N FEERICHER S 4172, 10 Torr, 60°C
EWVIOBREE FIZEBWT, 6 R ON—% 0 733 S 4, KT 0.06 g OF &R/ BHIE S
e, ZHUTHEERE BEORAD TIER< T U M RAIZL DD THLHEF R INTND. I
kB b FEHE S . AT A X ITITFHCBE IRAE Lo Tz,

J A)AREE 40°C, V7 BARER]Z 50 ms, 250ms, 1000ms E AT L7z X DA /LAY
v MHENEZEF v SN TEfE Sz, 50ms FEOA > 7L AE Y ME 02mNs, 250 ms
BEX06mNs TH-o7z. 1000ms KL 28 mNs £ TA L 7ULAE y hAME KL, LavL,
ZVT BRI R LA v 2 ey RS ERBIBARRIZ 72 B 722 0 o T2 RN DWW TR H 08T
720 TR, 2L EOFERIESCIRNICIT R SN TR BT, BRFEA T Y 2 — /L OBLE D
B, T EoRERFHIIXITON TV RNWEE I HND.

2018 4F 1 AICHRHID A T A 2§l FAFBISA LR, #EINIREL R o7z, 20D
EEOX I ENT 500 mbar & LAl > Tz, M ERRER TR O 72w &R U RS04
LTV EEZ, ) ANZRGZHT CRIERT 2 EEREN 2 E Iz, T XD
DHH S A, Z o 7 ENTEaFAKEE TR L, FEvERE 72, 2018 4£3 A 15 HIC
AeroCube-OCSD-7B [Z##i SN7mAK LV VA MY =y NATAXOEBENCEY, o
CubeSat 23FfEAL TV < HE 2 R S 5N FEM S L7z, GPS T —F MO R END AV
1% 2.7cm/s TH-o72. 2018 43 H 22 HIZ, AeroCube-OCSD-7B |[ZfE# XLz /K LT A h
= FATZZAZOZ[E HOEBREBRN FEIE ST, 7 ZVIRE 48 °COIRHET 9 FPH D 1EE)
DT, HONTAVIZ20cm/s THholz, HELTWZAVIZ 1.8cm/s TH Y, FHEH
EFEPE L ORIC 10 %D ERNH D Z LR LN oTz. FEHOIX, ZOERIIGPS 7



50 1.6 /MK A RV =y AT AKX OLE E1EH)

— X DARFENEDEPFHANTHH EE KR LTS, AeroCube-OSCD-7B & -7C |ZH#5# & -k
LA RS2y AT AXDOFTEA Table 1-8 127777,

Table 1-8 Summary of the steam thruster installed on AeroCube-7B & 7C.

Item Value
Wet mass Unknown
Propellant mass/g 26
Expansion ratio Unknown

Impulse bit on the ground/mN s

0.2,0.6,2.8
(valve opening time; 50 ms, 250 ms, 1000 ms)
Designed AV/(cm/s) 1.8

Measured AV on orbit/(cm/s) 2.0
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Figure 1-7 Photograph of the steam thruster installed on AeroCube-7B & 7C[118].

Figure 1-8 Ice plug formed by the steam thruster operation in a vacuum[118].
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1.7 KLZPRFDzY FRASRANDERE

B FEEINRA SN T DODKL VAR 2y hATAZIZEBWT, WIKOKN ) X
AMLHEHEND EVWHIMERBEL TCNDZENLLHLNTH D K DI, HEEAIDSE
EIRRITEEE, KV A RV 2y hAT AZ OMESIZANT CREAR R TH D, £z, £
HEDAT AL BB MEEOHISGMEND, LT BRI RTT 54 L2y M,
FHE T A — 25T B HEEMERERFE O FEAG A3+ /012 S0 S TUhe L.

MZ T, KITMOHEHER & ik LT, BB FEBRT 2L —) BIEFICRENE WD R
BRH5. VIR Ny FOHEER & L THW LN DWE OEENE Hi L7 H D % Figure
19 1R T, EEUIRIRERFEN S 5720, SWEOWSITBIT 2ERZ KR L. Ko
A 2000 Vg X DEREFFOZ LML LI LN TH D K D12, FERRTIK T HE L R
L7 HEEEAMIEIG R & U CRENZ T 2 72D121E, RO/ MEFEI Y Y —ARNICB W T, 20
ERAREEEIED) ZENMETHD. L6HTRLE FEO/NIKL VA N2y hAT
AT EL L LIEFICEREM TOEE LT TE LT, AT AXAEROBERENDKOWE
BO—EHE-> T\, L, IMIUKL YA R 2y hRTRZ, EBITIXZE0HIF 2~
— AL LTERICH BD/NBKA 2 AT ARRNKIR— VAT AR G, INHKAZ
AL OEFRFEE 2R T 5720121, AT AXOEEITKL RV~ R —T A b
MEARRRTHD.

2500

Latent heat/(J/g)

Figure 1-9 Enthalpy of vaporization for each propellant at a boiling point.
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1.8 ®EEEERZHW=KLIVAFOITYFRTRAE

AT, FIRAEREZRNTK LV A N 2y NATRAX EZHTITRET 5. kDK
VYA RN zy hATAR EOEWE, PURNKIK R (CLF, SILE & T 5)
BH T ERATAZSy REDORICERT, A EMEEE Z25BEL TV D RTHD. B
ZENOFIRDORACRIZ D BOERK N5 2 & T, WA RILENEECAHE L, FHIRTO
REPMTOI, KULENERIZEFIKARR THiT- S d. 2 X 0 e 20BN F25 AT 6E
LD ELITHEIRTIEET 2R ERICH L, X0 @R TIEET 5 2 &L OZ W FHBEOMIE
EEFEE ST D LT, iSO E I L, ERIHBEE N AHET S 2 & b AT
REIC72 2. WREILIKE, WIRAREZH W AKAT AZ OERS L OFEHIZ OV T

181 HE

AT, WIRABER WKLYV AN 2y hATAZOBMBEEZFIT L. ATAZO
X % Figure 1-10 (27”9, AT AKX |LEIL, ¥V (Tank) /%AL=E (Vaporizer) /AT
A B~y R (Thruster-head) D = DDEENDIEL SN TND. X7 ERULEOMICIEH
J£/3L 7 (Regulating valve) , TULE L XA T XA X~y K& DRIZIZA T AKX 3)L 7 (Thruster
valve) DELE SN TWD. X U7 NIZIET 7 XA SIL, IIEOKAFHEE N TWD. #
LTI HEORICIIRGEL TOM LA ARFHEINTWS. FHE VT 2ERR (59
LOsBLT) BAK Z & TAE (K 1.0g LLT) OWIH % H2ZBREO KAV EITESN 4 2. #iEIx
SALENEEICATAE L, FiRCOEFEBTOI, KULENILAFZA QLIS KRR Tz
IND. ATAZANNVTHALS T ET, KEKDHBINAT AL~y R Iins. A7 A
Lo~y RNV 2 kRR AR SE D 2 & THEAMNRAET D, IR TESTXIEERIC
BWTIE, L0 @R TIEET 5 Z & DLW EE#ZS° OBC (Onboard Computer) , PCU (Power
Control Unit), PDU (Power Distribution Unit) & 245 & 2 Bt = & THEEVA BRI L, B2 —
WA ZENAHETHDH. ZOPBEAAE, 162 HTRLUE, FMNEICER I
ZAVEMRIC L DRI BT I EBNHE L <, RN KALENEECA ST 2 (EB)FE 2
FEOMBATAX THHNDZIZEBIFREL 2 5.

AT A ZEEREOZACENOENL, KULEORERE IS U iR KEISGIVEE 72 5.
IR D FnZR U HhRFs K OB #E 2 o U 7R BB IX 2 Figure 1-11 127" 3. JREE 20°Cleds
i B AIFIAR AL T 2.4 kPa, IR 30 °CIZB W TCIIfI 43 kPa THD. TNHDENEBE
£ BES & LT AMTKERDPFE S D . 7 AMTHG STk ST, WiaignR
LN BEEHEN D, IS XV EIMEF EEEKTRAE LS. BEMETT 5 & fafAx
JEBAK T35, ARz R & BrBvhiR & CIEE R FICE ) EAME TR k45 &, K
OB A ITEMARKEHROE TRARE V. 2L, HHREBOKKRLKBEEBIEEL Lkt
HE, EInORRTRENNPEMARIEEZ BRI, SDEVEMERGEED Z LA EKT 5.



54 1.8 FWIRAEEHWIZKL AR 2y FRATAH

Liquid flow
Tank Vapor flow
Pressurized gas Regulating valve
Bladder Water droplet
Saturated vapor Thruster-head
Water
Thruster

valve
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Heater—f Vaporizer—/

Reuse waste heat
Communication systems OBC/PCU/PDU

Figure 1-10 Concept of the water resistojet propulsion system using room-temperature evaporation.
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Figure 1-11 Phase diagram of water.
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182 R

AKEITIE, AT AX ERHERTHRBERICESEZY CRALFHZET. AT AZ EinD
THR~ENEZB Y TET, T2 27 BB ~OWETRES ), TRALEN TORIRRTEEE |,
[GALEE S ORE], [ ZVTOHENAER] LB LT,

1.8.3 REE ST

A DI 1mﬂﬁ%éﬂt77&bﬁﬂéﬂfwé &/7k77&kmﬁ (EEi
LHANRFHEINTWD. LT RE &7 T XWNENRITEE LV (BEEIZITT 7 X 0k
ﬁ%ﬁﬁf?ﬁWEﬁmﬁw).&V&Tﬁ®ﬁfﬂ»i%%%?é &T, TTHENIES
ERILEE L DEEIZE ST, 7 IBRILEAS LIRIEOKBMRG S D, — AL,
BENP—TEDOMENDO LR BRI AN—T v« KT XA i & FEEh, SRR EV I

V=—=Ap (10)

EREND. RYTIEHE R, Wl IBREMELREL, L3RR &, AplT LIt & FIRDEETH 2.

LU, 7L ZIZHRWTE, WERR Y S DA L 0 i E MR E B L, B
PRI E TR TV D L AT AN IR = T2 73V 7 N O BRI 72 1 ) 454 DA X % Figure 1-12
VR EJNIA D E DSV TN TR L, 7SV 7 N/ M FE RS C i/ MBS 72 - 7214,
W BMEIELTHAENE2D. (o T, N—F 1« RT XA 2 BT R E %
DEFHEATHILIEFTTERV. 207®), HIZIZEERTIE

V=Q,%Mp (11)

EVIHIRBRADNHNGNTEY, FEREITAED 0.5 F L LTEHREINTWVA[119]. ClE
BRABET, HEOTHNLT S 2R TEETH Y NV TICE > TR D, pldiftikos
B, plIKOBEETH L. AFETIE, L0 KRG EEEX, #7nbRUIEEETO
ARSIV 7 e G LY C ORI S B B By &

minj = Wipj (Ptank — pVC)Binj (12)

ERT. aZTRWBEDO I F T Z AR EL, P TE R E DRI ZRTE
B, panklE ¥ V7 T, poIRICEENTH L. FE VT DOBRRE At open & 1D &,
R E S AM ;3
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tm]+Atopen
AMjn; = ft . Tinj (Prank — Pyo)Pimi dt (13)
inj
ERTIENRTED. bl THESNTZHL L EDORATH D, KULENITERAAT 2 K0
T ARTHAFEL O SN T DRSS 217 9 SOE L72a, RIS RO b=EN
HITEZRETH L7720, RIEERHEZRETDENIZ 7 ETIOR 72D, 2 0 7 [ETNEE
g L DT D720, RICIERER B2 — BT DHE 21T 2 5k, ELEZAT X
ZITHK L, PO ERBRIZIN Tatigg 6 & OPin; & FHRINITR D TR &, MLV 7 OB H
ZHET D MRS D . FEHEERIRIE, ¥ 27 EDE I OFHE V7 OB 2 v CE
T5.

X

Figure 1-12 Schematic of typical pressure distribution along flow direction inside a valve.

Gy IR~ 7 AT = VoA T 2 LARET S &, AR A il 9 2 R iR 1%

P - 8kB7h ’8R Ta _ |ReT
fa = 7nvq = M (14)

EREND. nIIDFBEE, vldyFHEEE, KIRLY <88, TyXEiEaE, midsn+4
B, RglI A AER, MITHFETHS. RIEKRIE D BB~ DR fmg (3R

TR % VT
RgTq 2pq
kBﬂh’Znﬂl d=Pd 578 nj = 7oy e (15)

md—mFAd—
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LD AT R RS, pal TIEHIESTH . Wi B AR ORI HIAMAKEICSH Y,
Z DEAFNFKE TORHFHR & JHFHES) 22 B DIATR D ZENIER DA R TH D L AIUE
Lictd, WD b OZIEHE Bt B, 13

M M 2 A3Pev AyPyc
Mey <adpd ; ZTERgTd AyPyc ; ZT[RgTV) d - _vd 7 d ( )

) _ [8kgT;  [8R,T;
v(7})=vj=j =J i 17)

mm

LD Py TRALETES], peTfafIZALIETH S, ZiUE Hertz-Knudsen O & L THIS
LTV BD[120][121]. agdB L Qay lTZ I E N8R I OEERIR L & RN 2 IR ST /R 7
A—=HTh5D. VHEREBIZE W TIMEOMEITE LS RY, ZRE & e, /T

20~'d Pev pvc)
e, = —2 (22X _2¥C) 4 18
Mev == (v_d o, )74 (18)

L.

1.8.5 SIEEE A

J ZVERIO T L AENE, SALEE ) XV E OB O OMRKIEHIC ey Z EE LT
HEREL, A0— N TOF a3 —VHRELEDONT U ATREIND. JfLELE 2 AL DR
DOMAEIPLE LTV T EEEL, Ol 2@ d 28l i cdd EEL
T235A, FOEEEREE L AW D &, BEREmIZOWT

L (pvc - pn)pn _ PnAt
m= =

CVC—I’) C;X (19)
EWVIBBRANKAN TS, AdFAe— NEETHD. - T, T AJEp lx
R (Pve — Pn)
_ ot _ _ vc ~ FPn _
Pn = Pvc {1 + (Cvc—n C*) } = (1 T )pvc = {Pyc (20)
_ Ay 7™ _ (Pvc — Pn)
(—{1+(Cvc—n;) } _1_T (21)

EEFTZENTE D, AT AXEFTFIZBWT, KR EM, & EEREMDRED 5> T
5 ERE LTZSA,
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Vq Vyc

2aq (P p pré A
T[d(ev vc)Ad_ nt_(vc t (22)

Cex Cex

LS BIRBSRALT B v JARILEN TONFHETH S, fE>T, AT AX~y KTO
INEGS DKZERIRET, 3 KOV FEEv 2B 25 &, KULEE pydE

_ Pev _ Pev Tve
Pve =Tl Avg 0 ;. M AT Tg (23)
2aqAq c* " Uy 2a4f Aq Vy
RT 1 y+1 1 y+1
. glv Y + 1\r-1 |y +1\r-1 _
Cia = y_M(T) =W @(T =wh 24)

LRTZENTED., 2L, 2Au— MEMBICKH LT, KRS ook Wigs, K1tk
EJENPEERAKIEICHET T2 2 L 2B LTS

1.8.6 HHER

—{RENZ s b RSB BHEDFIE, BRBERE p,, J AV Ao — b EfEA, B X
PEERHE SR Crig 2 N D &

F = p;ACria (25)

EREND. ey N ZVTIIRBEEE N BIEAHRES & 725 TNDD, #REA
TAZIZBNTE, S AVAATOET) (FVFAET)) MNERREN &5, [ALEND
TR kPa FREE DWW, DF WRLA /Xt D, 18 Ficik_m@y, K
LA IV ZFRIICEB N T,/ AU D 3 K OMZRE COBERE ORI LV, S
FEDME T 5 2 LB BANT /2> T H[122][123][124][125][126].  FLHfE Ty 8h=kn, & #E
THE, MEATAXIZBIT HHIIFIZ

F = pnAtmsp Cria (26)

LRTLNTED.
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1.8.7 B3|

FITRALE A LI/ MK A T 2 2 OWFRITA T TRz, #HEERIHEEHAE
&LT@imﬁﬁi%%# 2725 TV MAT, RUEBEHH L - AT AZ L LTOM
REREA & METH 5. KULENOKEKDEINTE kPa FRETH 5720, [ULE PR TIEL S
SIZES DR NGEIL, DF 0 LA JIVAEDMEWNTEILE 72 b, BRSO U LALZEEI T A &
L7zEEDR VA 7 VAERAICEB W TIE , AVEEE ECTOSEREOREIC LY, HES
PR T 95 Z & AEBRIC HEHREMIC D 620072 5 TV A [122][123][124][125][126].
& LT, FATWIZE[126] TR S VI ELHEN B R D L A ) )V ZARIFE O RAEE AR R L O
FERAE R % Table 1-9 38 L O Figure 1-13 1T/R T, KZAKDIK LA /L ZEERAULIZIBN T H [H
FROMREK TR 2 Z ERTHEIND A, ZOEENFHEIT Thiv TV,

SULEZFH T HZ L TEABEFIREZDHECE 2 LW OFEITINZ, #iRCEET 251k
T L, WG %A/TJ —%, KAbE XV b @RS TIEEh 9 5 fthikas & Ml E L
BEEE M5 Z LTk, il TRAET IHAESILECHAMT 2 2 & b AREICR 5.
AV EHET)E ﬁ%@ﬁk_%#@,@%hkuy~xbﬂﬁk&mmm$ﬁﬁﬁkﬁ
Dy NIRRT 22 QT Ipi gt B8 L 70 Z L HIff S D. 2D=DITiE, MK AZ
AL SR LT/ NV EEEICB T D, B\ 2 — U A FEEBE LIV AT AEARTIE
DIESINMETH H.

Table 1-9 Various simulation and experimental conditions in previous studies[126].

Type Propellant Nozzle geometry -I\;\?iij(')[?]t Ex;r):tr;gion
Linear-walled 2-D NS HTP Planar 2-D 90 pm 6.22
Linear-walled 3-D 90um NS HTP Planar 3-D 90 pm 90 pm 6.22
Louisos and Hitt[127] NS HTP Planar 3-D 200pum 90 pm 6.22
Ivanov et al.[128] DSMC N> Planar 2-D 27 pm 3.11
Alexeenko et al.[129] DSMC N> Planar 3-D 600pm 300 pm 5
Black[130] Experiment N2 Axisymmetric 1 mm 100

NS: Simulation by using Navier-Stokes equations, DSMC: Simulation by using direct simulation Monte

Carlo, HTP: High test peroxide.
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NS - Louisos and Hitt [23]
DSMC - Ivanov et al. [10]
—P— DSMC - Alexeenko et al. [7]
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Figure 1-13 I, efficiency vs Reynolds number from literatures. NS means a simulation by using

Navier-Stokes equations. DCMS means a simulation by using Direct Simulation Monte Carlo[126].
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2.1 EEREE
211 EZX%

TRTOERITEFEREE F CfT o /2. B2 20 RZ# M % Figure 2-1 1233 BAEHERCRIT,
FL22F ¢ /3N (Vacuum chamber) , W —# U —iR> 7" (Rotary Pump) , # —RypFRT
(TMP: Turbo Molecular Pump) , EZ¢3f, m—# U —,3L7 (RV:Rotary Valve) , 7 %7 /3L
7 (ForValve) , AA > 7Nl (MainValve) , 353X TNY —2 L7 (LV: Leak Valve) 2> 51
ENTWD., BZEF v o ANFIAT LV ARTEAEA1.0m, £S 1.2mOHERBIRTHS.
PERICIE, 7Ny 7o —& U —R 7 (model: VD401) , 38 X OVKHKE 2e 48l % — R
R (model: TG9OOMVAB) #fliffl L7-. &K 7 DEE% Figure 2-2 3 L O Figure
2-31Z, #4J0% Table 2-1 38 L O Table 2-2 12”9 2D ZDDR 7 & BN L THZE
F v ANNOPEREAT -T2, AT A X FEAFBIRFICI VO TIERIL1.0 X 1072 Pa, A 7 X X {EHE)iF
WZBWTIIA 10Pa DEZEFE AR LT, BZZF v NNOENE, 7747 7 —fH#y S
=/ @EREEZE5T (model: PKR251) & MW THIE L7z, H2E5H D5 H % Figure2-4 12, #t%
Table 2-3 (Z/R9. —MANIZ, BEZEFHIFEN T A0S CTo @SB EAIT O MERH S, L
L, AW T, BUEEIEIC L AHER 10 - 20 %3t L, T v o SWNESGAROIE
—BEO T NRRENT LD, BREREILSFEM Loz, HZET X Vo SNE~OE
RLEBSAENCE, EREAmFET7 7o PF e, HneEmEAsG & 77 0
D —fl % Figure 2-5 |29, BEXHE, 77207 7T o DICR— VR TEBNEZBT, S
SEVEX A LR, V- R ETINEA NCTEIELET7 7 VERWTHEF v
NN~ EEA LT
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Leak valve (LV)

Vacuum chamber
D:1.0m,L:15m

Main valve

(MV) Rotary valve (RV)

Turbo molecular pump

For valve (FV)

O 0O+ O 301

)

Rotary pump Oil mist trap

Figure 2-1 System diagram of vacuum facilities.
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Table 2-1 Specifications of the rotary pump (ULVAC, model: VD401) .

Model VD401
Designed pumping speed 670 L/min (50 Hz)
Ultimate pressure 0.67 Pa
Motor 1.5kW, 200V
Oil capacity 1.0-25L
Suction port diameter Equivalent JIS B2290 VG40
Exhaust port diameter Equivalent JIS B2290 VG40

Oil mist trap

Rotary pump

Figure 2-2 Photograph of the rotary pump (ULVAC, model: VD401) .
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Table 2-2 Specifications of the turbo molecular pump (OSAKA VACUUM. LTD, model: TG
900MVAB) .

Model TG900MVAB
Designed pumping speed 900 L/s (N2)
Ultimate pressure 1X10%Pa
Recommended assist pump >250 L/min
Suction port diameter Equivalent JIS B2290 VG150

Figure 2-3 Photograph of the turbo molecular pump (OSAKA VACUUM. LTD, model: TG9
00MVAB) .
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Table 2-3 Specifications of the vacuum gauge (PFEIFFER, model: PKR251) .

Model PKR251
Measurement range 5X 107 Pa (air, N2)
Accuracy 30 %
Reproducibility 5%

Operating voltage <3.3kV
Operating current <500 pA
Output voltage range 0-105V

Figure 2-4 Photograph of the vacuum gauge (PFEIFFER, model: PKR251) .
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Figure 2-5 Photograph of the feedthrough flange.
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PNNT N EEGET D, BARIRTBEC LY, KELKOH % FHRICEET 2/ L 7eoTnd.
AT AR VT, LEE #E#L Y L ) A K317 LHD v U — X (LHDB0442145D) % Y
7o, AT AZ VT DFEILE Table2-4 12, HEH % Figure 2-8 I 7. A T A ZAEBIREIZ IS\
TIE, RACENEB L IROFIAARLEICITVWE S B kPa f2J) Tliz&n b7, &b
FND ) RAVICZE D ETORBKIAUTK 1 kPa DIRJERILE 72D, T D7, BERIEREIC
kLG e 2 B A e RO A RETT O MERD D, S 6T, 2SIV T A T 4 Aff
BN AR — MHEFEL D /<o TLE D &, BITHEICEBWVWTHIAEL TW @by, 4
U7 4 A TWADF a—27 LCLE D AN H H[86]. £ 2T, /N2 a sk
2D ERRO VT ZUEHIELE L CTHER L, T ToORBRIZB W T >T X To L
TERAFBN ST, AT RAZ VTN, TAIGHINTIC KV BELIo N LT w0 MCHA
U CHgICHE R LTz, 2L T = 7 MR T AZ VT Z4fi A L7 5 H % Figure 2-9 12777
BTG ) AV E TORE LT THME6mm, NFE 4 mm ORIEHRIT = — 7 CTHEpi L7-.
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Figure 2-6 Photograph of the propellant feeding system by gravity separation.

Thruster valves

X
$
Tank _\

A
Heater
®_ ® o o0 \

¢ o 0 €\ Thruster-head
Saturated vapor

Heater

X

............ \apor flow

Figure 2-7 Schematic of the propellant feeding system by gravity separation.



55 2 T HEENERE O EERAIRF AT

Table 2-4 Specifications of the thruster valve (LEE, model: LHDB0442145D) .

Model LHDB0442145D
Max. operating differential pressure 69 kPa
Proof pressure 620 kPa
Operating temperature range 4-49°C
Storage temperature -40-79 °C
Maximum coil temperature 121 °C
LOHM rate 450
Spike voltage 12V
Spike duration 10 - 30
Hold voltage 35V
Hold power 440 mW
Coil resistance 28 Q
3 27.2 mm y

wilg ey | —

Outlet ‘1 e 7.14 mm

Figure 2-9 Photograph of the valve mounts and thruster valves.
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213 SRUEEIKRSEAHEERHGER

KAV A HER U 7 HEE RIS R 2 AEE U7, MREE L oA IS R O 5 EH A Figure 2-10
\2, B % Figure 2-11 127R9. NW40 D= F N Z 7 L LTHWE., 27 DEEA
Figure 2-12 |\Z/R" 3. X2 7 ESiDO7 7 0o U bEEEZRO L, ¥ v 7 ENERET 5728
DIENFH R Uiz, 27 T ORE VT ~OFE 20 42 &<, EARIEBE
(2 E VIR Bz FROBFE LTI bHa Lz,

: . 4
* Thermal insulator

Figure 2-10 Photograph of the propellant feeding system by the vaporizer.

Pressurized gas

Liquid flow
............ \apor flow

Water droplet
Saturated vapor

Regulating valve

St . |- EZM:
el % . § _________ veate‘r“jﬁ ﬂ

4
\aporizer —/ Heater —f Thruster valves Thruster-head

Figure 2-11 Schematic of the the propellant feeding system by the vaporizer.
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Pressure sensor

NW40 flange

v .

N7

Figure 2-12 Photograph of the tank.
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7o, HIRO 2.1.7 BUIFEHMA T SN TV AR OE Y LA AT —T b — ¥ —%FlE
PNIVTHEGD 116 A T DAT v VAF 2 —THIE ST, BEMT-e —%—IF,
SALRIZIED 1T - — X — L BEAIEEGE LT-.
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Table 2-5 Specifications of the regulating valve (LEE, model: IEPA1221141H) .
Model IEPA1221141H

Operating pressure range 0 — 800 psi
Ambient temperature range —17 — 135 °C

Maximum coil temperature 204 °C

LOHM rate 4100
Spike voltage 12V
Max. spike duration 3.8 ms
Hold voltage 1.6V

Power at holding voltage 250 mW

Coil resistance 10 Q2

‘ .
\Vaporizer —>

Liquid water flc

UREOIN

Figure 2-13 Photograph of the regulating valve (LEE, model: IEPA1221141H) .

SAL=IZ TV B (A5052) C, BIHDINTIC X v BEL 7. KAE=RDOFER L O %
Figure 2-14 (2”7, —E &7 7 U /WVRTEIET 5 Z & THREZ Ak L7z, JEASLT & D
Befgelx, SHE NV TERD 116 4 F AT U L AF 2a— T EESERITTHEAL OV 7
KV o—nT5ZLTiTole. WHIRBIZIIT T 285780 VAV — U ffiEL oo T
BY, WENTIIEAT D Z & &0 SR EFT-E T D IEISITES G2 =280 fF
Fie. RALEIEEB L 0T 7 VBRI, #BiRo 2.1.7 BilCEES ik S v 23 0 EEL
Wy LART—T =2 —%0E0 137, SME 6.0 mm OBIETF = —7 12X > TTFii
PE~EHEE Lo, KRBAE %, R 7V IERICBWT, FlithitgsEimls K07 7 UL
XTI —fEATICHE 0 AR E R 24T > 7=, IS & Figure 2-15 (2897, B IRK
TR/ BT DA O R BN R OIRE, %E TN TE /BT 2 TOlR
EaFT 2 EWE RO, Wi O EHIRELRILEORKRIRE L L. AT A MAX R E
(SRR ET DRI, EAHMN MY Hf &5 &) ICiRE L.
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X

Droplet injection T< 7 Regulating valve

Figure 2-14 Photograph and CAD model of the visualized vaporizer.

Temperature measurement points

Flexible heater

Figure 2-15 Temperature measurement points and heater location of the vaporizer.

SALEE AN EOBICEE L, SULETRAE LI KRR EZMET 2 &EEZH I 2T 2
V72X, 212 BiC/RLZbOERT LEE £y L A Ko7 LHD v U —X
(LHDB0442145D) Z# M\ =, ZUbE L 7 XL L OMOWREITT X THME 6.0 mm, NEE 4.0
mm OB F = —7 THEK L, &F 2— 71 IR alF o — T T2 AV T L7-.
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2.1.4 RTRBAY R

AWFFETIE, ZFEO AT A X~y REMW., — TG s ) AVnblEsns
LOTHY, #%ibT 223 HBLO25H TOFERICBWTHWE. BUWEkkIE L ) b
R ESNTEAT AL~y ROGFEE L OBAK % Figure 2-16 (2~ Zlfafzas (X8R (TI-
5013) OEIHIINTIC & 0 8UE Lo, ERIERH AR L CTAT A X~y RERY T 572D
TAIFTL— k& XL OMICHIEROBHRIS 25 A0 CEET 5 2 & TEER A
HEE RS, AMET L (AS052) T, GIHIINTIC K 0 fEL 7=, A e — MRIZ 2.6
mm, BRAMIE 60 & L7z, J AAANEIITAATRARY £ I K7 4 bbb —F—%RE0
F, AT AZAEBREIZ ) AV OMBAEFEEAT O Z & T, KEAKDAIRI L Q%GO 1L 41T
STz, Béfigasl ) A0 — T 0 ) v 7 R AV,

H 9 —HDAT AL~y NI, Bitttkes, TIEG, BLO Aol sboT
HY, %ibT 2 24 HITOEBRICBWTHW., R LIZATAX~y ROEE% Figure
2-1712, #EA X% Figure 2-18 (2777, Buizadid ko b0 LR T, Ti-5013 OEIHIINTIC
FOVBEWELT- b DEH W, AT A X~y RENERRER 2 FIZEEA THD 10 7. TINEAEHIE
SME 6 mm, PEE 4 mm OEFRHEME THY, MEICRKAERR Y LA R b —F -2k
(i, EHEEZ T 5720 X DI En DT — 725 &M 5 L5l 7. Thngg:
SLME ORI T R =TS K BBV A BE O AH1F, R ONEIRE A TG ARIEE & LT
iz, Fhnges %%ﬂbtﬁu,/xw@&fmﬁﬁé%ékmﬁtf KRR DTE I 1
IREEDS B30, HHEN DM BT 28R WfF S s, AMFZETIEL, 35mm, 80mm, 3IBE W
145mm O =FEHEOE SO TIMBERAERLL, M O IR E X35 L OUNEER M
Z i L 7.

Figure 2-16 CAD model and photograph of the thruster-head which consists of the thermal insulator
and the nozzle with a throat diameter of 2.6 mm and a expansion ratio of 60.0. The flexible heater was

wrapped around the nozzle. The K-type thermocouple was attached on the outer surface of the nozzle.



2 HEEMERE O FEBRIIEEAM 77

Bntpoints

AT~ mw‘-.,};"'_' Sy 0
»

Y > o
‘ Pre-heater; 30, 85, 140 mm /

Nozzle

Figure 2-17 Photograph of the thruster-head which consists of the thermal insulator, the pre-heater,
and the nozzle. The type heater and the copper tape were wrapped around the pre-heater made of brass
with an inner diameter of 4 mm, an outer diameter of 6 mm, and a length of 30 mm, 85 mm, and 140

mm. Three K-type thermocouples were attached on the outer surface of the pre-heater.

Thermal insulator

Pre-heater

Nozzle

Figure 2-18 Schematic of the thruster-head which consists of the thermal insulator, the pre-heater, and
the nozzle. The nozzle was made of aluminum with a throat diameter of 2.6 mm and a expansion ratio

of 13.1. Each component was sealed with o-ring.
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2.15 BIE R

Heh, £, B LOVREDOFEICIT GRAPHTEC 45 — % 1 7 — (model: GL840) %
W, T—4Fna—0OFE % Table2-6 (2, HH % Figure2-19 2779, GRAPHTEC fHAM 2t
THPCEMMY 7 b =72 HWT, v H—OEEIT T TPCbITo7z.

Table 2-6 Specifications of the data logger (GRAPHTEC, model: GL840) .
Model GL840

Sampling interval 10 ms — 1 hour (10 ms - 50 ms: voltage only)
Number of analog input channels 20 channels, expandable up to 200 channels

Number of analog input terminals ~ Up to 10 terminals (one was actually used)

' \
: : g ) -

midi LOGGER GL840 <4 CHGROUP D POSITION

W 1 min/DIV STOPH BES . 2002 - —
]

« TINE/DIV b

ALARM 1 2 3 &

Figure 2-19 Photograph of the data logger (GRAPHTEC, model: GL840) .
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SALEENB L O L AJETIORIEICIE, Honeywell fIHARFELE T T+ 4 HSC ~ U
— X &M\, E)EFOFEILE Table 2-7 12, B4 Figure 2-20 (277, ZEF T, WRIEX
JISA T a v EMAE LS OERMSH Lz, [ERHE, BIIE (77 A= ARE2) UIHIINTIC X
DRUWE LT ENEE D N—ICH S L, RS R BEE5AIZ AW CENGHEEE S — %[
BHLI ENRFEMERNRE D —UZIZ0 U 7 E AT,

Table 2-7 Specifications of the pressure sensor (Honeywell, model: HSCDANTO010KDAAY) .

Model HSCDANTO010KDAAS
Type Difterential
Pressure range -10 - 10 kPa
Over pressure 140 kPa
Proof pressure 250 kPa
Total error band +1 % FSS
Supply voltage 5.0 Vdc
Supply current 2.7 mA
Operating temperature range -20-85°C
Compensated temperature range 0-50°C
Response time 1.0s

Sensor cover

- Pressure sensor

Figure 2-20 Photograph of the pressure sensor (Honeywell, model: HSCDANTO010KDAAYS) .
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BEOREIZIX, RS 2 AR—R VM K ¥ 4 7EERZ AWz, JEMSICx LT,
AT N T =T % D CEVERT 2R Y AT, BV oA BEZET v oMY L, &
DYt E T — % v B — 2 LTz

AT ABNEEREOE B ERET 57201, BERIEFTRE 7 KFF (model: BL-3200H)
R, B RFEORET%E Table 2-8 12, GE.% Figure 2-21 [ZR" 7. B RKHEETF ¥ N
—NDATFTARNAZ Y REHAT =YD LICREL, FOLICATAZ 2K E2RET D2
LT, AT AZEEGOE ERFFEEEA ) T2 A AT L. PC LD U TAEEIC
F0, ZERZITOHNEEZFEE LT, EFRFFICHER SN2 AK R E W T, B RKEOM
WA RS THZ LT, AFZ L R ETOKEE 2R L.

Table 2-8 Specifications of the mass balance (SIMADU, model: BL-3200H) .

Items BL-3200H
Weighing capacity 3200 g
Readability 00lg
Standard deviation 00lg
Linearity 0.03 ¢
Stability of sensitivity (10 — 30 °C) +5 ppm/°C

Figure 2-21 Photograph of the mass balance (SIMADU, model: BL-3200H) .
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LabVIEW
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Figure 2-22 Diagram of the valve actuating system.
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IECX0501350A A
ADJUSTABLE .1to 5.0 ms
THE LEE CO.
ESSEX, CT
1 GROUND
2 HOLD VOLTAGE
3 CONTROL VOLTAGE
4 SPIKE VOLTAGE 494710
5 VALVE CONNECTION

6 VALVE CONNECTION 04-13

Figure 2-24 Photograph of regulated power supplies.
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Figure 2-25 Photograph of the DAQ /O device for LabVIEW (NI, model: USB-6001) .

FGX-2220

Figure 2-26 Photograph of the function generator (TEXIO, model: FGX-2220) .
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Figure 2-28 Photograph of the flexible heater (OMEGA, model: KHLVA-0504/10-P) .
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Figure 2-29 Photograph of de-ionized water used as propellant.
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FIZK Db DERVIRF L HERNIZHHINATNS.

— RN, X =Ty FRAT A NAZ U KON, JBR OB E DS FE ML,
AT AZNTT HHEIFID DI L L, Fb— L OIEBUT LR 9 5 S 2L FE 2N E s 5
ICHBE RIETTZ LENHEBT, ARETOFUPE LV E NI RADRDHD. SHIZAT A
23 LOMERIZIE, SVTEDENTA RGBSR OE S 7 14, G D72 DR
BWEPERSIND ZEBZ N, FRARDBIEOBLEING XA T A2 3 EIICEE S
DT ENE LW B, TR A FE U CRUINME A mRE E CRIE FTRE 7R iR T
KATANAK L RIS TODH106][131]. & 2 TARMIETIE, BEITHERE IR
FRKATANAZ »V Ra_—R|Z, #izl x?xhx&yk@m#%%%ﬁot AHITIZ
Z DR L R FHERIC OV TR
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221 JR¥E

RTIXAT A NAKZ L ROFHET V% Figure 2-30 1237, EBRRBIRIEOB S D,
HERG T2 AT AL 82D WITTHEP & EMICEEESND L5 RIRFAAT A R
2 REeBEZDH ATANAZY K&, EEIAT— (Topstage) , Aii/F 2 >~ K (Frontrod) ,
BIO®%FFr v K (Rear rod) O =223, ENZIUZDOWTHFEME D G\ a5 2 EH)
FRRENLTH. Fay REAT—VIERERY MM LTHERIN TV D, AR FEIX
ZELHER106][131] L [FI L TH D0, ERy MUORENRZR D720, KRECosd TEEfl7e
JRER AR T 5. EEOHEDIE B TIE, #Biko 223 filcit L-HENEEIC LY, &
Niffy EHE OBIRE TORST 5720, HOZEMNT 5 ECET IV E /T A —
X OEITE D BT, L, AT A RAX V ROFREEBEICBWTIE, K£/35T7 A—X
IMATANRAE . RORECIREIC RITTHEL EENICHE L TR LERHDH. £O
Tell, AT ARRE Y ROETWMLEITY, JIFEA T I 7 22T 5.

AXtop 1 (1- a)xtop R
P P

Pivot #1
Top stage

Frontrod

Pivot #3 Rear rod
Middle stage

Pivot #4

lcw ld

N\

, Displacement sensor

Figure 2-30 Dynamics model of the thrust stand.

Counter weight
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ERRTF—
EHAT—=TIZBWTE, KREFEIZOWTIHENF & ©R v N OEICIIF 8 L OF 7
FI0EoTND. BMEFMUIOWTE, EHAT =Y LOEEM,gL ER y M L 0W2
TN fur BE N2 G0 T D, BEFATEHMOERy MIEZET D &
F - np’lFrll + npler’z (27)

Mtopg = np,lfn,l + np,2fn,2 (28)

VI BIRRME Y YLD, ny BEUN, 3N ETRER Y M B LW OMETH 5. Hi
Jay ROERy "l [EID TOE—RA L FOFYENLD,

Mtopgatopxtop = np,zfn,zxtop (29)
BRSO, 7272 L
F & Myopg (30)

LT, #ACERKRT S FEAT—Y FOEFEERLEIY OF—RA L 2EHE LTS, LR
X0, ERy M BIOW2 OEEFIf, 138 L0, 1220 T

Npifoa = (1 - atop)Mtopg (31)
np,2fn,2 = AropMropg (32)
B1BD. aopld LA T — ¥ LER DO AT H B O M i

AiARY K

Hiimy FizkBWT, BEFHEIZCOWCIEIU Y —T A bEpilay ROGFHER
Mewg & B3Ry M1 B IO OEEHIf, 18 L O[890 o T b, - T,

np,3fn,3 = np,lfn,l + Mcwg (33)

MRV LD, np i EAR Y M3 OBETHS. Lo T, ABDEZMND L, Ry M3 127
NGE SR Wa) ol ANE
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np,3fn,3 = (1 - atop)Mtopg + Mcwg (34)

2185, WEAT—VOERy M3 EIY TOE—RX L FOFDENLD,

np,lfn,lltop sin6 + Mcwg\/(lcw + ch)z + xczw Sin(¢ - 6) + np,lFr,lltop cos 6
= np,lksp,lg + np,3ksp,39 (35)

IR VD, Liopld EBEAT— 2 L B AT — DO UERE, 1NN D DL, I lE T
AT VLB A oA NERPOOMEE, 2ol 7 F— 7 = A N Rt Z
BBAT — OB, e THIH Ty KL &b oo & — = R0 o B,
SIET  ROBRHA, kepi B & Pkepal TZNZNER Y M1 BERER Y M3 OV ITh
TR CHD. BRAIMNTHD LRET S &

np,lfn,lltope + Mcwg\/(lcw +Zew)? + xéy (P —6) + np,lFr,lltop
= (np.lksp,l + np,3ksp,3)9 (36)

LA,

#AOY K

Bl y RIEBWT, BEAFICOVTIEER y M2 35 L0 DBIESfo, 3 L sl
#%hv Yy ROBEEM g 810 5> TnD. (E- T,

np,4fn,4 - np,2fn,2 = Mrearg (37)
MR SLD. HEAT =V OER Yy MAREIYD TOE—X 2 FOFYEVED
np,an,Z ltop sin6 + Mrearglrear sin6 + np,ZFr,Z ltop = np,stp,Ze + np,4ksp,49 (38)

DS, LyarE 70 WER L & PR T — OB, kop, 8 & Ukgp a3 EHZN
ER Y M2 B LU DR IERERTH S, BN TH D LET S &

np,zfn,zltopg + Mrearglrearg + np,ZFr,thop = (np,zksp,z + np,4ksp,4)9 (39)

LD, BETAHKVVA N2y NATRAXZOBEEREITH mg/s —X—ThV, KNI
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MEEBNOHE I ETICEERE BN H D, 2F 0 EEAT—Y EOE BB NER T
0. 1t T, RBO)BLVKBNLY, MpPBEE LIZAT A FAZ L FOFH A
DO—fplE LT

4
<_Mtopgltop + Mcwg\/(lcw + ch)z + xczw - Mrearglrear + z 1 np,iksp,i) 0
i=

xCW

—Mcwg\/(lcw + Z.w)? + x3, arctan =Flep (40)

lew

5. PSRBT ey FMEEHE 2 ¢ 13U DAL E 0 & L CEHET S &

Mcwg\/(lcw + Zow)? + X2 arctan)lcc—w

¢bn = > > w " (41)
(_Mtopgltop + Mcwg\/(lcw + ch) + Xew — Mrearglrear + Zi=1 np,iksp,i)e

L%, FRNTNRER KB L OHENF L LT

4
Keff = _Mtopgltop + Mcwg\/(lcw + ch)2 + xczw - Mrear.glrear + Z 1np,iksp,i (42)
i=
K M X
=g _ M\/(lcw + Zew)? + x2, arctan — (43)
ltop ltop lcw
155, ROBEARIE o TE R EZT 52 LT
1 Keft
foff = — (44)
off 2n Mtopltzop + Mcw(lcw + ch)z + Mrearllgear
LD, HETIFRAERE DN Bx [ IEN A DN TH D LIRET D &
Fl Fliopl
Xq =l sin—22 ~ —tord (45)

Ketr Ketr

LD QRITBEAT =V OEMAENE TOHMTH L. Ry hDLERFST
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_ fn,i

FS; = ,
' fsp,i

where i =1,2,3,4 (46)

LD, folIBHER Y FOFRIGNTHD. FTHE AT A MAZ L RICRE L THED
WEZITO 2L E2ZELT, ERY NOFRISNIOBELZEL, ZeFRE2 0k
HVENDD.

2.2.2 s%ET

A B LTIE T+ RA T A2 N A X R CAD X% Figure 2-31 |2, G-E % Figure 2-32 1Z
KRG, AT ARNAKZ R, BEHAT— (Top stage) , HHRAT— (Middle stage) 7>5
RSN Tng. EFAT =3 aF =M, T RAT—IIZiTAFHUE O Riverhawk 4
RLYITRER Y b (Flexural pivots) 23D i b T4, EH L7 ER Yy MIAEHT=
FHETHD. T XTOERY ML, 7T/ (A5052) OUIEIINTIZ L 0 BWEL -p Hicd &
FIEOAL, OERy MR L CEESPICAL FEFHFALCTEEL TWD. EEA
T=UVBLOHRZRT =, BiSR > K (Frontrod) 353X 0% 52 v R (Rearrod) % FV»
T, ER Y bEN LU THEBBICER STV, fiiay RIZZ30BRE L TR, Efx
TV EE DR Y b (model: 6016-800) T, HERZAT—T LT HOER v b
(model: 5020-800) THEHE =N TW5. #hmy NIZZAKH Y, FHAT—VfRxT—
EENEN—EDOER v~ (model: 6010-800) (2L WS TWD., ZHicky, iz
F=YOERy FEAVICH LT EBAT =V NEEEE HEAZFORIEL /25, RO
W, FRAT—=VEBIOE TRy FIZIZREESMLEZ L TWD. 2y FORMEZE S X9
T A7 —AZREL TS, ZHUTTF v U NNEEICHEZE L Tkl > TE 727 —
Aha sy RIZEZEL, #EICHEE RIEFTZ L 2li<idThd. FER Yy hOFELE
Table2-9 |2, 7R v FDOEBEEZ% Figure 2-33 |Z/8¢. £72, E7R v b D[EE )£ % Figure 2-34
[N
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Top stage

Flexural pivot

Model: 6016-800

Flexural pivots

Model: 5020-800

Frontrod

Counter weight part

Flexural pivots
Model: 6010-800

Rear rod

Middle stage

Passive dumper

Displacement sensor

“ Plume guard

Figure 2-31 CAD model of the thrust stand.

Top stage

) Front rod

Figure 2-32 Photograph of the thrust stand.
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Table 2-9 Specifications of flexural pivots (Riverhawk company) .

Item 5020-800 6010-800 6016-800
Diameter/mm 15.9 7.94 12.7
Load capacity (compression)/N 102 62.2 157
Load capacity (tension)/N 413 128 333

Torsional spring rate/(mN m/rad) 0.190 0.0233 0.0919

\\t§ SN XN

Figure 2-33 Photograph of the flexural pivot.

Flexural pivot

Figure 2-34 Photograph of the mounted flexural pivot.
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WENRTHDHAT AL & FEHIAT —VICRE L, HAOZRESEDLE EHAT—U0n
AENT A L o TS, BALEIE, A oo L —Y A E (model: Z4AD-FO4A) %
MWTHET vy B CHE Lz, BAEHITFE) X A7 —VICEE L, ALz
FERRIC LTz, L—HORFEE BT 5700, WEBITIEAWVEEA R Y 1372, 20
g% Table 2-10 12, ZE(ZHIEH D T EH % Figure 2-35 (27”7

Table 2-10 Specifications of the laser displacement sensor (OMRON, model: Z4D-F04A) .

Item ZAD-FO4A
Supply voltage 12 -24 VDC
Current consumption 35 mA max.
Sensing range 4+1.25 mm
Light source Red LED with a wavelength of 700 nm
Spot diameter 1.5 mmx1.5 mm max.
Resolution 5 um
Linearity +1 % FS
Response time 5 ms max

Temperature influence  0.15 % FS/°C
Analog output 1 -5V (1.6 V/imm*10 %)

<>
: Q. Displacement

\— X-axis stage

S

Figure 2-35 Displacement measurement by the laser sensor.
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By ROWIEGIZIZA U % —0 = A M (Counter weight part) 230 fF1F HAL T
L. A H =T oA ML ZEFHEBIA T — VB XX 5 A FENA T — U ERE S
NTWE. Iy ¥ == NOEESIONMEZFHEL, Y ROBELEZTRAT
— VIR T o R Yy FORESEE R UAEICH > T D2 T, AL OIRE)
J A RMES L OEZFE T2 2 LN TEX 5. K& AT — YV DFEIL% Table 2-11 33 L U Table
2-1212, ho B2 —0 A MNEDOEE% Figure 2-36 (R T. B2 —0 = A MIZIE,
TOORF Y AEAN D=7 IZHEND KL DI LT, 20 mm OFERECXEBLE STV,
ZOBAMERYI D X5 T VIR E SN Z NIRRT TV D . HETR
FIZED XAV LARRO ST onlcr y RBAEIT 52 &, 7L IR EZH D AR
WAL, ZNEFTHIET HACRERS IV — L Y RRAEL, ZERF =& L
THEBET 5. A Y LA DFE L% Table2-13 (2, & 2 /38— AT ADEE % Figure 2-37 |Z
R
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Table 2-11 Specifications of the X-axis stage (MiSUMi, model: XSGB60) .

Item XSGB60
Stage size 60.0 mmx60.0 mm
Weight 0.4 kg

Travel range  £6.5 mm
Resolution 1.0 um

Load capacity 49 N

Table 2-12 Specifications of the Z-axis stage (SIGMAKOKI, model: OSMS60-10ZF) .

Item OSMS60-10ZF
Stage size 60.0 mmx60.0 mm
Weight 0.6 kg

Travel range  +5 mm
Resolution 1.0 pm

Load capacity 39.2N

X-axis stage /

_/ Counter weights
Z-axis stage -

Figure 2-36 X-axis stage, Z-axis stage, and counter weights.



55 2 T HEENERE O EERAIRF AT 97

Table 2-13 Specifications of the neodymium magnet (Sangyo-Sapurai) .

Item Manufacture number: none
Material N40
Size 50.8 mmx50.8 mmx12.7 mm
Magnetic flux density 255 mT
Weight 242 ¢

e‘T‘&lounter We_ight part
A31 i

.. g

Neodymium magnets
-
E__}

Figure 2-37 Passive dumper system by using neodymium magnets, yokes, and aluminum plate.
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IR G 28 OHENPENC B E RIFTEFE L LT, AT RAZBILUGHIRDO N—F X
DEESCHIEN R T oS, £2C, AT =V LHhR2AT—II2Z NN D-SUB =2 %
7&EE7V~F 0, T a BhnbiR VRO BRRETT Ty =T VR L
Tz, ThIZRY, N—FR ZADEHEOMIVE DB R L, & OICFEBRREEEOm L4
T-o7-. ’fiﬁ?ﬂ I, R AEFETIRIC L2 9 A CTEBAT =V B L OFR AT —JICEnZ
RO o7 L— NIk LTz, 77 v Nr— 7 W08 E R Ok % Figure 2-38 15
X UY Figure 2-39 (27”7

D sub mounting plate
\‘ ’
Top sEage x J\u > _ \

/

7 \;
> 2 ~ .

Figure 2-39 Spiral thermocouples’ cables.
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223 HEHBEIE

BAFARATARNAZ U RIZBWT, HENIAT A NAKX Y ROEN & EEORBRICH
5. 1o T, fFBERER A T HRN, T & BN RO ERIBIREZ I 6 IC L TEL
VENDH L. E6IT, #i/ EEMEOERMRERIEL, AT A MRAZ L ROBELIE, OF
DATGARRE R EICHRESNWVZHDEOERIKFET H. 221 HitbEALIZEY, K
VYA Rz y NAT AL OEEFTEITH mg/s A—F—Th v, ERBEBOHESHIEH
CHEREREMD DD, AT A X OFAFEEEBREI#ZIZIHWT, EEEOR S 2 v CEE
D] B A BB NS 0 T T AT A M AKX > RICHNT 2 H#E i E 4 Ffid 52 LT, &%
BRICEBT DHET) & BN RO EENBRMEZ RO, &HIZ, 2.1.5 HiTRLIZE T REE A
TFARNAZ U REIZEBEL, TOLRICATAZ EZRET D 2 L CEHEEEROE &5
ML, BEKEEEBE LCISNIRERER M Lz, AT AZEBHIZ) T2 A L
THIE LR, BXOVERKRAMEZBE LENTREREHAWD 2 L TEIEAICEB T
LW R LTz,

HETJWE > 27 L% Figure 2-40 (TR 9. HENIES AT ML, AT A MAZ RN EHT
L— MIHER SN ARICHR D SNTEEREE OB Y, BLUDC T—# L SN AT —
UMBHER SN TS, DCE—XICL W AT —V% EFA#h&EsrZbicky, 27—V
Wil bV OREET L, AT ARNAKZ L RICHNT H2MWEE AT v FHINCE L S
HZENTES, 30-80s FRIEDMEME AT — EFA[Eh 240 K LITVy, HINfiE %
RolT 52 LT, EMEICBITDEMNBEEZRDD. TOMEND, HES L AN RO ERNE
PN B 57 | B O AV e g =

Pulley  \eight force  Top stage

)

DC motor

Calibration
weights

é é Calibration stage

Calibration stage

Figure 2-40 Schematic and photograph of the calibration system.
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HNBEOFIICOWTET. 27— LICif0Rh 0 335> TV & & ORFEFRgpq

i
Fload,i = Fload,O - z Mypad k9 (47)
k=1

72D Foaqold TN TORB LY DEEDOFFETH L. DC T—XIZLY AT —V % u[H)
SHLHZET, ATV EOBL Y OREE AT v THINCEILSEDH T LT, Bfiix; &l
Fioadi PR(x1, Fioaq )M DLD . AL L MEMNBIEBERICH 2856, WEITFEDNTRES
Kege % VT

Foaq,i = Kesrx; (48)

L 2%?1 LINTED. Ejﬂzﬁgj‘ EZYLf:’Z@ﬁxI s ﬁ‘EFload,i@/{f‘H(Xb Fload,i) Z v VT, ﬁfiﬁeloadﬁl
DT

Noad Noad

Z Elzoad = Z (Fload,i - eff,esxi)2 (49)
Dt/ N & 72 D KO A HET I IERRER T OHEE ENTRE LB Kegres 23RO 5. BEENDORTED A
NS DEMDOAEN S LD b+ SIBETEDL L35 L, fEICKHT HEMDS)
o2z,

2

Zflload (X' _ M)
=1 : Keff,es

{xsi= 50
Ox % Sx o — 1 (50)

LD, s2IXe2DMRITE, Mgagl LT EOHNEELTH 5[132].

BALAIE, AT ARAZ L R EORIENSRY OB RIKT L TELT 5. HEMER 2 S5k
T, BT L— MO 2 v DD HEERI A G L TR T A X EB S S5 A, 1
oL bICATRAZOERITKTT 5. BEKNISEWHPLEICBIT B A NRET 5.
NIRRT D EMNANELT D E NI T EIE, AT A NAZ Y RO A WALE D ZEAL
L, R e LCINIRERN LT 52t 2 BT 5. X@D)%E EBAT—Y EOEET
W92 TUTOREES.

d A (Mcwg\/(lcw + Z.w)? + x3, arctan xC—"")

$n _ lew

dMeop, 2 51
top (AMyop, + B)

A= _gltop (52)

4
B = Mcwg\/(lcw + ch)z + xczw - Mrearglrear + Z lnp,iksp,i (53)
=
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L%, PNLRIZBT vy FMERA SN TH D258,

Xn
—=tan¢, = ¢, (54)
lq

£7%. R %E LEAT =Y EOBEM,, THITHZ LT

X
dx, dx, dp, _ A (Mcwg\/(lcw + Zew)? + x3, arctan l;‘/’v")
dMop  depy dMiop d (Awa+Bf

(55)

B, MR By, DIVE Moy, 35 5 OHEEARIE T RAM 0y % IV 5 &, BRI
IS % 5 RICHE LT, B 2B 5890 AVl (O

b dx 1 1
00 = [ et = - S+ (56)
i thop A (Mtop,i - A1\/Iprop) + B A Mtop,i +B
AIVIprop = Mtop(t) - Mtop,i (57)

ED. ABXOBIIEHTHD. RUA2D)BLOK(54) LV, FEMNINREEK D E BEIKLF
PRI

Keff,es,j = A"AMprop,j +B" (58)
LETILRTES. ABLUBEERTHS. RIEHIC, e %

Ncal Ncal

n n 2
Z Eczal = Z(Keff,es,j - AesAMprop,j - Bes) (59)
J j

BN E 785 X5 AL ROBLERD S T & T, HEEDTREROE RIS KD 5.
HEEAI 2% Bl 3 B HEE SN S Ak D 5y ikog, I

2
Ncal " "
_ Zj:l(Keff,es,j - AesAMprop,j - Bes)

2 =~ SZ =
effes Keffes

Y

(60)
Ncal — 1

L12B. sk (FoR, OFENE, e HHEDEE B EORTIECH 5. BMyop 2447
BEERFCOHEEAHER RO T ChH 5. RAIITHENFIE

Xd Xd

F = =
Kefﬂes (A"AMpI'Op + B”)

(61)

s,
HE 785 AR BR O R )@ JFE O — 45l & Figure 2-41 (/" §™. DC =— X2k AT —V &2 F &4
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HZ LT, ATy THUREEZEINLE. £2T v AR AR EREITN 60 B & L, Hl
Nt 3BT+ LT Of 30 BRI 0T — % OBV FEIIEE VT, & O
BB HENME L2, FIUSRETICBW T T - 72 #E BB OFE R % Figure 2-42
. —HEHEB IO B HOHE DR ERBRIZ 1T 2 ZNTRERIT TN LI 453418
um/mN 35 X OV 43.1+1.3 um/mN TH Y, liFIZEW—FZ2 /R L, FEhETREROE &ikAF
PERE O 728, 1T RFROK LU A MYz v b AT A X {EB) & FHUEITT - 72 BRIS, & VEBhRlT
% CHENERIERBR 21T > 7o B & Figure 2-43 (o3, VEEh[A1%k 2 B HEMERI Y 20 B3 %
BHITHES T, FNTREBNEA LTz, T E s & HEEAE E & O BIf%R % Figure 2-44 |2
R FERNTREBIIHEERTEE EO— R E L TREIL7Z L 2 DEFEEIZ 097 TH Y,
FoC BV LS 2o 7z
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4.3

— 1st calibration
4.3 —2nd calibration
42
42 .

4.1 F

40
40
39 F

39

38 1 1 1
0 200 400 600 800

Time/s

Figure 2-41 Time history of calibration data showing displacement as the calibration weights were
added and removed. Both calibration tests were conducted continuously without extra operations such

as thruster firing or leak valve opening.

0.30

o 1st calibration

x 2nd calibration

0.25

< <
—_ )
w =}
T T

Displacement/mm

o
S
T

0.05 F

000 1 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Load/mN

Figure 2-42 Calibration data relating thrust stand deflection in terms of displacement to applied force

with linear fit. Error bar shows a standard deviation.
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0.30
o Calibration before 1st firing
x Calibration after 1st firing
025 r o Calibration after 2nd firing
a Calibration after 3rd firing
2020 F ¢ Calibration after 4th firing
£
E
E015 |
£
I e
So10
0.05 r /
000 1 1 1 1 1

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Load/mN

Figure 2-43 Calibration data relating displacement to calibration load before and after each firing test.

Error bar shows a standard deviation.

N
[

S
=

3
wh
T

(o8]
<
T

]
wn
T

y =-0.1858x + 40.026
R*=0.9706

Effective spring constant, pm/mN
s 2

[=1
T

wh
T

O 1 1 1 1
0 20 40 60 80 100
Consumed propellant mass/g

Figure 2-44 Calibration data relating effective spring constant to consumed propellant mass. Error bar

shows a standard deviation.
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2.3 LEHENROFE

AETIL, KREKEFERAE L Lo/ M) BT 5, TR0 LA ) v ZHURAT
PED FERBGFHIIZ SOV TRE T

231 EEREH

FEER R DB E % Figure 2-45 33 X 8 Figure 2-46 (279", £72, EBRSA: % Table 2-15 (7%
T A L2 ZET X (A5052) OETHDINTIZ X 0 fEL 72, A e — FMEIX 2.6 mm,
B IZ 60 & L7z, 7 Avd CAD &7 /v L WWEH % Figure 2-16 129, EBIBHAAIRF D
Z U7 RENR30°CE 70D L O ITEERBRANC # v 7 b — X —IZE AT 5 Z & T
BITolo. HEERIDK 3 g BB SND ETIEBI 2 To 7. FEhICiZ¥ v 7 e —X—I2F8
BT, (F8h & BB EDNY V7 BEIETL, ¥V ENERTSED 2 &
THERE, 2F0 LA JVAEERS Lz, (E#h, ) vk —Z —IZEBNFEA L)

-7z,

Table 2-14 Experimental conditions of I, efficiency tests.

Item Value
Nozzle throat diameter/mm 2.6
Nozzle expansion ratio 60
Tank heater (during operation) /W 0.0
Nozzle heater/W 0.0
Initial temperature of the tank/°C 30
Final temperature of the tank/°C 15

Nozzle temperature (during temperature) /°C 20
Operation time/s 500

Consumed propellant mass/g 3.0
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Figure 2-45 Photograph of the thrust stand and the water propulsion system with the feeding system

by gravity separation.

Thruster valves
Vacuum chamber PR "

f

Thruster-head

/ Flexural pivots

Counter weight
/ Laser sensor

Calibration system  Dumper

Figure 2-46 Schematic of the thrust stand and the water propulsion system with feeding system by

gravity separation.
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2.3.2 EL i Waps
A2 — kLA JIVAERe T, FATHFZEIZHEY,

Re* = P vDy  Amiey

- 62

u* Duprm (62)
LEF LTZ[133]. plIBIE, villiE, DIIA T — ME, melIFENEERE, RATD “%”

lTABR— N COETHD Z L 2T, MM AREW IR EER A2 >, Sutherland D%
W5 & AT — MRS

3

. (T*)Z(TO+S>
w=kl\r,) \Trss

Ty = 288.15 K, po = u(Ty) =9.60 x 107 Pa-s,S = 620.15 K (63)

EERT LN TEDH[134]. Au— MERETH X

T = (ﬁ) T, (64)
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2.3.3 EBRERPIUER
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Figure 2-47 Operation profile example in the evaluation test of I, efficiency.
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Figure 2-48 I, efficiency vs plenum pressure obtained from the nozzle with a throat diameter of 2.6
mm and an expansion ratio of 60.0. Propellant was water. Nozzle temperature during firing was

approximately 20 °C.

Knudsen number/10-3
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Figure 2-49 I, efficiency vs throat Reynolds number obtained from the nozzle with a throat diameter
of 2.6 mm and an expansion ratio of 60.0. Propellant was water. Nozzle temperature during firing was

approximately 20 °C.



112 2.4 THNENER D VERE AN

24 FIEAROEREFHE

AEITIE, AT AZ~y RIZBWT, J ZVOERNMEGES (LLF, PnEE: & 4 5)
DOEBRMEREFMIZ OV TEET. AT AX~y RTOMBEE K Z E L, KEKRIEEZ X
DELTDIEEHMENZM ESEHZENTES. L L, BB I OEIHFIOE LY v
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241  EREREH

FERRIZONWTIL, AT AZ A~y FIZTIEGERNEAINTWD RLSNE, FiR O Figure
2-45 35 XL OV Figure 2-46 %6 U Cd 5. FESMF% Table2-15 [Z3d . PINEGR R & —fH,
b — X BN FEE T A= L L, At E— U TOEREIT- -, b —X—FEIC
DNTE, TIMEGRIREEN 70 °)CHDH VL 120 °C LD L 912, ZREhe —%—IZf 1.5
W & D WTHKI3.0W 2 A L, M ERE 21T - 72 AFBIBRAERED 7 > 7 IR EEITK 30°C L L,
3 g OHEERINWE SN D ETEE SE-. (FEiflcixy 7 e — 2 —ICEB N ERAE
T, VEE) & ILCEBBEDEDNY U 7REIR T L, Uo7 ENMET S E L 2 & THER
BERIIL. BB IO XA T U 2 2ZE L CAEBRBRIL 2 FEMmL, £ —%—
1% 00W->15W->30W->3.0W->15W->00W W) Ko Zhsl&E52&T, 7
B —FEIC O X, FHREIOFEREERZ1T - 7.

Table 2-15 Experimental conditions of pre-heater tests.

Item Value
Length of the pre-heater/mm 30, 85, 140
Nozzle throat diameter/mm 2.6
Nozzle expansion ratio 13.1
Tank heater (during operation) /W 0.0
Input power to the pre-heater/W 0.0, 1.5, 3.0
Initial temperature of the tank/°C 30
Final temperature of the tank/°C 15
Operation time/s 500

Consumed propellant mass/g 3.0




2 HEEMERE O FEBRIIEEAM 113

2.4.2 EL i Waps

22— R A 2V AERe* 1FH(62) % FHWTH M L7z, SV E & B, 1 32(67) 2 W T
B U7, PINBAGRIEE (3807 129 » T U TREAZAT Y, & O FEE % T INEHEE &
L, PEBZ T 2 KRR EET, (TP INBAGHEE & 5 L SRUE L7z, HeHET I, 13

_ Fex

Mexd

Isp (75)
LLTRELE. ZoXkoicLTHELATHMENZHNT, PIEGREIBLIOHRAESN
R T R OHEEMERE 22 R FAf L 7.

243 EBHERPIUVEE

KA J VAU ET D S % Figure 2-50 2> 5 Figure 2-52 (27~ d™. LN 1T PnEEs
EEBIOEEITOPIAG EHREZ R LTz, LA JIVZENME T 5 & TR
T O Do, ZHUF 23 ETHRLIZEY, HHENROLTINRK TH 5. Figure
2-50 IZBW T, PHEAGRE & 30 mm OHAIC A & A HOERERICE AT U AR
RoNz, ZORRIZHE LT > Ty, £FEHEMTB O TN E & 140 mm
DA LBV SE STz, 2, PINBGRE SNEL 725 2 & TINERFEA Y
ATl EZEZBND. B 2T U AN A B Figure 2-50 ZFr< &, TINEZRZ 30 mm
225 140 mm (2R 352 &C, HHESIDK 10 %N L7z, FEBEOBRFHIBWTIE, i
B 7o el & LEHE IS b L— KA 71270 5. FABHTHIRT 2 &, T X TOFIMEGICE
WTC, BHOEREBICHHAEN S ER L. 2T U U AR R BN T Figure 2-50 &< &,
FI15W BARE LK 3.0W AR COHHE DT 6% TH 7. Z U TINEGR O EE
ERHEEBITKEREED LH L, FRHEENEGL Rz THD.
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Figure 2-50 Specific impulse vs Reynolds number with a pre-heater input power of 0.0 W. Legend
shows a length and an average temperature of the pre-heater during firing. Throat diameter and

expansion ratio was 2.6 mm and 13.1 respectively.
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Figure 2-51 Specific impulse vs Reynolds number with a pre-heater input power of 1.5 W. Legend
shows a length and an average temperature of the pre-heater during firing. Throat diameter and

expansion ratio was 2.6 mm and 13.1 respectively.
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Figure 2-52 Specific impulse vs Reynolds number with a pre-heater input power of 3.0 W. Legend
shows a length and an average temperature of the pre-heater during firing. Throat diameter and

expansion ratio was 2.6 mm and 13.1 respectively.
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FEBR R DG H % Figure 2-53 12, H[X % Figure 2-54 (29, F72, FEBRSM:% Table 2-16
VRS FREASL T OB S D2 WE X 7 BN EET D 2 L TIHRTEER & NT A —
2L Ulz. ZU7ENH 1.0atm & 72> TWDEEBRIZONWTIE, # o 7 I8k LTICBIET =
—T % T X MR AL, Fa—T B OMmERKBKT 5 Z & T, EEfiIcBVTH v
JIEANFIC—EE LD LI L. B SNEEN T R TERBL ORI TS
RO D S5 &9 ICHRFEESN AW B L O b=E e — % —~ O AE ) R E L.

Table 2-16 Experimental conditions of the water propulsion system with the visualized vaporizer.

Test No. At,pen/s Prank/atm Atcyerels Neycle P, /W Pon/W
1 0.50 0.90 80 15 12 0.00
2 1.00 1.00 160 10 14 1.35
3 0.75 1.00 120 13 14 1.35
4 0.50 1.00 120 132 14 1.36
5 0.75 1.00 120 68 14 1.36
6 0.50 1.00 120 43 10 1.03
7 0.55 1.00 120 18 10 1.03

Atopen: Opening time of the regulating valve, peank: Tank pressure, Atcyce: Injection cycle time
of RV, n¢yce: Number of injections, Pyy: Input power of the vaporizer heater, Ppy: Input power

of the thruster-head
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Figure 2-53 Photograph of the thrust stand and the water propulsion system with the vaporizer.
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Figure 2-54 Schematic of the thrust stand and the water propulsion system with the vaporizer.
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Figure 2-55 Operation profiles in test #2 using the visualized vaporizer.
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Figure 2-56 Photographs of the visualized vaporizer during firing.
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Figure 2-57 Calculated mass vs Measured mass in test #2 using the visualized vaporizer.
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Figure 2-58 Vaporizer pressure profile in test #1

using the visualized vaporizer.
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Figure 2-59 Vaporizer pressure profile in test #2

using the visualized vaporizer.
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Figure 2-60 Vaporizer pressure profile in test #3  Figure 2-61 Vaporizer pressure profile in test #4

using the visualized vaporizer.

using the visualized vaporizer.
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Figure 2-62 Vaporizer pressure profile in test #5 Figure 2-63 Vaporizer pressure profile in test #6

using the visualized vaporizer.
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Figure 2-64 Vaporizer pressure profile in test #7 using the visualized vaporizer.
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Table 2-17 Experimental results of the water propulsion system with the visualized vaporizer.

TestNo.  T,./°C pyc/kPa  ml/(mg/s)  F/mN Lspls PJ/W Py, /W Nt Ny
1 28.2 1.62 5.29 4.65 89.5 14.3 12.5 0.14 1.08
2 253 1.73 5.45 4.12 77.1 17.5 14.4 0.09 0.96
3 31.0 1.71 5.43 3.86 72.4 17.5 14.4 0.08 0.96
4 22.7 1.71 5.48 4.74 88.2 17.8 14.7 0.12 0.95
5 23.9 2.49 5.43 3.22 60.4 17.8 14.6 0.05 0.95
6 27.9 1.40 3.63 2.60 72.8 13.4 10.5 0.07 0.88
7 22.3 1.95 3.95 1.98 51.1 13.4 10.5 0.04 0.96

Ave.’ 25.7+2.4 1.70+0.04 5.41+0.07 4.34+0.37 81.8+7.3 16.8+1.45 14.0+0.87 0.11+£0.03 0.99%0.05

Ty¢: Vaporizer temperature, pyc: Vaporizer pressure, m: Mass flow rate, F: Thrust, Ig,: Specific impulse, Py: total power,
P,p,: Power of the vaporizer heater, 7,: Thruster efficiency, 7,: Thermal efficiency, #5, #6, and #7 were excluded when total
average values were calculated because water droplets did not evaporate completely during one cycle or thruster valves could

be out of order.

254  EE

Figure 2-58 7> Figure 2-64 {23\ T, RIS B O KULEE L) & — 7 B TR E TR
DRALBIEEIBE L TEELTWD Z L bnd. RHEEHFEOKIL=IRE & K b=EE
HE—7Ex2 71y b LIZh D% Figure 2-65 (27, IHMMEHE% ORILEEHE— 7 (E
&, WRRME R O KL ERE IR OBERR 2 FF > Z LA LN o 7. b xR b=
JEAE— 7 EIE, EOIRETOEFIKARIELY BIRVETH L. DFE D, EH Sk
1%, RUBENEEIZATZE L, FERICEWRFER CRILENEED DR~ & B DR 2T 41T
WHZEEERLTND.
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Figure 2-65 Peak vaporizer pressure vs vaporizer temperature at injection.
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Can = — (83)

POEM L. aryZ 7 2020 BREJIMEENE, 8L 0T v AET) & RAL=ETE ) ORI
78wy b L72H D% Figure 2-66 3 X W\ Figure 2-67 (2R T. L5077 78, AT AKX
EEh#FEN CORIBESRMICBIT AfEE R —27 77 Eic7ay b L. $PERENTIEE O
B Ch DT80, KEEITa X7 2 0 AT HIRERGMEDR S 203, 45T 72 FEBR O FEEL
PANTIL, a7 2 ZADRERFEEIERT LN TEL EELX NS, JILEIET
2 3kPa & FRIZJESHFFHNS, KEORENRKE 2D, EREDCHLTarZ s 4
A, DF VHEBERENIFEINCET L BN o,
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Figure 2-66 Conductance between the vaporizer and the nozzle exit vs vaporizer pressure.
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H 72N & o7 & & OHET) I L ONHET) % Figure 2-68 35 &L U Figure 2-69 (2R3, W77 7
TERERETHRT 21 EIDOENTHDH72D, by RIERE U L 72o T D, KRS &
DNE L, IOTYLEIREDN EVIE EHES 3 TOHHE N 3 m < e 23 G bz, 2,
R &N S S KAERIREDN L 22013 L, KUBEE NN GIEIRIZIC/R Y, fER L
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Figure 2-68 Thrust dependency on mass shot and vaporizer temperature at injection in the

experimental model.
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Figure 2-69 Specific impulse dependency on mass shot and vaporizer temperature in the experimental

model.
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—REIR LA N 2y AT AFL, ) ANV ERICL R 2 L— 2R ETD, HDHW
F7 VT LAEMAERITHELT, RRENR—E, DEVHEERENL —E LR D XD 2FH)
EIEDLZENZW LLT, ZOfFEFE —EFE) &R 5) . ST T I
STWDHEY, KL A NV ZEIRIUTIB N TIE, HETINEN LA ) VBT T 5. 72
RATAZFMRIEN VA VAR ARG T 5 & 0 IHF#+ 52— 7T, —EF#Sickn
TEdHL—EVA S IVAETOEENE 22 5. 16> T, IREVMES) & —EFENC VTR, i
TNRD VA )V ZEARAFMEITEEIR U C, HEEMERRIC RN AE LD Z e TFRENS. IkE)
1E&h & —EFBNOHEEMERE LI D 72D, B A 7L A E Yy RE WS HRIEABEAT S, Bl
¥ibA L2y R

tinj"'Atcycle
_ Iyitex _ ftinj Fex dt
Inor = - (84)

L tinj+Atcycle
bit,con ftinj Fcondt

LiEFE LT Dhiex & Fox ERBIEBIC L 0 HND A L 7SV AE Y b EHES, Toiecon & Feonl®
R A LRI NS A VSR f TS, —EEBIIC T S
S Feon i

Feon = 7”"Lconci*dCF.eX = a11(pvc,con)pvc,connlspCi*d(pn,con)CF,id (85)

&2 % WRENMEBIRE & [R] CHEI S &, Sk 0 HEEARHE B U, —EEEh o EEIRERH 23,
AREMEBNC I DHES A LRI CTH D EEL

tinj+Atcycle tinj+Atcycle
AIVIinj = f Meondt =f Call(pvc,con)pvc,con dt (86)
t t

inj inj

Z BAEREATENC R < Z & Tpyecon @ K72, Can(pye)ld Figure 2-66 T H AL F 4 FNC

EQ&Q=GQY°L"_Jﬁ__
Cano Call Pyc)"a!

(Be)™ +1
Call,O =1.0x10° m S,Po = 1.0 kPa, ag = 9.720, ball = 0.8136, Cal = 8.499 (87)

CEFMELTE. COBBIFENNROKPaD L FICa L X HZ AL 0ms LY, FEBRT
BONTOLHANTRUILEE IR @L< D a v T 7 X U AR—EILR D &0 ) RS
X2 LI BER & 72> TW 5. 7 L AE T Figure 2-67 T L FE R %2 W T

g (B
= an C
Po Po DPyc\™ d
(—p0 )" +d,

po = 1.0 kPa, a, = 0.3608, b, = 1.296 X 105, ¢, = 2.155, d, = 2796 (88)
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EE'T AL LT my, (po) 1 Figure 2-48 T3 BV R R & FIV T,

Ac

Mgy (Pn) = — ———p—— + 1.0

po = 1.0 kPa, ag, = 0.2602, bg, = 1.676 (89)

LETMELT.
WRENEE) & —EEEN D =2 & 7" X % Figure 2-70 (28T, £72, B LA E Y

N OFFEAE R % Figure 2-71 \ZRT . WEMES &0V 72 0ITE, B bA oL 2 ey B3
mL ol ZAUE, WIS D72 < 72 D & Figure 2-59 35 X OF Figure 2-60 TH. H 72
97, WRTEEHEZ ) BB T E CORICKULEIE NN —EITEL 702 X 5 R
NEL 720, RUERENINRIBIINE D ER > TE— 7 2R 72% T I b FR5 L5 )
RS 2O THDHEEXLND. 20O, KALEIENN—E L7225 X 5 7errRH 2
T DL, VA 7ANICBIT L FE LA ) VZEBMET L, HEAZROK FICE2 -
TS, A CHEREES #2380 TE, SAEERENEWIE ERRLA 7L Ay FAE
{Tgolz. ZhuE, KUBEIRESESWIZEBFRIRESE RO KIEEENbELS 25 2
L, BIOEHEOZIEENHLS 720, EIRRBIBIISED ER 72T SITEB RS XL
I BRWEIRTESL 72D ThHhH EBEZBND. AFEBRIZEWTE, RIFEEHE 04 g, RIHE
FRFDOSALEIRELDS 34 °CIZH W T, B A /UL AE Yy RRRKT 13 L7225 2 LA
LN/ oTz. Fz, WEHEERE 04 gLl KALEIRE 26 °CLLEE WIH KT Thi
X, Bt Ay ME 1 KO RELSARY, —EFB LD GAREIEERI O T773, Hedk
PERENE K 72D Z E N LNIT R o7z,

[Cyclic operation] [Constant operation]
tinj""Atcycle — tinj""Atcycle
AIVIinj,cyclic = Meyclic (t)dt = A1\/Iinj,con = Meop dt
Linj tinj
m A

\/

Y
Atcycle

~ YV

Linj

Figure 2-70 Concept of a cyclic operation and a constant operation.
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31 FEBORMFETIL

FEHEBIIHEE 7 L —23 v v g V%%, OBC (On-Board Computer) , ADCS (Attitude
Determination and Control system) , PCU (Power Control Unit) , PDU (Power Distribution Unit)
FDON— U =T INOHERSND. FHEDREAZ MR 120D, H— RU =7 OBDN
ZREELT, HEMICERICOETS. ZOBERIZITRO L5 R ENRH 5H[136].
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Qcij = Kij(T: — T)) (90)
Lt SEar B A TEZFE ORI, WINEE, 3 X OTERBIRE) D Tk
ETDHIENTESL., J—KRinb /) — RS BB S D BVENT

Qrij = Ry (T = T1) 91

LD, FHEETIE, /- FREERREa L XX ARSI Fa B AD 2O
oL BB ATRESRZ LIZEY, —oOBNEKMENHER S, ZHUSHE S TEWEN
Thhd. ZORRKHEE BB FETT NV EMES, BT T LV O&R % Figure 3-1 1277

o, JF
Ale, ‘E
. o — Conductive conductance
\\\C B Radiative conductance
B 4 D
\\ // \\ /l
| S—— A W——4
Conductive matrix Radiative matrix
Ki| A|B|C|D|E|F Ry | A|B|C|D|E|F
A O A O O
B |O O B O
C O O clO]|O o110
D O O D O
E O E O O
F F 1O O

Figure 3-1 Concept of a thermal network analysis method. Symbol “O” means thermal connection

between each node.
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L%, FETEAIRF S 720 ICER SN BE, AIOE T — Finb j IR

RIS 70 I E T 2 BB ORI, H0% HiL/ — Nib j ICHARRS D 125
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_Rls(€1) + Z “Rine,e,) Rlz(ell 62) RlN(El' EN)
n=2 M
R = Ry —Ry(€) = Ry (en ) + Z —Ry(eze) - Ron(ez €x) (95)
n=3
: : . o
Ry, (fzvv 51) Ry, (EN' 62) _RNs(eN) + Z _RnN(en’ EN)
n=1
Ty
T = ( : ) (96)
Ty
ofii€i€S;
Ru(el 6]) fl] Sk (97)



B3 KATALDY AT MO 137

Ris(€;) = ofis€iS; (98)

FHEBIHEB SN a R =2 ME, B THLSHEEEZ LTS, 2D D F K
DEFFET N EBZ DL, WE/ — FHOS FHEMRZEEZZE T H2LERH 5. 6U
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FEMT D LB T, AR SRUVITHERE STV, 8 X 0§ 5 < HHT XL 5 B
EDOFNXE 72 D720, FNTRERICBVT 10-25 COBREAENET D Z EPRENT
[137]. S <P L DBMBRIEZFIET 27201213/ — FEOEREZ RO D VLERH 5.
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HoTIREEDN, AL TE TIOR3 CITEBEN TWD Z L AURENT[137].
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pvc,peak(Tvc) = apeakTvc + bpeak
Apeak = 0.1699 kPa/°C, bpea = —1.0724 kPa (100)

LT ME L. FERIS, RAEZENS ) AVHOF TOWMKICBIF a2 2 A
Figure 2-66 O EERAERITK L, /b 2R EEZ W TPl 233 5 Z & T,
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Call(pvc) _ (E)lo 1— C;l?
Cano Call Dyc)Pal
( po) +1

Cao=1.0x10° m s, po =10 kPa, ay = 9.720, by, = 0.8136, c,; = 8.499 (101)
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pvc,peak

pvc(t) = t+ Pvc,peak (104’)
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LES) %
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Po dn (&) + dn

Po
po =1 kPa, a, =0.3608, b, =12960, c, = 2.155, d, = 2796 (105)
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Input conditions
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*
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Figure 3-2 Calculation flow of the system design model.



142 34 FHE=ET L

34 EFHEETIL

FHEET ORI % Figure 3-3 (2, FHREICH 2550 % Table 3-1 725 Table 3-3 IZ/- 7.
FEET T30 YA XD CubeSat & L, /— REUL 12 & L7z, WUHAZXDOKLI AR
Ty FATAXEHH L TCNDEL, 350g DKEHEMERIE LTHRBEL TS E Lz, &db
FPUADO AR =32 MIX B LY H O/ SRV EFREEE SN TS & Lo, xUk=E
T 7 EORFEREEE SILTND & Lz, KB Sx VI X EB LY mHIZART 4+
T RENTWD E L. BEESRRE LORIEEDSNO ) — FOPIWHREIX 20 °)C& LT-.
WA, FICONRETHEEBE N BRI ERBIZRVLT WD, WIHIRE % 40 °CL
L7, KOBEB L OERBBUTIREIC L O T —E L Lz, BB ICITREIZ L > TET 5203,
ZOEACREIT/ NS WIZOARRICEBIT DA TIT—EE L. &# 2 BOFERFMEICEDLYE
T, JAVERBIORIEREE =X —ENEREL. J AVREIT60°CE L, JEHRT
DKFEZIRIE L ) AVRE LS LW EUE LTz, REERR L M EEBR E Ol E21T 9 720,
KEGHRBET VAR, BERIEHIC L D ABUIEBEE T, BRiREE20°CE L.
T A= & LT, KRS &, KILE L BERIFOBMREa ¥ & 2 L ONEE#EERD
SN D —FEA IR 7.

MZ panel
MX panel /- MY panel
& PX panel
PY panel —
P \\\\‘ __» Battery (BAT)
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100%\ 4 mm

Figure 3-3 Schematic of a calculation model.
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Table 3-1 Thermal conductance in simulation.

PX MX PY MY PZ MZ COM BAT PCU ADCS TANK VAP
PX 0.00 0.30 0.30 0.12 0.12 0.74 0.74 0.74 0.74 0.74 0.00
MX \ 0.30 0.30 0.12 0.12 0.74 0.74 0.74 0.74 0.74 0.00
PY \ 0.00 0.05 0.05 0.74 0.74 0.74 0.74 0.74 0.00
MY \ 0.05 0.05 0.74 0.74 0.74 0.74 0.74 0.00
PZ \ 0.00 0.00 0.00 0.00 0.00 0.00 0.10
MZ \ 0.00 0.00 0.00 0.00 0.00 0.00
COM \ 0.00 0.00 0.00 0.00 0.00 — 1.00
BAT \ 0.00 0.00 0.00 0.00
PCU T 000 0.00 0.00
ADCS T 000 0.00
TANK \ 0.44
VAP

PX/MX/PY/MY/ PZ/ MZ: Panels, COM: Communication device, BAT: Battery, PCU: Power control unit, ADCS: Attitude determination control system, TANK: Water tank,

VAP: Vaporizer, blank cells are symmetric with respect to the main diagonal.
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Table 3-2 Node properties in simulation.
Absorptivity Emissivity g‘fej/anﬁi Mass/kg calr;l;;tty/ templenrgizlre e Lr;gi\?\}
(W/K)
PX 0.642 0.650 0.03 0.16 961 20 0
MX 0.624 0.631 0.03 0.16 961 20 0
PY 0.578 0.583 0.03 0.16 961 20 0
MY 0.631 0.638 0.03 0.16 961 20 0
PZ 0.152 0.0.75 0.01 0.05 961 20 0
MZ 0.151 0.054 0.01 0.10 961 20 0
COM 0.14 0.04 0.01 0.5 352 40 0.0 - 10
BAT 0.14 0.04 0.01 0.5 352 20 0
PCU 0.14 0.04 0.01 0.5 352 20 0
ADCS 0.14 0.04 0.01 0.5 352 20 0
TANK 0.14 0.04 0.01 1.2 1476 20 0
VAP 0.14 0.04 0.01 0.3 10.2 20 — 400 14+Q) 4t

PX/MX/PY/MY/PZ/ MZ: Panels, COM: Communication device, BAT: Battery, PCU: Power control
unit, ADCS: Attitude determination control system, TANK: Water tank, VAP: Vaporizer.

Table 3-3 Constant values in simulation.

Item Value
Specific heat ratio of water/(W/K) 1.33
Enthalpy of evaporation/(kJ/kg) 2.44
Mass shot (mass of injected water droplet) /g 0.10 — 1.00
Injection cycle time of regulating valve/s 100
Nozzle throat diameter/mm 2.60
Nozzle expansion ratio 60
Nozzle temperature/°C 60
c¢" efficiency 1.00

Atmospheric temperature/°C 20
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LKL DA M 2y F AT AZETNOZYYERIED T8, HRIHEEH 2 —[[1721F
fTolol & (BAF, HREEEBEMFRT D) OA L7 VA y RBLOMHENZEFHHE L, 2.5 Hi
T O IR & D 21T o 72, (FBICIS T D EHA S 4 Table 3-4 1R 7 . KIS
FHEEOKALE IR (Initial vaporizer temperature) 3 K OVEIHME S & (Mass shot) % /37 A —
ZELTA NV AE Yy FBLXOHHMENZHEA L. [ULE L{ZBETOEEE LR DA T
AL UN O EIT N & LTz,

Table 3-4 Simulation conditions of a single injection operation.

Item Value
Initial vaporizer temperature/°C 20.0 —40.0
Mass shot (mass of injected water droplet)/g 0.10 — 1.00
Number of injections 1
Input power of vaporizer heater/W 14.0
Internal heat generated by communication device/W 0.00
Thermal conductance between the vaporizer and the communication device/(W/K) 0.00
Nozzle throat diameter/mm 2.60
Nozzle expansion ratio 60.0

Nozzle temperature/°C 60.0
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Figure 3-4 Calculation result of impulse bit in the single injection operation.
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Figure 3-5 Calculation result of specific impulse in the single injection operation.
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2R, IRIRPES & (Mass shot) iuﬂﬁ% ROV HLY %#5@%%%%%@%%?%&% (Internal
heat generated by communication device) , ¥ X ONEEH A & KLE L OBREa ¥ 7 X
> A (Thermal conductance between the vaporizer and the communication device) % /37 A —

2L LTHEN B KLU ) DR R 21T o 7.

Table 3-5 Simulation conditions of a multiple injection operation.

Item Value
Initial vaporizer temeprature/°C 20.0
Initial communication device temperature /°C 40.0
Initial temperature of other nodes/°C 20.0
Mass shot (mass of injected water droplet)/g 0.10 — 0.90
Number of injection 10
Cycle time/s 100
Input power of vaporizer heater/W 14.0
Internal heat generated by communication device/W 0.00 — 30.0

Thermal conductance between the vaporizer and the communication device/(W/K)  0.00 — 1.00
Nozzle throat diameter/mm 2.60
Nozzle expansion ratio 60.0

Nozzle temperature/°C 60.0
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Figure 3-6 Simulation results of multiple injection operation with a mass shot of 0.1 g (upper), 0.2 g

(middle) , and 0.3 g (bottom) . Left figures show thrust. Right figures show specific impulse.
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Figure 3-7 Simulation results of multiple injection operation with a mass shot of 0.4 g (upper), 0.5 g

(middle) , and 0.6 g (bottom) . Left figures show thrust. Right figures show specific impulse.
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Figure 3-8 Simulation results of multiple injection operation with a mass shot of 0.7 g (upper) , 0.8 g

(middle) , and 0.6 g (bottom) . Left figures show thrust. Right figures show specific impulse.
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Figure 4-1 Overview of EQUULEUS.
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AQUARIUS O A7 L%AKEK % Figure 4-2 (27”9, X 2 (Water tank) OHIZT T4
(Water bladder) 23MFAZNTEY, 77X OFITKNFTHEINTND., X7 777D
WZIEFH L AT A (Pressurizing gas) & L CHJ 50 kPa DHLBRZER H D WNET VT U N FREINT
WA, X7 TR, WEOFE/ SV (Regulation valve) 23 ELF 2> DN FINZHz#E S AT
W5, ZHUIA =T UllER LU v — XIS T D TR ROBLENS 20 X D kG
Lo TWD. FRIE VT O FIIZITEALE (Vaporizer) 23 STV 5. RALE THtIC
L, “HROWEEBRH AT A X~y K (DVT: Delta-V Thruster-Head) 35 & OWU K& D 2 B4l 4]
AT A4~ K (RCT: Reaction Control Thruster-Head) 23#%#t A1 CW\ 5. DVT AIZIEM
B> AT A% 37 (Thruster valve) 2SWFFNIZELE LTV D, Z OWHIEIE XL E R TlE
2, P IFTAMERNCENTTRTDRT RISV T 2T 5. 2, aigs Ea/
WS/ AA NDOERETZ LoD, WAVTNA 7 4 AR A — LD+ KRERED
WAooz, ANV T 2NN 2 Z & TREICHE T 284 Y 7 4 AEffE Ar— b
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HFEL D+ RELSTDHEVIEFFEEZRST-720TH 5. RCTIZOWTIE, DVT £V
H AT — MEPNNEWZD, AT AZ VT I AEOREE LT-. LY A HaER St
BNNS—=UHAT R, ZFRETIHDDRLA VR— R, o7 ERAERITRIT O TWAS.
RVEBIOSVOEEEZANTLZ LIZXIVEETS.

Table 4-1 Requirements to AQUARIUS.

Item Value
Thrust for Delta-V thruster/mN 4.0
Thrust for Reaction control thruster/mN 1.0
Specific Impulse/s 70
AV for 14 kg Spacecraft/(m/s) 70
Size/U 2.5
Propellant mass/kg 1.2

Power/W 20
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Tank Pressure sensor @7

Gas Drain \alve }4

Water Drain Valve }4
Wiater Pressure sensor @

Pressuring gas

Water Tank

Water Bladder

&> Filter
N

4x Regulation valve

\aporizer
\C Drain Valve NI /

Vapor I@ 2x V/C Pressure sensor
NN NN
ININSIN N
1P
7\
- Y

Nominal 50 kPa and MDP 60 kPa
before the initial operation in space

4x AV Thruster ? RCS Thruster
valve Valve

J v J
2% Delta-V Thruster-Head 4% RCS Thruster-Head
Thermal insulator & Nozzle Thermal insulator & Nozzle

Figure 4-2 System diagram of AQUARIUS.
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43  AQUARIUS 754 FETILDFREHER

AQUARIUS 774 FET/V (LT, AQUARIUS-FM & FEFRT %) @D CAD X% Figure 4-3
2, EHEDEH % Figure 4-4 |2 d. 22 7137 NV IHC, 1.5U A4 XOEFIRIRE LT
WrEADBLS NS T T ATRE VIO AR—P—Z N LT MY 73Ukt Lz, Sib=ix
TN A THEERR LOUHDNTIC L0 BEL 7=, RULEED OR[N % Figure 4-5
R d. RUBZERDEEF O PZ IZ B4R 4 8RS 0 A+ TRUBEIRE ORIE 21T~ 72
SACZEME Y O ZEiIiEE T 2y 7 e —F—% R0 M7 R OSIBIZ I EAEL
ToRARIL, JUBZERIN G, RIKIRAZD SEEIZFF>F 8 ) VA — L Zfini-ob, F
TEDAT ANV T ~EMHE SN S, BlEE LTIEZ 7 O MZANCALE L TR Y, PEEHT
FIRDT=D, ZOOMEHIRITEEEN D X O B Tk L7z, KUbE & IBEHEROMIZITE
RV EOTo ath— L&t KULEITHR S L7 BE RO NEFEEERITH IOW &
molo. FHEOBWRMT OFER, KULELBEKRE L OMOBYREa 77 2 213K 1
W/K \ZREEF STz, AT AX A~y RiFET MZ R3V ECfEasnTly, sUb=EL A7
AL~y RIIHIERT = — 7 Tt L7z, WA 2 7 2%~ F (DVT) (X MZ /3% )b
RIS, BEBEHIEMA AT A X~y F RCT) I£ MZ /"L ONEBICEE L7
AQUARIUS O'Z &7l % Figure 4-6 (27597, 1224 ¢ DN FHEINTEY, AT A X2
BOK 46 %% 5 7=. AQUARIUS (213 L7 ROE /3, IR ORHRINE 100 Ad 5 7=
W, TART HRN—FAEOGEN 13 %E 2RO DT,
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/— Tank

Vaporization chamber

Communication devices

Controller

DVT: Delta-V Thruster-Heads

RCT: Reaction Control Thruster-Heads

Figure 4-3 CAD model of AQUARIUS-FM.

Tank

RCT: Reaction Control Thruster-Heads Vaporization chamber

DVT: Delta-V Thruster-Heads

Figure 4-4 Photograph of AQUARIUS-FM.
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Labyrinth seal

Platinum thermometer

Vapor flow path Regulating valve

Ceramic heater Ceramic heater

Evaporation cavity

) Platinum thermometer
Ceramic heater

Figure 4-5 Schematic of the vaporizer in AQUARIUS-FM

m Propellant
@ Tank (dry)
W Vaporizer
B Thruster-Heads

@ Cables, sensors etc...

Figure 4-6 Mass fraction of AQUARIUS-FM.
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44  AQUARIUS 754 FETIDEHRERR

AQUARIUS-FM DO EShERER &2 22 F ¢ SN TIT o 72, 3BRR O R#EX % Figure 4-7 12,
ARBR R DFE% Figure 4-8 IR 7. 228 TR LIEAT A NAZ L RO EIZ AQUARIUS-FM
BERE L, HEOHEEZITo 72, BZEF ¥ U AAOPERICIE, fFEIFFCRBW T L Y BE2eREE 4
FEHLT 72012, Figure 2-1 TR LICEZERFHITMA THIIZKE LT FA KT H
V2. AQUARIUS OERENE, [A U < EZ2F ¥ U/ SNICERE L - Hil# R 2 AV TfTy, F
¥ MBS E SN L ECER S RaE A T o 7.

WERIRONE AL BT 272012, BERFEZEE LTV I-W T oy 712y 3
— b —Z—FRE0 T2 I —EER L, AQUARIUS-FM (ZHLAIAATS. #HAGALREE
% Figure 4-8 |29, VU a—r b —X—~DOKEIZIL, AQUARIUS FREi= b —F b
ML, Fv oINS E S o ZELERZ Ve,

Vacuum chamber

Movable region
B ST EEE R ;1/ Dummy heater

o

AQUARIUS

|: COM dummy i Vacuum gage
i/ Cable mounting points

Controller

PC

Inductive sensor — |_

Laser sensor — \L]-—

| | T Data logger

Figure 4-7 Operation test diagram of AQUARIUS-FM.
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B
-
'\

~— Delta-V thruster-heads
A

.

- \\ age of the thrust balance

Middle stage of

Figure 4-8 Configuration of the AQUARIUS-FM operation test inside the vacuum chamber.
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Figure 4-9 Configuration of the vaporizer and the dummy of communication devices.

ation device
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45  AQUARIUS 754 FETILOEBFEH

AQUARIUS-FM DOAE#E)Z(4: % Table 4-2 12/~ FHE L7 ORKEREIL , I F /4T 1.5s &
L7z, WRTEES B, T EBRINTRD72R(A3) Daiyjy Pingy 3 L IEBIRED T X NIET)
MBREH LT, a3 By & 3K 5 729147 o 12 FBRO#E R & Figure 4-10 ("3, Fil/E
NAT OB LT 7 HNENE T A—2 L LTRFEEHEZNEL, HohizT
— 2k L/ ZRIEE AN T, a3 K UBiy & RO 72, RS A I 60— 120 s [
NTERBRICBWTEE L. @EHERY I —b—F—0ENIE, FHTORAREICADYE
T, JIFTLI0W &L, @EHERY I —IREEDS 28 — 30 CCOHFPHIZIN £ 2 X 5 i B L
7. ZibE e — 2 —~OEANET), BLO AVEEMfIT e —F—~DEAENTTH
FN145W BLO136W & LT,

Table 4-2 Operation conditions of AQUARIUS-FM.

Item Value
Throat diameter/mm 2.60
Expansion ratio 47.2
Open time of the regulating valves/s 1.50
Injection cycle time of the regulating valves/s 60 — 120
Dummy temperature/°C 28 — 30
Input power of the vaporizer heater/W 14.5
Input power of the dummy heater/W 10.0

Input power of the thruster-head heater/W 1.36
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0.7
© Opentime: 1.00 s
06 + a Opentime: 0.75 s
O Open time: 0.50 s
05 + Open time: 0.25s
o —Fitted curve
2
304 T
©
=
E 03 T
=
02 +
01 T
0 10 20 30 40 50 60

Bladder pressure/kPa
Figure 4-10 Injection rate vs bladder pressure in AQUARIUS-FM.

46  AQUARIUS 754 FETILDEBHBRER

AQUARIUS-FM O EFRER 2 &3 10 /37 — L D5 TIT o 72, 2iklBiis B %4 Table 4-3 12
AT FE T, FERH IR T HERERE O 6% Figure 4-11 127, {EBIEREIZIVNT, 700
s FME-H-0 TETRILEL —F —TOENEAZHIE LS LERENA ER LT
B, TOHTICAT AXEEZ MG LT-7-%, HEHPHET), SALERE T “IRE) 45 &
DI LI 572, 25008 BT ) TAT A ZEHZE T L, 2700s H7- 0 TF — X Nk & A5
1E U7, fEBhBRAARTICIVC, KULEEHH) 1.0kPa 2R LT\, Zhud, (BB
J AT OFER FIEDOE A TERALENIZKD TR > TVl Th D, 600 s (FITTAT A X /3L
T HEBWTERAEENEICE - 72Kk e L T OAEBI 2 BMA L 7=, EB#l Tif, AT AHX
FEY IV TRILEIRE K 0 blE# 2 I —IREDOF BMEWZ®, JEE O A RIE T
biviginoiz,
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Table 4-3 Experimental results of AQUARIUS-FM.
Test No. AteyaelS  Niny  T,cl°C pyc/kPa  m /(mgls) F/mN Ispls
1 90 20 31.6 2.65 6.98 5.22 78.1
2 90 21 31.9 2.41 6.60 4.35 68.9
3 80 22 31.1 2.65 7.11 4.78 68.8
4 60 31 31.5 2.44 7.60 4.52 61.1
5 120 15 333 2.02 5.38 4.16 77.3
6 90 21 30.2 2.50 9.75 4.80 73.6
7 90 21 30.4 2.38 6.47 4.57 72.9
8 75 26 31.1 2.40 6.95 4.62 70.3
9 68—75" 147 30.9 2.63 7.09 4.54 66.3
10 120 181 30.7 2.51 7.91 4.86 62.8
Total average - - 31.0£1.1  2.5240.19  7.30+0.66 4.69+0.33  66.5+4.5

Atcycle: Injection cycle time of the regulating valves, nj,;: Number of injections, Tyc: Average

vaporizer temperature, P,.: Average vaporizer pressure, m Average mass flow rate, F: Average

thrust, E: Average specific impulse.

§15) s 75S(Tlin]' >15)

thycle: 68 s (Njp;

o ~ T Thrust/mN —— Vaporizer pressure/kPa
22 | Plenum pressure/kPa Vaporizer temperature/2°C
20 F| Dummy temperature/2°C
18
16
14 1
12 t
10
o | :
6 |
- \ i
2 | i
0 N P P I
0 500 1,000 1500 2,000 2,500
Time/s

Figure 4-11 Operation profiles of AQUARIUS-FM in test #1.

3,000
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47 VAT LMEBERETFEDIRL

Fh#1 D O#8 DRACLEIE NI 2, WKHEN 2 FMERE LTERES LbD%
Figure 4-12 7°& Figure 4-19 (27”7, 5 2 BETHOLNIKULEIETIEE (Figure 2-58 725
Figure 2-64) L 95 &, SULRBENEHOIZERERENE — 7 ERE L, RREHERIA
B EW ) EEMEENIIFACTHD. LrL, EREET LV LT, F2ETHWEZAT A
X w RREET VLT D) TlE, RACEENXIRREER E% OR LR%, 00K
DIRHATW =2, AQUARIUS-FM TlIEN2 EF#Z O TIEA/NE <, 3.0 kPa 5928 T
THEREEIZ 22 5 TV D L9 REULEIENE R 2R Uiz, ZORILELEEEOENL, K1k
BNERB L ORI —F —(BEOENCL I LOEEEZLND. KALENERIR
IZDWTIE, AQUARIUS-FM Tl, G#EIHSHE A % — 7 = — 2 FEOHKISE OHIFAN
T, WAV TRENGHE WO T 2B OB EBRLET D XNERH 12720, KULEFEREET L
LR CNEZIR CORRE/ RENR TE 2D o7z, B — X —FEICOVTIE, [IEEER=ET
T, B —NRALZER I LB T S CunZe o 7228 (Figure 2-15 22MR)
AQUARIUS-FM TiZ& bz =izt —# =080 1T 6Tk, BHhEHET 2T
K —Z—NLBEIEASNTND (Figure 4-5 2) . 1t-> T, AQUARIUS-FM TlE, X
{LZE MU 0E DR 3 A S — Bk BB IS &, BV COBMRA N RUILE EREET
LI BIEB SN, KAEENIER~O AN 2 72 2 & T, RO R 238 <
0, KALREN bR ot LB BND. AU CIIEEN R BRICE AL KX D0,
TERANCKALRE DR IE DO 7R AT 5 729121%, AQUARIUS-FM O&AL=EANENC I 1F
DIRTHARF B G OB, KULERESMHESEZSBERT L5 LBNELRD.
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Figure 4-12 Vaporizer pressure profiles in #1
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Figure 4-14 Vaporizer pressure profiles in #3

Figure 4-13 Vaporizer pressure profiles in #2

8.0

7.0

il
o

o
o

w
o

Vaporizer pressure/kPa
S
o

g
o

=
o

0.0

335°C315°C—31°C
30.9 °C—30.8 °C—30.6 °(
30.7°C—30.6 °C—31.2 °(

309°C—31°C —30.9°(
—31°C =—309°C—31.1°Q
—31.2°C—31.2°C—31.2°C
—31.3°C—31.6 °C—31.7°C
—31.7°C—31.8 °C—32.2 °(
—32.2°C—324°C—32.5°C

—32.5°C—32.5°C—32.3 °(

0 50

100 150
Time/s

Figure 4-15 Vaporizer pressure profiles in #4
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Figure 4-18 Vaporizer pressure profiles in #7 Figure 4-19 Vaporizer pressure profiles in #8
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AQUARIUS-FM (28T, HRIFESTE R OKULEET) ©— 7 il & RS T 0 T 1554k
HREA 71> F L2 D% Figure 4-20 (239 EEBREE T VTR OLNAER (Figure 2-65)
ERERIZ, WRRNESEL R 0D Sk 38 T ) & — 7 (I ME e R 0D P45 S A b SRR (o L
FBIBAR AR > T e, LacL, WE OITEIERIZITR K TR 10 %D EEB R b7z, FE
BREEE7 L & AQUARIUS-FM O R % bl L 7= 4 O % Figure 4-21 123§, ZBROTER L L
T, 1) BERNEICBWT, EREET LV TIE KREEY, AQUARIUS-FM TiXH 4R E
FHEHWTRY, MEFLEERIEIIERL T LT, A T AEORMENINER D L,
2) BIHPNTIC K W ER L 72 ER=EE TV L, FEERS X OWEINTIC X ER L7
AQUARIUS-FM & T, SULENEIIRE L OERIMEIRA RV, JRiEEFEZ IO TR
WNRACENBE AT G T DBROF @R R D 2 L, 3) BERIEHR & b —%— L OBEE) R
5, LEZ8BE20N5.



170 47 VAT MR R TFIEORGE

5.0
40 F
[
Q
=
(5]
§ 30 F
8
S
S
=20 F
=
>
y =0.1521x - 1.0333
10 Rz =0.8651
0.0 L L L
0 10 20 30 40

Vaporizer temperature/°C

Figure 4-20 Peak vaporizer pressure vs vaporizer temperature at injection in AQUARIUS-FM.
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Figure 4-21 Comparison of peak vaporizer pressure between the experimental model and

AQUARIUS-FM.
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AQUARIUS-FM {[ZBWTC, HHENIRE S LT AENEZ 71y b LTz b D% Figure 4-22
WY, WRENEIZREEN 2 LTV D728, AT A M AKX v ROBIEISEDEEILY, ML
L BETNCET 2 e HED R OIE 50 & 3 30 %fRE R 5N 52, ERBREET L L FEERIC
T LT AEAMENE EHESRBEME T L, 7V AJEARH 1.0kPa LA R/ % & HHES
hEEAY 0.8 FEEETHIFNT 5 L 5 7 ftldh R 3G b7z, FEEBR=EE7 /L & AQUARIUS-FM T
OUTLL R & LlE U 7= % D % Figure 4-23 12787, 7 L AJE 7] 0.8 kPa LA F O&EFHIZ BT
I% AQUARIUS-FM D573, EEHENZhRANE . —F, L AET 0.8kPa LA EO#EIPHIZE
WY, EBRETT LD AQUARIUS-FM L 0 & EHEZIR A E . 2 b DEROJE
& LTI, Figure 4-22 (IZH R L72E 810, AQUARIUS-FM TligAbL=EIE NN FERE
TTVERLY, RERNCR T A HHETIERT X L L THELNTE LT, 0.8 kPa LI E
DHPFAD L DONLNT —ZIZK LT T 4T 4 T ENDTTNDLIEREZLND. i
T, PFRUCHT D7 TA AR FHEMAEIC LD FERREOBENL, / AV ALOEN S
JFRD—>2E LTEZOND.



172 4.7 AT MEARGGHTEORGE

1.0
0.8F
>
2 06F
)
k3
=
) 04k O Experimental data| |
N% : + Excluded data
Fitted curve
0.2t T
0.0 . '
0.0 0.5 1.0 1.5

Plenum Pressure/kPa

Figure 4-22 I, efficiency vs plenum pressure in AQUARIUS-FM.
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Figure 4-23 Comparison of Cr efficiency between the experimental model and AQUARIUS-FM.
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AQUARIUS-FM (ZBWT, &7 % v ZADKAEREIKIENE, BLXOTF LT LAES &
SALEE N OBMREZR LT H D% Figure 4-24 35 X O Figure 4-26 (2”9, EBREET L L
AQUARIUS-FM D ar X7 2 A, BLOT L AES EGALEIENOBMRE g L= b
O % Figure 4-25 3 L O Figure 4-27 \ZR" ¥, EMHERICIE, ¥ 7 2 o ABXOHEHTIZD
WCEEL L B EREET VLR CEARNGELN. L, 27 X ADOHERHEIZD
WX, AQUARIUS-FM DS MEBREETT L LY HIEWFERE -T2, ZOFINE LT,
KREKIBERFENZ EIC X DRI L T D 2 ERB2OND. EREETLE
L OYAQUARIUS-FM D EH 5 b5 LT E AT A X~y R EDOBIFMIETF = — 712 X v B
INTW5. LaL, AQUARIUS-FM TlE, T a—7 i3/ — 3 A E ) @ LT
FEHEINTEY, BawnoF a—71Z L TORNL T AR L EEZ NS, 2T
KV KFBRZ DA S VR A IS E TV D 2 EnB 2 b5, T LT AESH EAIL
HEHOBRITFEREETT /L L AQUARIUS-FM & TRW—HA /R L7-.
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Figure 4-24 Conductance vs vaporizer pressure in AQUARIUS-FM.
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Figure 4-25 Comparison of conductance between the experimental model and AQUARIUS-FM.
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Figure 4-26 Plenum pressure vs vaporizer pressure in AQUARIUS-FM.
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Figure 4-27 Comparison of pressure ratio between the experimental model and AQUARISU-FM.
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AQUARIUS-FM DOAEBERERIZ ISV TH DAV HE 13 L OMKHE D 2, TR VE S & & Wi
RRERALBIREZ T A—2 L LT ry FL7=H D% Figure 4-28 35 & 8 Figure 4-29 1T~
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Appendix. A MEOP
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Table A-1 Calculation conditions of MEOP.

Item Value
Tank volume/cm? 1440
Water volume ratio/% 85
Nominal temperature/°C 20
Stored pressure/kPa 50
Maximum G/G 6.87
Temperature range during launch/°C 0-35
Temperature range on the ground/°C 0-60
100 - 1.030
—Tank pressure during the launch
90 F| —Tank pressure before/after the launch
80 || —Dry air pressure/kPa 1 1.020
—Water density &
1] -
g 0 { 1010 §
T 60 2
> — 2
8 50 1.000 ‘'z
£ 40 S
(5]
8 30 0.990 g
20T { 0.980
10 F
0 : : : : : 0.970

0 10 20 30 40 50 60
Tank temperature/°C

Figure A-1 Calculation result of maximum expected operating pressure.
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