A M CRO NOZZLE THRUSTER Fi el d of the Invention The invention relates to

m cro- and nano-satellites, and in particular, thrusters for the
maneuver iwg 20f1/®eg9d satel lites. Background Satellites apdrsgacamoasss
mniaturization is a recogni zed trend covering the whole range 10 of space
m ssions from sinple university m ssions designed by students to
sophisticated mlitary satellites and interplanetary probes. The rationale
for mniaturization cones ' ti and manufacturing cost
reductions in conbi-nation W‘%ﬁ@éﬁ%ﬂﬁgﬁ Bnd avail abili ty of new
mniaturized parts, subsystens and satellite buses. 15Besides such

sci ent.i. flﬁelmﬁﬁwenﬂm first obvious tasks for micro and nano-satellites
are Earth observation for environmental, mili tary and geol ogi cal uses,

whi I e tel ecommuni cati-ons will follow as soon as the other technol ogi cal

bui I'di ng bl ocks wi Il ‘be ‘avai l able. Last but not'least, nissions related to

entertai mﬁ%%veﬁﬂgn SRESLoLRIED- Y Wahd- sahéiﬁﬂa@ﬁarﬁqmﬂlcﬂ@r IRRBteRSof fieket pl ane
| aunches w |1~ be offered on regul ar basis.

S5 maneuverlng of said satelhtes :
Background

Sateliités and épacecraﬂs miniéfuﬁzation is a recognized it’re‘nd covering the whole range

| 10 - of spa;j:e'mis'sions' from simplel ﬁniversity missions designed by students to sophisyicated
miiitary satellites and interplanetafy probes. The rationalé for miniaturization comes
from the drastic launch and manufacturing cost reductions in combination with the

growing offer and availability of new miniaturized parts, subsystems and satellite buses.

x 15  Besides such scientific missioﬂs, ‘the first obvious tasks for micro and nano-satellites are
Earth observation for environmental, military and geological uses, while
télecommunications will follow as soon as the other technological building blocks will
be available. Last but not least, missions related to en’tertéinment and space tourism will
becqme common as sooh as rockéf plane launches will bé offered on regular basis.

.20
In fact, the so called “New Space” movement will be finally able to solve the major
obstacle to the diffusion of small satellites: the lau_nch. Uhtil now, laqnches are .always

arranged in piggyback fashion whereby the largest cost of the launchvis paidvby'a very



20 In fact, the so called "New Space" novenent will be finally able to
solve the major obstacle to the diffusion of small satellites: the |aunch.
Until nowyolaumobss are al ways arranged in piggyback fagbireevheoesy the

| argest cost of the launch is paid by a very big satellite and the nano or
mcrosatellite are taken in an orbit and wth a.schedul e which are not
necessarily the optimal for their needs and interests. The ‘space tourism

t echnol ogi es devel gped by the " New Spa entrepreneyrs. w abl e weekly
or dally%% qteap &rfcweeowra%%g@ P fkeni i pbiice vdfha tfbsfuqthe wor | d.

In this way the full potential of micro and nano-satellites will be finally
avai | abl evipdsare bbyndeassanly tha pptémel fpr Sisgmeeds and interesisoflke spageiteshiet on dermand
and: Wlth hardware of very |ow cost. The usual definition of satellite sizes

cl assi fi eschiblogies dewlldpedes thetMee SpA@Rkgnaaptel 40k will Smble wadkdy bii datly bet ween
| kg -and 10kg and Pico-satellites below | kg. 10 Anmong the nano-satellites

the wbe§é§u1£rqa9eﬁesfﬁ&m§ Keepbfts Biskibutdd N1 vepaiE weHd. ¢4 Biswagetd fan of  100mm x
100mm and “homi nal I engt h bet ween 50nm and 350mm This standard, introduced

by St anf I\ t r t'ant
becauge g’f)getnh)nl u';f%[(lalé%)féﬁd&}l ga%J hlf?sz‘gél%(f% 0 %g%ﬁ!ﬂb? ct%g(riﬁ caﬁ%@d&g ER@;(S) 15
whi ch conpl eteel y de-couples the, int the nan -satellites fromthe
r ocket vgﬁ‘i’lﬂl@er?élﬁ?lﬂﬁs ghed; opfem ﬁ%ﬂﬁ ﬁrc}}‘?f%‘@ar&o ?éerﬁ MCettellite even
for a small university team Al rocket interface issues are taken care by
t he P-Pod standard depl oynent system Vari ous conmerci al ventures are even
pronoting satel llites of 750g, of cylindrical shape, called."Tubesats", for
US$ 8000 ’Hhauumuﬂ definitiod e sajeihtﬂemges lctassifies Mncrosatelhtes between 10kg and 100kg,

- iv - Nano satelhtes between lkg and lOkg and Pico- satellltes below lkg
10 | | |
| Arrtong the nano-satellites the Cubesat ranges from 1kg te 3 kg with a nominal cross

section of 100mm x 100mm and nominal length between 50ntm and 350mm. Thie
standard, introduced by Stanford University and California Polytechnic is extremely
important because of the use ot’ .a standardized deployment system called P-Pod (5)

15 which completely de-couples the integration of the nano-satellites from the rocket
Vehicle making very simple the launching of a nano-satellite even for a small university
team. All rocket interface issues are taken care by the P-Pod standard deploytnent
system. Various commercial ventures are ct/en promoting satellites of 750g, of -
cylindrical shape, called “Tubesats”, for US$ 8000 launch included on very Low Earth

. 20 Orbit (LEO) with the first launch scheduled for 2011.

- One of the improvements long waited for will be the advent of really miniaturized and |

efficient propt_ﬂsion systems which in combination with other subsystems



20 Obit (LEO with the first launch schedul ed for 2011. One of the

i nprovenents long waited for will be the advent of really mniaturized and
ef fi ci entwpropuissson systens whi ch in conbi nati on with echsG2eulsyss ens
mniaturization efforts will allow the use of mcro and nano-satellites for

m ssions conparable to the nore conventional and |arger spacecrafts ones. A
chal | enge for . achleV|ng .a small thrust is to do it efficiently in-order to
am)ut 0 oellg%\ﬁa ai l.abl e on board.
E11tC

have the best use of q@ f

This as wkraepnn oaver wibilae ener Sty ahd BRRspEte 1t HE it ot on
reqU|renents of spacecraft veIOC|ty change AV. Generally speaklng a list
of typi caompariblateteemare sonaentional anglpigar SRCoafisnges fromis: 10 Transfer
to planetary: trajectory (3600 to 4000 m's) -Orbit transfer to GEO (-4000
nis) Pl.ane change (100 - 1000 m's) Obit rising, drag nake-up, controlled
re- entry (50 - 1500 m's) O bit. maintenance and. attitude control (10 - 100

n's per y@enaueihée foRALREVIHE a@HltallQlﬂ'uﬁ?tfls &pd’&ﬂféffﬁﬁérﬁly(rﬂ ordemphardesh@wst
manoeuvre) -
5 use of the 11m1ted amount of propellant available on board This as well as thrusters

efﬁcl‘encws have to cope with the rnlssron requirements of spacecraft velocity change

AV. -

Generally ‘s:peaking alist of typical manoeuvres with an indication of AV ranges'fronl is: -
| 10 e ';Fransfer to pianetary trajectcry (3600 to 400d m/s) |

e  Orbit transfer to GEO (~4000 m/s)

. P.lane change (100 ~ 1000 m/ e)

o Orbit n'sing, drag make-up, controlled re—entry (50 ~ }1 500 m/s)

) Orbit maintenance and attitude control (10 ~ 100 m/s per year)

15 e Relative motion of spacecrafts (1 ~ 100 m/s per manoeuvre)

To this end, for a nano-satellite, tne standard desr gn perfcrmance expected may fall
within the following parameters :
-+ Thrust between 500uN and 500mN;
_' 20 . Minimum AV 10m/s; -
. Average AV 100m/s (includes orbit injection correcticn, acqnisitio_n and
maintenance), up to ZQOrn/ s if including de-orbiti_:ng;

* Maximum AV 2000 m/s (including Moon, transfers or orbit changes);



To this end, for a nano-satellite, the standard design perfornmance expected
may fall within the foll owi ng paraneters: Thrust between 500gN and 500mN;
20 M ni mwWOAVI1106993; Average AV 100nm's (includes orbit POISGRINN00055
correction, acquisition and mai ntenance), up to 200nm's if including
de-orbiting; Maximum AV 2000 mis (including Mon, transfers or orbit
changes) ; Dry mass budget I-kg (possibly 400g); Propellant nass budget

ﬁigooFT?Brk i Gy BBBRELH Bk TSPl 100BBoF 1o moderate AV, | AN for Jatt1 ¢ ude
: . -_.' Propellant mass budget 3kg, |
‘; Tank srze max 200mm-d1ameter'
- Power budget , max 10W average 2~3W;

5 o 1 DoF for high AV, 3DoF for low AV, 6DoF for moderate AV, uN for attitude

control.

S1nce low thrust propulsion systems have become avallable few decades ago we have
, learned how to beneﬁt from continuous-thrust manoeuvres instead of 1mpuls1ve
: 10 manoeuvres. This is going to be even more important fOr nano and microsatellites which
necessarily have extremely low power availability and small mass budget for propellant

storage, requiring high specific impulse engines working at low thrust for long time.

The selection of a propulsion technology for a given spacecraft and mission requires
15  consideration of the whole system whereby the engine is accompanied by a reservoir or

tank and a power supply which includes batteries and solar cells.

Propulsion systems include th‘e- five main groups of elements: mass storage and supply,
electric storage and supply, _tliermodynamic acceleration of the propellant, propellant
20 ionization,_vpropellant electrical acceleration. The various combination of such elements
create the different propulsion system which all have— the common goal to produce the
liighest possible momentum o‘f the ejected propellant vvith the smallest possible use of

propellant‘mass and electric power.



control. Since |low thrust propul sion systens have becone avail able few
decades ago, we have | earned how to benefit from continuous-thrust
manoeuvr esO0i2nsi@esy9of i nmpul sive 10 nanoeuvres. This i s @OTsG201a/0b@seven
nore inportant for nano and mcrosatellites which necessarily have
extrenmely | ow power availability and small mass budget for propellant
storage, requiring high specific inpulse engines working at |low thrust for
l ong time. The sel ection of a propul sion technology for a given spacecraft
and mi ssion requires 15 considerati on of the whole system whereby the
engi ne i s _acconpanied by a reservoir or tank and_a power supply which

i ncl udes Ghamical propulsing systems dgay ¢ their ppergy|Teqny Hieshemisak energy ¢RI RE fi ve
mai n ‘groups -of el enents: mass storage and supply, electric storage and
supply, tthepropeianawhichas ewloethatniioallydieatedeor pinadditioarte jt eactpehéranaily 20
ionization, ‘propellant electrical acceleration. The various conbination of
such el emeats, leddedd ® thé echiléviehRhest propiatt sliovelsysteliicthiependadi thikave t he
common goal .to produce the highest possible nmomentum of the ejected
propekl ant.,:w ' éé?% bl e use of propellant mass and el ectric
power |5 %%}g\r%%% f’%ﬁ%ﬁﬁél n}%tglgf(gﬁé derive their energy fromthe chenical
energy content of the propel hant which is endo-thermcally heated or, in
addition to if,efecfro-therhdl |y heated, |eading to the achi evenent of
propellaq%:g#Lﬁimgﬁ-pLiéé}M? >h depends on the achi evabl e propel | ant
tenperature;(24)i - | Théetenperature achievable by the propellant is
ultimately limted by the conbustion 10chanber -and expansi on nozzl es

material s gﬁving’a.?racti lintation to the specific
R + DA y=1) % :
C*—(y-l_l C RTS
2./ Yo

The temperature achievable by the propellant is ultimately limited by the combustion
- 10 chamber and expansion nozzles materials giving a practical limitation to the specific

impulse of chemical propulsion systems.

Propulsion systems will soon enable very advanced small satellite missions including

constellation ahd formation flight with distribpted sensoré, communication nétworking,
15 asseﬁbly of larger structures in Space, maintenance of larger -spacecrafts, de-orbiting,

Moog exploration and others. While many laboratories worldwide are studying and

prototyping systems based on_Vaﬁous principles, there afé very few examples of micro

and nano-s'ateilites carrying a:r:ni'vcro-propulsion unit. Furﬁhermore, such hnits are

generally 1imited toa micro-pfopulsion payload a;nd do ﬁfot perform a primary mission

- 20 fequirement. This is clearly due fo the modest performan¢es of the systems available to

create a new micro-propulsion system really miniaturized in all its components

5



i mpul se of chem cal propul sion systens. Propul sion systens will soon enabl e
very advanced small satellite m ssions including constellation and

f or mat i onwbl20pidoessvt h di stri buted sensors, conmuni cati opcegGaEroegs
15assenbly of larger structures in Space, naintenance of | arger
spacecrafts, de-orbiting, Mon exploration and others. Wile nany

| abor at ori es ‘worl dwi de are studyi ng and prot otyp| ng systens based on

various principles, there are v W ex €s. 0

nano- sat &revidiag sefficiept hruat, ﬁP‘?ﬁl’g é’?lﬂﬁ do‘%%ﬁ’t‘?m useﬁ?ﬁ%@?ﬁﬁf@’“@@&h units
are generally linited to a micro-propul sion payl oad and do not perform a
primary poweranl 2@Gagevelimenpdmasybidget.s clearly due to the nodest
performances -of the systens available to create a new m cro-propul sion

systemreal 'y miniaturized in all its conponents providing sufficient
Thrust, SpeC| f| c Inpulse and Efficient use of the linmited avail able power
and 'stor n3bskidpss budget. Sunmmary of Invention In a first aspect,

the i nventl on rovides a mcro-nozzle thruster conprising a mcro-nozzle
haV|_ ng an inlet at-a first end perpendicularly aligned gas supply channel
at a first end, and a thruster outlet at a seco‘nd opposed end; said inlet

0 et 45 BT D e R AR SHERLY e
' nozzle hav1ng an 1n1et ata ﬁrst end perpendicularly ahgned gas supply channel at afirst
- | end, and a thruster outlet at a secend opposed end; said 1n1et in fluid communlcatlon
w1th a gas supply channel, sa1d gas supply channel perpendlcularly ahgned with a
| 10 , longltudmal axis of the micro-nozzle; a cathode within the gas supply channel and an

anode external to the gas supply channel and proximate to the inlet, so as to create a

plasma flow from said gas.

In a second asi)ect, the invention ’prevides a miero-nezzle thruster comprising a micro-

: 15 nozzle having an.inlet at a first end co-axially aligned gas supply channel] at a first end,
and a thruster outlet at a second opposed end; said inlet in fluid communication with a
gas supply channel, said gas suppiy channel perpendicularly aligned with a longitudinal
axis of the micro-nozzle; a cathode within the gas supply-: channel and an anode external
to the gas supply channel and proximate to the inlet,v SO aé to create a plaSma flow from

20  said gas.

In a third aspect, the invention provides a method of propulsion comprising the steps of:

supplying a gas along a ch.annel;‘ passing said gas across a cathode and an anode so as to



10 I ongi tudi nal axis of the mcro-nozzle; a cathode within the gas supply
channel and an anode external to the gas supply channel and proximte to

t he inl etwo2011286§99 create a plasma flow from sai d gas. rtmsa26amo6ds aspect
the invention provides a mcro-nozzle thruster conprising a mcro- 15
nozzle having an inlet at a first end co-axially aligned gas supply channel
at a first end, and a thruster outlet at a second opposed end; said inlet

in fluid communi cation with a gas, supply channel, said gas .supply.channel
per pendi CTA3IE BIasing YfFRamn Witeeting ﬁatﬂﬂﬁfﬂgﬁ%‘%@ ?3%_%3 Bz %%?gmnéi%l?%ﬁ Hee; a

cat hode wi t-hi-n the gas supply channel and an anode external to the gas
suppl y clehannel, andickigatiogisardtpdasma frame ap anidet of syd agzale create a plasma flow
from 20said gas. In a third aspect, the invention provides a nethod of
propul sion conprising the steps of: supplying a gas al ong a channel;
passi ng sai d-gas across a cathode and an anode 'so as to create -a plasnma
stream ¢ e&ftds@ hintbaPhRpiRicht theAITs b Gitlerfhl ROFF AuRamR@MdhGs iRy to the
channel , and; ejecting said plasma froman outlet of said nozzle. In

cont rast chen o i [.Sat i - ML e

limt St i Sﬁgetdooqt?@esqu‘lﬁ’élg%%#ik(ﬁggg.rqptéliagﬁnﬁrg lCIglertl qg? g%t}eﬁlwceqjﬁf%%gp gf)%ctrllﬁlé ocket and
therefore very high eci fic. inpulses can be.obtained. This es electric
propul si %PPH%/Seang’Fioﬁg‘“?egr ]rglélrémcﬁ GRS PFORYY 19%W§q§§s§1ngﬁ%rn\ke§y g%%tq‘?é reduced
amount - of propellant that needs to be stored. - It is the low thrust and
hi gh spededuitemienisihanks thie redueced ampentaf pranellagl thgngeds te b stored: i nt er est i ng
for-l'ong duration non inpul sive manoeuvres. |n-one enbodinent of the
invention, the thruster may include a resistor to pre-heat the gas. reaching
the-nozzl e or to vaporize a liquid before it reaches the nozzle (resistojet
pr eheat.i ngis the loW thARE andehipe Speet Ry infPalscliBat ks the eiceridaéploptiRbncat hode

t her eby enhancing o
:  10 interesting for long duration non impulsive manoeuvres. -

In one embodiment of the invention, the thruster may include a resistor to pre-heat the
gas reaching the nozzle or to vaporize a liquid before it reaches the nozzle (resistojet
preheating). Further, a resistor may be used to pre-heat the cathode thereby enhancing

15  the release of electrons by thermionic emission (cathode emitter).

In a further embodiment, heat lost through the nozzle walls may be regenerated to pre-

heat the gas flowing to the nozzle (regenerative nozzle).

20 Ina further embodiment, a magﬁetic field inside the nozzle may be produced by
permanent magnets or coils placed outside the nozzle, t(’)fcreate a magnetic confinement
of the plasma in the central portion of the nozzle thereby reducing wall heat losses. In

" the case of the nozzle having a prismatic structure, the nozzle may be inserted in the gap



15t he rel ease of electrons by thermonic em ssion (cathode emtter). In a
further enbodi nent, heat |ost through the nozzle walls may be regenerated
to preheavotha/ye®9fl owi ng to the nozzle (regenerative ROTBIGR)LI/0BAS5SN a
further enbodiment, a magnetic field inside the nozzle may be produced by
per manent nmagnets or coils placed outside the nozzle, to create a nmagnetic
confinenent of the plasnma in the central portion of the nozzle thereby

reduci ng wal | heat |1 osses.. I n the case of, the .nozzl.e havi ng a .prismatic

Str ot ur @F HFAERES SFISGCh, N SFOEPPERl ey RAYE THARALIgSses SRBRIERE IR oy ¢
Such an arrangenent nmay have nmini mal | osses of nmagnetic-flux (magneto

hy drodyndmagnete hydnedymamiy confinementys t her enbodi ment, a combi nation of
magnetic fields and electric fields transversally to the nozzle nay create
a farce that confines and accelerates the plasma through the nozzle. Again,
in the case of a prismatic structure of the micro-fabricated nozzle, such
el ectri ¢ thiaghABerBRiboREn e QendMondERREhEiOfclas atl @edtrioderison faces of the
nozzl e (magneto hydrodynamc thruster). 10 In a further enbodi nent,

magneki ¢ tHnE\l/égs;‘allgﬁ% t%%oa%ggagiﬁ%gglf@ita@tﬁa%&lﬁeg O BERBIARS HE Lfae;fltsr't

ioni-'zed speci rive erent exits areas or to nultiple .
nozzl.es expl.oiti he different_.ratio between s and gl ectrjc charge
oeul £ ngtroRehRrioraf APSa nah it heA BiResR R Bl RS FREC BN s Tor s
(magneto hydrodynam c_distillation). 15 1n a further enpbodipent, a mx of
gases or T9&slessugh glepirigficdds may brnackiievad &y depesitiqnaptialetradesptyiapes qffiect ed to
facilitate ionization, to increase the monentum of the ejected material or
t o produomzzlet(imegmmid hpdrodigpoué threstertoat i ng effect to materials placed in
the ejected stream (plasma torch). 20 In a further enbodinent, the thruster
according to the present invention nmay be a basic cold gas mcro-thruster.
Altgrnapivery,“it may be a Resistojet/Arcjet. Further still, it may be a
Resi 5{00] ah-aMutRé RiHaRR&! Bidnetic fields may be added inside the nozzle to separate

different ionized species and drive them to different exits areas or to multiple nozzles by

exploiting the different ratio between mass and electric charge resulting in different

radius of the p:ath produced by the magnetic fields (magneto hydrodynamic distillation).

.15  In a further embodiment, a mix of gases or gases and liquids or gases and solid particles
may be injected to facilitate ionization, to increase the momentum of the gjected
material or to produce a thermal or deposition coating effect to materials placed in the

ejected stream (plasma torch).

20 In a further embodiment, the thruster according to the present invention may be a basic
cold gas micro-thruster. Alternat_ively, it may be a Resistdj et/Arcjet. Further Still, it may ,

be a Resistoj et-M_ixer/Bipropellant



The efficiency of propellant use in thrusters may depend on the tenperature
of the gas supplied before the expansion nozzle. Such tenperature
correspormie 20t/mbs899ener gy content of the gas per unit ofPCRERS20EMASSICh
energy is converted in speed during the gas expansion along the
conver gent -di vergent shape of the nozzle. Hi gher tenperature nmeans higher
energy and therefore higher speed or nonentumtransferred fromthe gas

| eavi ng the nozzle to the nozzle itself therehy creating.the_.ai ned

b opul o VBSSREGEC OrpuongTamtia it it ey Aebnaian e Rt o Heiser at ur e
conpatible with the storage materials and technol ogi es -and there may be
addi t i onarpriicdbgiorethei axasmsion rpzalehduchf tgmpgratuie cerrespordsde tha @ierdy that can be
transferred to the gas just before the nozzle to raise the gas 10 .

t enper at worteatnaf thdgasgfeoneit biimasdandssuelr erdfrfy iconesried iff kpeedulueng tic gmt e such
transfer can be achieved inside the gas, the less energy will be lost to

t he nozzlegpsidnSlodgtBe @(ﬂn%@nh@ﬁkrgéﬁv&aﬁ)@o%@hbﬂﬂe&ﬁ%ﬁe&&ﬁﬁ@ﬁm}@ by
creating a current through the gas in formof a spark, a discharge arc or

plasmg. The,c HfgﬁeP{ng%ﬁﬁﬁer%@%@i%&%%gﬁ%&f &1 HbABA tﬁ&rsfeyeg rﬂohi‘ﬁleg% zl e

wal I's to m-nimze ermal. maxi mze the transfer to the gas

chi: ) ! b ’ d : ith d
e noz o6 Perost to e MGG BeRpavsari e dradl fEnh Rl Aot er o

where a cathode is inserted in 20 proximity of ‘the nozzle throat that ‘i s
el ect ri caiheygag irited aPIa¥idsd gtk certpppteRIng Rty (comgatitle il the staraget ween

cathode and.anode produces the arc discharge in the gas and 'therefore heats
up t he gasatérfiadswinigtectinobagigs ant.there may be additional energy available in other forms, -

usua_lly electricity that can be transferred to the gas just before the nozzle to raise the gas -

10 temperature and therefore the thruster efficiency.

‘"The more ihtimate such transfer can be achieved inside the gas, the less energy will be -
lost to the nozzle wailé. One of the best ways to provide such energy is by creating a
curreﬁt through the gas in fornj of a spark, a discharge arc or plasma.iThe core of the arc
15  can be sufficiently far from thé nozzle walls to minimizé the thermal losses and
maximize the transfer to the gas reaching temperatures between 5000K and 10000K or

more without damage to the nozzle walls.

This is usually achieved in so-¢alled Arcjet thrusters where a cathodé is inserted in
20 proximity of the nozzle throat that is electrically connectéd as anode. The high voltage
difference betWeen cathode and anode produces the arc discharge in the gas and

therefore heats up the gas flowing through it.



WO 2011/ 096899PCT/ SG2011/ 000055 Basi c Description of Drawings It wll be
convenient to further describe the present invention with respect to the
acconpanywgodreegsngs that illustrate possibl e arrangenmeoTsGad11t0n@ss

i nvention. O her arrangenments of the invention are possible, and
consequently -the particularity of the acconpanying drawings is not to be
under st ood as supersedlng the. generality of the preceding description of

t he'i nve rb) ﬁ{% #éls a detail view of the mcro-nozzle thruster
accordi-ngi cseriptip of RERVINGS 10t he present invention: Figure 2 is a plan
vi ew of the micro-nozzle thruster according to a further enbodi ment of the
present invention; Figures 3A to 3D are sequential views of the

m cro-nozzl e thruster according to Figure 2; 15 Figures 4A and 4B are
el ev at i ofit willdesconkeribrg torifiotier d@sz;nbetltemrmmamvmtmmiﬂng:sp@t  the

accompanying drawings that i_llustrate possible arrangeme_nts of the invention. Other
.5 arrangements éf the invention are possible, and consequeﬁtly the particularity of the
accomjpanying drawings is not fojbe understood as superseding the generality of the

precjeding description of the iﬁ\:/ehtion.

- Figujré lisa détail view of thé 'mic;ro-nozzle thruster according to oné émbodiment of
10 'the ﬁ_resent invention;
Figure 2 is a plan view of the micro-nozzle thruster aCcording to a further embodiment
‘of the present invention;
Figurés 3A to 3D are sequentizil Qiews of the micro-nozzle thruster according to Figure
2;
15  Figures 4A and 4B are elevation views of the micro-nozzle thruster according toa
furthér embodiment of the present invention;
Figures SA and 5B are isometric Qiews of a micro-propulsion system according to a
further embodiment of the present invention;
Figure 6 is an :isometric view c;f a micro-nozzle thruster aséembl'y according to a further
20 embodiment df the present invéﬁtioﬁ;
Figure 7 is an isometric view vo:f a micro-nozzle thruster according to ia further

embodiment of the present invention;

10



further enbodi ment of the present invention; Figures 5A and 5B are

i sonetric views of a mcro-propul sioh systemaccording to a further

enbodi nenwoab1itdeesopr esent i nvention; Figure 6 is an i SOMETSGROMIeWsHf a

m cro-nozzle thruster assenbly according to a further 20 enbodi ment of the
present invention; Figure 7 is an isonmetric view of a mcro-nozzle thruster
according to a further enbodinent of the present invention; Figure 8 is an

i sonetric,_ view.of the inlet area.of a mgro-nozzle thruster senbl

accor di ngﬁglﬁe 13 o IABEUIEBY R hdnist ”F%BF?)F%?%PZﬁﬁWH?tFW?e@é’ure g is a
sectional elevation view of the mcro-nozzle thruster-according to a
further esbwdingdae fothar kmbpdiseahef thapessentdnventipgure 10 is an isometric view
of micro-nozzle thruster assenbly according to a further enbodiment of the
present iRigeaviioa sedtogaireteviiion sie cfeht mimednorzettetstercaceordingab attheher

m cr-o-nozzl e thruster according to a further enbodi nent of the present

i nventi OR¥mbodimenftio¥ HeSrdséni fivéitionsomet ri c view of the micro-nozzle thruster

according to a further 10 enbodi nent of the present invention, and;

- 5 Figufe 101is aﬁ isometric view bf :micro-nozzle thruster assembly according tog a further
embééiment o-f the present invi_e::nt.i,on;
| Flgure  1 lisa éeéﬁohal isomet_ﬁc;\:/ie_w of the micjr”o:-nozzil’ie thruster aécording toa

- , further e;niv‘t;v(:)di:me'nt of the pre.s.er;t; invention; |

Figufé 121is aﬂ isometric view of fhe micro-nozzle thmstér according to a further

10~ embodiment of the present invention, and;
Figure 13 is a sectional elevation view of a co-axial miicro-nozzle aséembly according to

the present invention.

Detailed Description
- 15 |

In describing the invention, an embodiment is shown in Fiéure 1. The invention is

directed to miniaturized arcjets 5 which uses the followiﬁg basic elements:
1. a generally prismatic micro;nozzle 35 which may:be micro-machined using
- techniqués such' as micfrof—litﬁography, Deep Reactive Ion Etching, .Ani).dic

20 Bondihg and Dicing usfin.g substrates 40, 45, suchg as silicon and glass with inlet
25 in the central area of tHe substrate and outlet, or exit, on one of the sides.

2. A gas supply channel 10 made of sﬁbstrates of inéulating material such as

~ ceramic or glass reaching the nozzle inlet perpendicularly to the substrate in

11



Figure 13 is a sectional elevation view of a co-axial mcro-nozzle assenbly
according to the present invention. Detailed Description 15 In descri bing

t he i nverwDanir/@ss9enbodi ment is shown in Figure 1. The PATSGRIOM0I0SS
directed to mniaturized arcjets 5 which uses the follow ng basic el enents:
1. a generally prismatic mcro-nozzle 35 which may be m cro-nmachi ned using
t echni ques such. as micro-lithography, Deep Reactive lon Etching, Anodic

20Bondi ng and Di ci ng,usin ubstrates .40, 4 as si con and gl ass
with inlet 25CPﬁeﬁﬁﬂd%@ﬁP?aﬁHQYQbP3?“?%8I%ﬂ%&F@é?8n%ﬂﬁPéﬁ or exit, on
one of the sides. 2. A gas supply channel 10 nade of substrates of

i nsul ating natsebstAte(Yuch as ceramic or gl ass reaching the nozzle I nl et

per pendi cularly to the substrate in
3. An anode element 20 placed extemally to the gas 'supply channel, but internally

- to the nozzle inlet 25, p0551b1y in the form of an electrically conductmg ring and
‘5 .. . oriented Between the channel and the nozzle throa_t 30;
4. A cathode element 15 ﬁlaced internally to the gas supply channel 10, possibly in

. the form of an electrically conductive tip.

Altérnatively, the whole nozzle can be made of coriductive substrate such as doped

10  silicon and therefore used as electrode, possibly as anode.

“The configuration of cathode internal to anode may be reversed by switching electrical

polarity between the two elements. Multiple anodes and cathédes may also be used.

15  Figure 2 shows a plan view of an iactual micro-nozzle 55 having the gas supply channel
- 75 having a cathode 60 and anods 65 located proximate to the inlet 70, which defines
the arc discharge area. The subsequently formed plasma then passes through the throat |
80 of the micro-nozzle snd through the convergent-divergent micro-ﬁozzle directed to
the sutlet, through whichr the gas is supplied to the,in'let.‘: -Without limiting aﬁd
20 independently from the functisnality of the irivention, ths gas flowing through the arc
between cathode 60 and anode 65 is further ionized and becomes plasma with mainly

positive charge.

12



correspondence of a through hole mcro-machined in one or both the
substrate(s). 3. An anode elenent 20 placed externally to the gas supply
channel , Wwotwimiegomal |y to the nozzle inlet 25, possibl yciscehm/obessn of an
el ectrically conducting ring and oriented between the channel and the
nozzle throat 30; 4. A cathode elenent 15 placed internally to the gas
supply channel 10, possibly in the formof an electrically conductive tip.
Al ternatively, the whole nozzle can b de_ of “conductive subsfrate such as
doped 10&1TthEBIOTGMY RMdRE? BFgatiye el %deeeqr@b&ﬁhsaeéz?ﬁ%%mayvslg Pafi*&aef The
configuration of cathode internal to anode may be reversed by switching

el ect ri caridpotside thg npza et éspaskiblet taduthes peeel eratepuch plpsma tmonihshanekzzbat hodes
may - al so be-used. 15 Figure 2 shows a plan view of an actual m cro-nozzle
55 havi ngo bbtaingsen highpt sxitdpeadadd thiushaeffiigerwycat hode 60 and anode 65

| ocated proximate to the inlet 70, which defines the arc discharge area.
The: subsequently fornmed plasma then passes through the throat 80 of the

m cro-nozzl e and through the convergent-divergent mcro-nozzle directed to

the outl e r augh - whi i WF li-ed tgat.he i/ 1:hout
limt an%aﬂﬁ cf%aﬁﬁ%églg%hgg?#%;e%%%rﬁg? 1?1e ﬁln%??r g%g iatlﬁ?/ 4c|])31f1 k—%heethﬂn&gﬁt ion, the
gas flow ng through the arc between cathod 0:and .anode 65.is.f ‘her
Poni zed atriparensl HSeduie s strnr phaner 106" Mediges woposls Hit o by
pl aci ng a negative el ectrode along the nozzle or a negatively :polarized
gri-d out dibganietpenqyaleAssenhly inclysdss an priention {1 kayang yrexdendedmezdech plasma
through the nozzle to obtain even higher exit speed and thruster
ef f i ci-enehanneheSestasdd pesstthwigh hinsagactiafigd semte i1 35 sitbelectiio fieldponss 4A and
4B. Here the mcro- o
145. Such an arrangement applies a force to the plasma stream so as to maintain the
© 10 | streém within the bore of the npzzle 150 and so avoid heét loss and other frictional loss
through contact with the nozzle faces (walls). By adding a bias voltage to the MEMS
nozzlé, which may be formed of silicon or by adding metallized layers, a repulsive
effect to enhance ion acceleration already inside the divérgent part of the supersonic
nozzle may be achieved. Furthermore, by adding a screeﬁ and acceleration’ gfids outside
15 the nozzle we can create an “electro-dynamic-afterburner” where the plasma already

accelerated in the nozzle can be further electro-statically accelerated to reach very high

specific impulses.

While miniaturization is a clear trend in satellites and spécecraft design, the use of
20 micro-propulsion systems has not been very diffused both for the difficulty to find
suitable systems and the practical way to provide basic attitude control by other

methods such as reaction wheels and magnetorquers.

13



nozzl e assenbly 120 includes a gas supply channel 130 for feeding gas to a
nozzl e 140. The m cro-nozzl e assenbly includes an extension 125 having an
ext ended wozaiesvannel 150 so as to pass through a nmagmetrisG2oiimbessour ce
135 and electric field source 145. Such an arrangenent applies a force to
the plasma streamso as to maintain the 10streamw thin the bore of the
nozzl e 150 and so avoid heat 1oss and other frictional |oss through contact

with the nozzle faces | 1s).. By addi a bias vol e to the M5 nozzl e,
Wi o e &k Sap SSlient of Ml BBadRatt o BB G e U ot ve
effect to enhance ion accel eration already inside the divergent part of the
super soniferpamifie-nogylepesembtty 9%t meuntedierarthruster Bgdyati). de migrornazaleand
acceleration grids outside 15 the nozzle we can create an -

" el ect r o-hdyingnmdalaf, throdi 220 and outhetr28 0 tihforpkd $om asariesdfsubscake?@l, 205 n t he
nozzl e can be further electro-statically accelerated to reach very high

speci fi ¢ 210pPhSHforo- Wil @isPoRitidhed 413ad boaxik 8t @it heges tor 284 supplgat el | i tes and
spacecraft design, the use of. 20 m cro-propul sion systens has not been very

50 S ) DT R i g e o
V\/ﬂe?elf S . ar}ﬁ‘et ‘r:’gaaglqgltb%g %Lfceergnsediate the channel and the m:icro-rilibz'zle. In this particﬁlar o
o _ Coﬁﬁguratibn ;the.'_anode 220 iiszrcf;a?lli'zed from a coﬁductivé rod 235 exftenﬁed ﬁom the v
sid.e:‘ df the ass:embly.
- The,ﬁelatiqnship between the éomponents can be better illlustrated from the sectional
10 eleVa_ti'on.vvieW shown in Figuré 9. Here the micro-nozzlé assembly 245 includes the gas
_supply channel .260 terminating at the inlet 255 of the micro-nozzle 27. A cathode 250 is
‘located within the channel, with a tip of the cathode proxjmate té the inlet 255. An
anode 265 is further positionea proximate to the inlet 255 so as to create a plasma flow
‘ from the gas within an arc discharge area at the inlet. | |
. " ‘
Different orientations éf the mic’rb-nozzle assembly 285, 320 are shown in Figures 11
and 12. in Figure 11, the micfo-nozzle is formed from substrates 305,310 into which
the gas supply channel 315 directs gas. A cathode 311 within the channel is positioned
with a catﬁodé tip 290 proximat%:_ th’e anode 295 for c’ons%erting the gés ﬂow ‘.“?)' plasma,

20 for final gjection through outlet 300.

14



Figures 7 and 8 show detailed views of a further enbodi nrent of the present
invention. Here a mcro-nozzle assenbly 195 is nounted to a thruster body
240. The woeno/mewzl e, having an inlet, throat 225 and ®utrise20@®000s5 f or ned
froma series of substrates 200, 205, 210. The mcro-nozzle is positioned
al ong an axi-s at- right angles to a gas supply channel, with a cathode 215
wi thin the gas supply channel and an anode 220 external to the channel but

i nternedi ate the channel and the micro-nozzle, In this rticul ar
conf i gur AtEHR £ fROBHDAECTONZElE 2REETY, 247 ?‘PBWF%%%WH%F&‘ETF’@ ; Vil theostlet ended

fromthe side of the assenbly. The relationship between the conponents can
be bet t er33DIprerding thedej éqtiomat plaswa de tha sgquistieprenpdsiorowheriedhe wpnsin i n Fi gure
9. Here the mcro-nozzl e assenbly 245 includes the gas -supply channel 260

t er m nat ic@nait 38 H1& dnohulatinp tlefmichenodzte for flezmbeindatich papdsesle 250 i s

| ocated within the channel, with a tip of the cathode proximte to the
inl'et 255. An anode 265 is further positioned proxinate to the inlet 255 so
as to create.a plasma flow fromthe gas within an arc discharge area at the

i nlet _ 15.Di.ffar or VAR @@ m otﬁ}pi L CL O . 285, 320 are
shOva-i n%ﬁ%ﬁrlggﬁ@&sg%gﬁ@g%qjﬁ I g%tre el@-‘%{%gm?hﬂ%%%-%ﬁg 'zl e |;1>s{lc ormed from
substrates .305, 310 i nt.o which. the gas supply .channel 2315 directs gas. A
cat hode. TAGATTITS HAVE Aah Bressiee SaST Eimad th hereis 280 s, 280"
proxi.mate the anode 295 for conyverting the gas flow to plasma, 20for.final
ej ecti on benvesnghe dustatbodp@75 am glid doricasy prsambly andaerasrent-dhgssenmbl y 325
mounted to a thruster 320, with the outlet 330 providing the ejection of
pl asma f embodemere gsingiat@ldiGap ebsfi gmatidranay béenhapeslbyedddiveg vt prédfeaics
encapsul ating the mcro-nozzle for thermal insulation purposes. Figure 10
shows an seutidn\Red aRasgh-FaObr Ripofifiag Whit depdhda ¢h A8 SBATBE Yf péPelat. Clhe
10  same section rhay be further improved to become a micro-arcjet module to further
increase the gas temperature before nozzle expansion -and possibly initiate the
fidnization, In a further embodiment, a double flow unit that can pre-mix two species
before entering the heating section is possible. This is used as colloid thruster or to
achieve heating by the reaction of the two species such as in bipropellant thrusters. In |
15  the Cold-Gas version and for low temperature Resistojet the nozzle is sealed to the

thruster body with a Viton O-ring, while for the high temperature versions it is sealed

with ZrO, ceramic bond that can withstand over 3000 °C.

Embédiments of the Cold-Gas. and Resistojet may have ‘a:lvttended values of nominal

: 20 thrust (i.e. ImN +/- 20uN ) and the expected values of séeciﬁc impulse reaching more
than 50s for the Cold-Gas and up;to 120s for the Resistoj:et. The resistojet has been
successfully tested as vaporizing fthruster with various liquids thereby confirming the

potential of Véry high Av.
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includes a mcro-valve and a pressure sensor and has the nozzle 280

sandwi ched between the thruster body 275 and a |lid for easy assenbly and

r epl acemawo.20Mim6t9bodi nent usi ng a Col d- Gas confi gur at iPGR/SGag11e00shhanced
by adding a pre-heater section used as warmgas or vaporizing unit
dependi ng on the choice of propellant. The 10 sane section may be further

i nproved to becone a micro-arcjet nodule to further .increase the gas
tenperature before nozzl e expansi on and possibly initiate the ionization.
In a further enbodi ment, a double flow unit that can pre-m x two species
before entering the heating section is possible. This is used as colloid
thruster or to achieve heating by the reaction of the two species such as
in bipropellant thrusters. In 15 the Col d-Gas version-and for ‘| ow

t enper at @ias idReztvnonatbetdehienod by menss efoaiustdined spark in theuwrele abradpivent h a
Viton O-ring, while for the high tenperature versions it is sealed with

Zr 02 cer g $ndipdige 6ibé cleaiodd dapsh eHechroyet hu@heitation moddleli reasohablolow he
Col.d-Gas and Resistojet may have attended val ues of nom nal 20 thrust (i.e.
| N +5- 2@1}5@@ %F@eé@@&e@weéc@ssw ﬁ?ﬁc@uséﬂﬁﬁ% %lo@v diSeHal S chifBghi ng nore
than 50s for-the | d-Gas and up“to 120s for the Resistojet. The resistojet
has been:successfully te - as pPoLiZi N \SEer W t 3 | i qui ds

t her eby @8]??1?}(6%{3&?' lr% a%%é” %(i%o?gﬁ?%o“gfan\(}gflﬁn %it% ?ﬁl%‘vf& A&g@ %&ﬁ‘.ﬁéﬁ%ﬁﬁﬁ may be
achi eved by neans of a _sustajned spark in t ozzl e afea. ven the smal
si ze of t%S‘éFé’éthSH’eh‘ﬁgw ?321?‘{47_6‘“& gements ‘é‘(ﬁg ﬁ‘@ﬂ?ﬁ % faile] i 3P8 M ©as0nabl y

| ow voltages are expected to be necessary. In fact sustaining glow

di schar gd90¢am.be achieved with as |ow as 200V to 400V and 0. 1mA to 8mA for
Argon-at atnospheric pressure on mcro-hollow cat hode arrangenents wth
hol es varying from 200 gmto 1000 gm 10 The sustained arc discharge wl|
produce the heating of the propellant gas with beneficial effect on the
specijhi € THERU SRR didtBarge Wil ?Edcmae e Heh@n@thvbiopaliitighs Watht hen expl oi t ed
by :-t-he accel eration potential to -further increase the specific inpulse.

Typi cal  SRALk: 1 SRRE A HE Spefitt NG URSLUE AL 300K A8EnE 8% %W hich will be then

exploited by the acceleration pbt'ential to further increase the specific impulse. Typical -

spark temperature can be between 3000K and 5000K.

15  The invention méy be illustrated in Figures 3A to 3D, which show a sequential view of
arc ignition inside a ﬁicro-nozzle 90 assembled according to the Arclet configuration.
The chosen micro-nozzle 90 has 50m x 100m of throat cross section for 10mN of
nominal thrust at 6bar supply éf Nitrogen in Cold-Gas configuration. While N, was
supplied 95 at 3bar with exhaﬁsf in atmosphere (1bar), ighition 100, 105, 115' of the arc

20 has happened at about 1000V with stainless steel electrodes with 200m gap; éurrent was
limitea at 30mA with the power supply available for the experiment arid it stabilized
around 15mA during stable sustained arc. Given the high intensity of the arc, we expect

to be able to keep it stable at current in the order of SmA to 10mA and with a more

16



15 The invention may be illustrated in Figures 3A to 3D, which show a
sequential view of arc ignition inside a mcro-nozzle 90 assenbl ed

accor di ngvoaotimmesawclet configurati on. The chosen m cr oPooAsGRe 1H00088S 50m X
100m of throat cross section for 10nmN of nomi nal thrust at 6bar supply of
Ni trogen in-Col d-Gas configuration. Wiile N2 was supplied 95 at 3bar with
exhaust in atnmosphere (lbar), jlgnltl on 100, 105, 115 of the arc 20 has
happened at ;aboyt 11000 th stainl ess steel ele des wi.th 200m gap;
et B BB SO £ HHE B e SLE 5 AR HETCABPUE ho
experinment and it stabilized around 15mA during stable sustained arc. G ven
t he  hi gh 50AVeéherefoye kiepingethe pxe poner exibe order of awgm the tadaliposisTi t st abl e at
current in the order. of 5mA to 10mA and with a nore precise and optimn sed
el ect r odeequariiegtsrteldvo h0Wewsl padhinion bewaddupplyefficiekcyadf S@bout 500V

t herefore keeping the arc power in.the order of 5Wand the total power
requirenents bel ow 10Wwi th a mni num power . supply efficiency of 50% -The
degree of ionization 4 dependence on the tenperature is described by the
Saha- V\hl ﬁgﬁfﬁj F th'the

i deal gasﬁ1ré d\/\klfeg%g (%l?za%?% lﬂeﬁér{%%%ée;ér}%tg ;Ec étgrﬁggq% ﬁ| nt egtg21 XM -

m Cr o- prchoul si on devi ces (p<lObar, 10 T<20000K) A.nodest, but suffici ent
degree of 3g8ﬁ|az“ét| on can be expected, in the order of 1E-6 to 1E-5, which
corresponds . to a_pJ_as.ma_d.ensHy ni =6E17 to 6E18 ions per cubic neter,
conpar abl e or- |n] ‘ggsg of...what obtained in mniaturized ion thr usters at
JPL (48). 15 Fur gﬁl) acee'ﬁéﬁratl on and focusing: of the ionized flowis

achl eved fby—ﬁea s——e‘f——ve-l—t—age

Which, if h'o is calculated from-pressure and temperature with the ideal gas law, can be
-pIOt in the praetical range of interest for micro-propulsioh devices (p<10bar,

10  T<20000K).

A modest, but sufficient degree of ionizatioﬁ can be expécted, in the order of 1E-6 to
l'E-S, which corresponds to a plasma density fli=6E1 7 to 6E18 ions per cubic meter,
comparable or in excess of what obtained in miniaturized ion thrusters at JPL (48).,

15  Further acceleration and focusing of the ionized flow is achieved by means of voltage
applied to the shield and accelerator grid placed outside the supersonie nozzle.
-For the ion acceleration preiiminary design, the Voitage variation along the nozzle will -
be obtained by the mono-dimeneieﬁal integration of the equation of energy c‘onservation

and second Maxwell equation:

1 1 2
o Emu + g, = const = Emug +q¢,

a6 g

dx? g
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applied to the shield and accel erator grid placed outside the supersonic
nozzl e. For the ion acceleration prelimnary design, the voltage variation
al ong t hewoaamlmesawl | be obt ai ned by the nono-di nensi onaCTisSckegroatoisdon of
t he equation of energy conservation and second Maxwel | equation: 20 -2 7=2
+ (g5x = const = - d2rtE |l cix2E O Wich rearranged will give the idea
performance of the electrostatic t hruster (24) a0 ao m-& One further

aspect t e consi de he neutral ed beam

ej ect ed éeaﬁfi‘P% @ﬂl h’§ @ﬁt‘ Perlﬁ%n%@ﬁ?g b’fi{%%&%tbc tgﬁﬁleézt bde enitter
pl aced in przflnaty of the nozzle exit.

o IW=——E=Q_H —(¢‘A dc) - |

Qg Lg

One further aspect to be consrdered will be the neutrahzatlon of the ionized beam
o 5 ¢ ected by the thruster This w111 be achieved by a second cathode emitter placed in

prox1m1ty of the nozzle exit.

| The:micro-nozzles may be manufactured by Deep-Reactivve Ion Etching (D-RIE) on 4 or
8 1nch s111con wafers patterned by UV- 11thography, anodlcally bonded on borosrhcate
: 10 glass and prec1sely diced with d1amond saw. Such process guarantees profile and depth
..tolerances as low as 1um for optlmal reproducibility of nozzle performances and

efficiency.

Figures 5A, 5B and 6, show the micro-fabricated components such as nozzles 160, 180,
15  sensors, valves, etc. assembled in the precisely machined subsystems modules 155, 165

with larger machined components such as the propellanttank, mechanical interface

frames, electronic board supports to obtain the complete:micro-propulsion' system which

is easily integrated in the spacecraft.

20  Figure 13 shows an alternative micro-nozzle assembly 340 having a gas supply channel
co-axially arranged with the micro-nozzle, so as to provide a greater gas supply, and
consequently a greater plasma flow. As with the perpendicularly arranged micro-nozzle

‘assembly, a cathode 345 is pro\%ided within the gas supply channel, having a cathode tip

18



The m cro-nozzles may be manufactured by Deep-Reactive lon Etching (DRI E)
on 4 or 8 inch silicon wafers, patterned by UV-lithography, anodically
bonded onwbaepnpgioksesat e 10 gl ass and preci sely diced witipctisgnongosasv. Such
process guarantees profile and depth tolerances as low as lumfor optinma
reproduci bility of nozzle performances and efficiency. Figures 5A, 5B and
6, show the mcro-fabricated conponents such as nozzles 160, 180,

15sensorsg, val ves, etc. led. in the eci sel y. machi ned subsystens
il oo 388 Prowsmate AN PO H B ks the ARHAR SC DisRBe ATt BRORBE | ant
tank, mechanical interface frames, electronic board supports to obtain the
conpl et e 345 of theprispunesizien Thy &araved pidsea 379 ivthen pigcicd fwgt eagicronezzle
spacecraft. 20 Figure 13 shows -an alternative m cro-nozzle assenbly 340
havi ng a tlgasglsthephietc¥¥annel co-axially arranged with the nicro-nozzle, so
as to . provide a. greater gas supply, and consequently a greater plasna flow
As wi-th the perpendicularly arranged mnicro-nozzle assenbly, a cathode 345
is provided wi thin the gas supply channel’, -having a cathode tip 360

roxi pat g-t.o--an. . Al ; t ' .S one at
Phe i B et nsaneRRPaRSsathly 8o GPeRAQDINEAY HRHHE s8] Groileafipplidru 010 8
fromthe m cro-nozzl e _.throu the,outl et ,375. The cro-nozzl e senbly 340
of CH gur dhesall s e F e B Qi ot atitRissl Fom bR CRRALEsERy 505 of
Figure 12 through coarse adjustnment fromthe co-axial_ assenbly and fine
adj ust mesnd fin ﬁglﬁlﬁ@leﬂéﬁﬁ@ﬁlil? perpendiculaty yraead a§§@hb1 of Fgurgildure 12.

A ai nms:
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1. A mcro-nozzle thruster conprising a mcro-nozzle having an inlet at a
first end perpendicularly aligned gas supply channel at a first end, and a
t hrust er wotbatosstova second opposed end; said inlet in Pcwisd2earmmss cati on
with a gas supply channel, said gas supply channel perpendicularly aligned
with a |ongitudinal axis of the mcro-nozzle;, a cathode within the gas
supply channel and an anode external to the gas supply channel and
proximate to the inlet, so as to create a plasma flow fromsaid gas. 2.
The micr &A1 e thruster according to claim1, wherein the micro-nozzle is
prismatic 3. The mcro-nozzle thruster according to claim1l1 or 2,
wherein the mcro-nozzle is 15m cro-nmachi ned using any one or a conbination
of :--m'cro-1lithography, Deep Reactive lon Etching, Anodic Bonding and
Dicing. 4. Ahdcroimudentiongstbecdniprisitger according to any one of clains 1 to
3, wherein the gas- supply channel made of substrates of insulating material
' nCJi U.dvl Ng. as ' GEhRM-foe R @Sinlet at a first end perpendicularly aligned gas supply ‘
- 5 L channel at a first end, and a thruster outlet at a second opposed end;
: said iniet in fluid communication with a gas supply channel, said gas supply

channel perpendicularly aligned with a longitudinal axis of the micro-nozzle;

a cathode within the gas supply channel and an anode external to the gas supply

| channel and proximate io'fhe inlet, so as to create a plasma flow from said gas.

2. The micro-nozzle thruster according to claim 1, wherein the micro-nozzle is

prismatic

3. The micro-nozzle thruster according to claim 1 or 2, wherein the micro-nozzle is
15 micro-machined using any one or a combination of: micro-lithography, Deep

Reactive lon Etching, Anodic Bonding and Dicing.
4. The micro-nozzle thruster according to any one of claims 1 to 3, wherein the gas

supply channel made of substrates of insulating material including as ceramic or

20 glass.

20



5. The m cro-nozzle thruster according to any one of clainms 1 to 4, further
i ncluding an electrode |located within said mcro-nozzle internedi ate the

i nl et andwoOhlpugvess9out | et, for accel erating the generat @0TSIGASITA0GEDW. 6.
The m cro-nozzle thruster according to any one of clains 1 to 4, further
including a negatively polarized grid | ocated external to said

m cro-nozzle, for accelerating the generated plasma fl ow. The

m cro-nozzl g thruster according to gny one of clai.ns t0.6,, wherein the
Toanode ef cirentia Bigap OB sriBe ) ars Steet oS5 ornfidthehore. 8. The
m cro-nozzle thruster according to any one of clains 1 tg 7, wherein the
anode i ncl udedndding ae elepteedel lgcateshwitein; saig micrynese Wigragdial theinken t he
channel and a throat of said nozzle. 15 9. The nmicro-nozzle thruster
accordi ng to angtlmsendutlet, dommcdletating thevgeaemied fldseactawiode i ncl udes an

el ectrically conductive tip. = . . 10. The m.cro-nozzle thruster
according to any one of clains'1l to 9, wherein said 20cathode is proxinate
to the inlet. 11. The micro-nozzle thruster according to any one of clains
L to 40, T UL NG olibfel iR Ailef alcdtdihe ROS1 drioE s § RpaciaR@S] | of
pre-heating the gas.- .- The mcro-n zznl\e thruster according to any
one of ‘clains.l.to 11, further .includi,n resi st.or:- poesi.ti oned proximte to
The cat hoae. T dretifag AnsptheD oSy iEk Bl SHRHTN RS b TGN Ra  or
according to any one of clains 1 to 12, further including a conductive

el enent posi t i6¢rderating be getsraied rlas@adlorz| e and the channel such that heat

| ost ‘through the nozzle walls is regenerated by directing said heat to gas
wi thi-n the channel. o ' . ' '

7. The micrﬁ)-nozzle-thruster according to any one of claims 1 to 6, wherein the

: fjv 10 o ~-anode element is posifibnéd internally to the nozzle inlet hole.

8. The micro-nozzle thruster according to any one of claims 1 to 7, wherein the
anode includes an electrically conducting ring and oriented between the channel
~ and a throat of said nozzle.

15

9. The micro-nozzle thruster according to any one of claims 1 to 8, wherein the
cathode includes an electrically conductive tip.
10. The_micro-nozzle thrustér according to any one of claims 1 to 9, wherein said -
: 20 cathode is proximate to the inlet.

11. The micro-nozzle thruster according to any one of claims 1 to 10, further

- including a resistor positioned in the channel for pre-heating the gas.
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10 14. The m cro-nozzle thruster according to any one of clains 1 to 13,
further including a nagnetic field source positioned so as to generate said
magnet i ¢ woebd/ossg9bi n t he nozzle, said nmagnetic field apcarsgedi1t00003seate a
magneti c confinenent of the plasma in a central portion of the nozzle so as
to reduce wall 15heat |osses. 15. The mcro-nozzle thruster according to
claim 14, wherein said source for the magnetic field includes permnent
magnets or coils placed outside the nozzle. 2016. The mcro-nozzle thruster
according to claim14 further including an electric field source positioned
to provide a conbination of nmagnetic fields and electric fields

t ransver sal 13 Tihe milgeo-merzle thruster aecording faanyeong of gadias 4 ¢o Ebrfpither and
accelerate the plasma through the nozzle. = 17. The micro-nozzle thruster
accordi-ng to .dhduding 6 resihermishionad grozimat t thefchthbde foo preskeating thides

el ectrodes positioned within faces of the nozzle. 18. The nicro-nozzle
thruster accorgihdgeto any one of claims 1.to 17, further including a
particle supply directed to said inlet such that a mix of said gas and
partigles. 19. The nmicro-nozzle thruster according to claim 18, wherein
said particle supply includes providing a flow.of solid and/or l'i quid

artlcles
P , 13. The mlcro-nozzle thruster ‘accordlng to any one of claims 1 to 12, further

y including a conductive Zelcinent positioned intermédiate the nozzle and the

cﬁannd such that heat‘lio.s.t through the nozzle walgls is regenerated By directing
- said héat to gas withiﬁ thé channel.
10 . |

14. The micro-nozzle thrustef accbrding to any one of claims 1 to 13, fqrfher
including a magnetic ﬁeld source positioned so aé to generate said magnetic
field within the nozzle, said magnetic ﬁeld arranged to create a magnetic
confinement of the plasma in a central portion of the nozzle so as t6 reduce wall

15 heat losses.

15. The micro-nozzle thruster according to claim 14, wherein said-source for the

magnetic field includes pérmanent magnets or coils placed outside the nozzle.

20 16. The micro-nozzle thruster according to claim 14 further including an electric
field source positioned to provide a combination of magnetic fields and electric
fields transversally to the nozzle so as to create a force to confine and accelerate

the plélsma through the nozzle.
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20. A mcro-nozzle thruster conprising a mcro-nozzle having an inlet at a

first end co-axially aligned gas supply channel at a first end, and a

t hrust er WObE096899a second opposed end; 15said inlet i RCTISGReI1/000055

conmuni cation with a gas supply channel, said gas supply channel

perpendi cularly aligned with a |ongitudinal axis of the mcro-nozzle; a

cathode within the gas supply channel and an anode external to the gas

supply channel and proximate to the inlet, so as to create a plasm fl ow

fromsaid gas. 2021. A nethod of propul sion conprising the steps of:

suppl-yi ng a_?as al.ong a channel passi ng aid gas across a cathode and an

anode so as!T dhemagroenagzls thstsr agcoeding Od‘ilﬁlgbtqgﬁtdleseaﬁlélaléle%% figld eam al ong a

nozzI e perpendl cular to the channel, and; - '
' source includes electrodes pos1t10ned within faces of the nozzle.

5 18. The micre-nozzle thruster :according to any one of claims 1 to 17, further
including a-particle supply directed to said inlet sﬁch that a mix of said gas and

particles.

; 19The micro-nozzle thruster according to claim 18, wherein said particle supply

10 includes providing a flow of solid and/or liquid particles.

20. A micro-r_lozzle thruster comprising
a rnicro-nozzle having an inlet at a first end co-axially aligned gas supply
channel at a first end, and a thruster outlet at a second opposed end;
15 said inlet in fluid communication with a gas supply channel, said gas supply
channel perpendicularly eligned with a longitudinal axis of the micro-nozzle;
a cattled.e within the gas supply channel and an arlode external to the gas supply

channel and proximate to the inlet, so as to create a plasma flow from said gas.

.20 21. A method of propulsion comprising the steps of: -
supplying a gas along a channel
- passing said gas across a cathode and an anode so as to create a plasma stream;

. directrng said plasma stream along a nozzle perpendicular to the channel, and;
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ejecting said plasma froman outlet of said nozzle.

WO 2011/096899 PCT/SG2011/000055

ejecting said plasma from an outlet of said nozzle.
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