10

15

- 20

WO 2011/096899 PCT/SG2011/000055

A MICRO-NOZZLE THRUSTER

Field_ of the Invention

The i'n?’ention relates to micro- aﬁd nano-satellites, and in particular, thrusters for the

maneuvering of said satellites.
Background

Sateliités and épacecrafts miniémﬁzation is a recognized it’rénd covering the whole range
of spacf:e'mis'sions”from simplel ﬁniversity missions designed by students to sophiSFicated
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.

Bestdes such scientific missioﬁs, ‘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

become common as soon as rocket plane launches will be offered on regular basis.

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

arranged in piggyback fashion whereby the largest cost of the launch is paidvby_'a very
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big satellite and the nano or microeatellite are taken in an orbit and with a schedule

. wh’ich are not necessarily the optimal for their needs and interests. The space tourism
technclcgieé devel.oped By the “N'ew Space” entrepreneurs will enable' weekly or daily -
= .regular launches from Spaceports d1str1buted all over the wor]d In this way the full

: potentlal of micro and nano- satelhtes will be finally avallable poss1b1y having extremely

short time missions, launched on demand and with hardwa‘re of very low cost.

_The usual deﬁmtlon of satelhte ‘sizes cla551ﬁes Mlcrosatelhtes between 10kg and 100kg,

- - Nano satelhtes between lkg and 10kg and Pico- satellltes below lkg
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Ambng the nano-satellites the Cubesat ranges from 1kg tc 3 kg with a nominal cross
section of 100mm x 100mm and nominal length between SOIﬁm and 350mm. Thie
standard, introduced by Stanford University and California Polytechnic is extremely
important because of the use of .a- standardized deployment system called P-Pod (5)
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 deployinent
system. Various commercial Venfures are e{/en promoting satellites of 750g, of
cylindrical shape, called “Tubesats”, for US$ 8000 launch included on very Low Earth

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_ilsion systems which in combination with other subsystems
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miniaturization efforts will allow the use of micro and nano-satellites for missions

- comparable to.the more conventional and larger spacecrafts ones.

A challenge for achieving a smiall thrust is to do it efficiently in order to have the best

~ use of the limited amount of propéllant available on bb'ard; This as well as thrusters

efﬁci'enéies_ have to cope with the fnission requirements of spaceéraft velocity change

AV. -

Geﬁéﬁﬂly ‘s:pca;ki:n‘g a list of tyf)icél manoeuvres with an iﬁdication of AV ranges'fro;rl is: a
. ';Fl:réirvisfer to pianetary traj éctdry (3600 to 400d m/s) .

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

. P.lane change (100 ~ 1000 m/é)

e Orbit risiﬁg, drag make—uﬁ, controlled rc-entry (50 ~ il 500 m/s)
. Orbit maintenance and attitudc control (10 ~ 100 m/s per year)

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

To this end, for a nano-satellite, _the standard desi gn perfdrmance expected may fall
within the following param'eters:‘
-+ Thrust between 500puN énd 500mN;
*  Minimum AV 10m/s; -
. Averégé AV 100m/s (ihcludes orbit injection cofrection, acquisitiqn and
maintenance), up to 2}()‘Orvn/ s if including dé—orbit{hg; |

¢ ‘Maximum AV 2000 m/s (including Moon, transfers or orbit cﬁhanges);

3
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 Dry mass budget 1kg (ﬁossibly 400g);
. Propel_lant mass budget 3kg;

Tank size max 200mm'diémeter'

- Power budget max 10W average 2~3W;

. j 1 DoF for hrgh AV, 3DoF for low AV, 6DoF for moderate AV, uN for attrtude

control.

Smce low thrust propulsion systems have become avallable few decades ago, we have

v learned how to beneﬁt from continuous-thrust manoeuvres instead of impulsive

manoeuvres. Thls 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
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 the five main groups of elements: mass storage and supply,
electric storage and supply, thermodyna.mic acceleration of the propellant, ‘propellant
ionization,:propellant electrical acceleration. The various combination of such elements
create the different propulsion system which all have. the common goal to produce the
highest possible momentum of the ejected propellant with the smellest possible use of

propellant mass and electric power.
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Chemlcal propuléion systems derive their energy from the chemical energy content of

the propellant Wthh is endo- therm1cally heated or, in addltron to 1t electro- thermally
' heated leadmg to the achlevement of propellant exit ve1001ty which depends on the

achlevable propellant temperatUre (24).

o 2y P =
Vg = ft-iﬂfw 1- (‘Fﬁ) Y ‘v
AY : € |

'C#' __ (V+1x }C?ﬂ}f(,},‘__l‘) R_T? :

The temperature achievable by the propellant is ultimately limited by the combustion
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 end formation flight with distribnted sensore, communication networking,
assenrbly of larger structures in Space, maintenance of larger ~spacecrafts, de-orbiting,
Moon exploration and others. While many laboratories worldwide are studying and
prototyping systems based on_Various principles, there are very few examples of micro
and nano-s'atellites carrying arniero-propulsion unit. Furthermore, such rlnits are
generally lirnitecl toa micro-propulsion payload end do n'ot perform a primary mission
requirement. This is clearly due to the modest performanees of the systems available to

create a new micro-propulsion system really miniaturized in all its components
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- providing sufficient Thrust, Spéciﬁc Impulse and Efficient use of the limited available

100

15

20

poWer;and storage volume and m_ass budget.
Summary of Invention :

In a first as?ect, the inventi_bn provides a micro-nozzle thfuster comprising a micro-
noz:z‘_lei having :é.n: inlet ata ﬁrstger:ld perpendicularly élign'g::d gas supply channel at a first
end, Ea;jld a thruster outlet at a sjéc;)ndvopposed end; said iﬁiet in fluid c’omm-urvlicationv
with;a: gas supply channel, saijd: gaé supply channel perpeﬁdicﬁlarly aﬁgned with a
longiﬁldinal aiis of the micro-nozzle; a cathode within thé gas supply chaﬁnel 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 provides a mfcro-npzzle thruster comprising a micro-
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 epposed 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 ) aé to create a plaSma flow from

said gaé.

In a third aspect, the invention provides 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
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create .ﬁa'pla'sm'a:t stfeam; directing said plasma stream along a nozzle perpendi_’culér to the

channel, and; ejecting said pla'sinéj from an outlet of said nozzle.”

In contrast to chemical propuléioh; there is no material tempera’aire limitation to the
speed of ions leaving an electric propulsion rocket and thérefore very high specific
impulsés can be obtained. This makes electric propulsion interesting for very high AV

requiréments thanks to the red_ﬁccd amount of propellant that needs to be stored. .

. Itisthe low ih_rﬁ's't’and high specific impulse that in'akes the électrical propulsioh

10

15

20

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

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).

In a further embodiment, a ma@etic field inside the nozzle may be produced by
permanent magnets or coils placed outside the nozzle, to create a magnetic confinement

of the plasma in the central pdrtiOn 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
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of a magnetic circuit. Such an arrangement may have minimal losses of magretic flux

_ (magneto hydfbdynamic conﬁn:ement).

In a further embodiment, a combiﬁation of magnetic fields and electric fields
transversally to the nozzle may create a force that coﬂﬁnes and accelerates the plasma

through 'th‘e"nozzzlc. Again, in the case of a prismatic struc':_fure of the micro-fabricated

hoZ‘zlc:;,jESuch elecﬁ‘ic fields ma'y b_é achieved by-dcvpositio_n of electrodes on faces of the

_ nozz}lé -(mégneto hydrodynamié thi'uster).

In a further embodiment, magnetic 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 path produced by the magnetic fields (magneto hydrodynamic distillation).

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

ejected stream (plasma torch).

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

bea Resistojet-Mixer/Bipropellant
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The efﬁciéncyiof propellanf usé in thrusters may depend ﬁQn the temperature of the gas

supplied before the expansion noiZle. Such temperature corresponds to the energy

‘content Qf the gas per unit of rh»as:sf and such energy is converted in speed duriﬁg the gas

expahsion alohg fhe convergenf—(:ifvergént shape‘ of the ndzzle. Higher temperature

means higher énergy and thereforé higher speed or m‘omefn‘tum transférred »ﬁéfn the gasv
leaving ‘the‘nobzzle to the nozzlé ifself thereby creating thé aimed propulsive ¢ffect.

The gas is. s'torted: ér provided at a certain temperaﬁlre corﬁ;iatiblev with the Stérage
r.nafe‘r:i:alis' ahd techﬁologiés ancjiffl.iére may vbe additional e;iergy availalrlnle.int oic:}vlbe'rbfonns,v »
usuélly elecﬁ*icity that can vbe &aﬁSféned to the gais just before thé nozzlé to rais‘e the gas

temperature and therefore the thruster efficiency.

The more iﬁtimate such transfgr 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
curreht through the gas in fonﬁ of a spark, a discharge arc or plasma.tThe core of the arc
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
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.
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Basic Description of Drawings |

It will‘.'be‘: Canénient to f’urther &es:cﬁbe thé present invenfion with respect to the
accofnpanying drawings that illuStrate pbssible arrangem:e:nts of the invention. Other
arrangenients éf the invention are i)ossible, and conse’querélt'ly the particularity of the
accofmjpanyingg drawings is not _fojbe understood as supcrééding the génerality of the

precjeding description of the iﬁ\:/ehtion.

Figure 1 is a detail view of the micro-nozzle thruster according to one embodiment of

‘the present 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 sequcntiail views of the micro-nozzle thruster according to Figure
2;

Figures 4A and 4B are elevation _Views of the micro-nozzle thruster according toa
furthér embodiment of the present invention;

Figures 5A and 5B are isometric \./iews of a micro-propulsion system according to a
further embodiment of the present invention;

Figure 6 is an :isometric view éf a micro-nozzle thruster aséembly according to a further
embodiment df the present invéﬁtioﬁ;

Figure 7 is an isometric view df a micro-nozzle thruster according to ia further

embodiment of the present invention;

10
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Figt‘lre-‘ 8 is aﬁ igsometric view of the ivnlet area of a mi’cro-ﬁ'ozzle thrustjer‘ assembiy
according to a further embodiment of the present invention;

Figur.e: 9is absecti'()nal elevatio:n Viéw of the micro-nozzle’fthrustef accérding:; to a further
embodiment of the present invenfion;

Figu:fe ‘lb is an isometric view (:)f:micro-nozzle thruster aésembly accdrding to; a further

embodiment of the present invention;

- Figure 11 is a sectional isomet_n'c:ﬁe_w of the niic'ro_-nozzil:jc thruster a¢cording toa

B furthcf embodiment of the present invention;

10

- 15

20

Figure 12 is an isometric view of the micro-nozzle thruster according to a further
embodiment of the present invention, and;
Figure 13 is a sectional elevation view of a co-axial micro-nozzle assembly according to

the present invention.
Detailed Description

In describing the invention, an embodiment is shown in Fiéure 1. The invention is
directed to miniaturized arcjets 5 which uses the followmg basic elements: |
1. a generally prismatic micro-nozzle 35 which mayvbe micro-machined using
. techniqués suchvas micfroi—lithography, Deep Reactive Ion Etching, Anodic
Bondihg and Dicing usfin.g substrates 40, 45, suchz as silicon and glass §vith 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
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corresﬁondence ofa through hole micro-machined in one or both the -
' .sub.strafe(s).
3 An anode element 20 placed externally to thé gas supply channel, but internally
| ‘to the nozzle inlet 25, bbssibly ih the form of an electrically cénducting ring and
oriented between the c}iaﬁnel and the nozzie throé_t 30; |
4 A cvathode‘element 15 Ela‘ced internally to the‘ gas i:supplyv channel 10, possibly in

- the form of an electrically conductive tip.

Altématively, the whole nozzle can be made of conductive substrate such as doped

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 cathodes may also be used.

Figure 2 shows a plan view of an :actual micro-nozzle 55 having the gas supply channel

- 75 having a cathode 60 and anode 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 ;'md through the convergent-divergent micro-ﬁozzle directed to
the butlet, through which’ the gas is supplied to the»in'let.:'Without limiting aﬁd
independently from the functiénality of the invention, thé gas flowing through the arc
between cathode 60 and anode 65 is further ionized and becomes plasma with mainly

positive charge.

12



10

15

20

WO 2011/096899 PCT/SG2011/000055

Furthermore, by placing a negative electrode along the nozzle ora negatively polarized

gnd outs1de the nozzle it is poss1b1e to further accelerate such plasma through the nozzle

to obtam even hlgher exit speed and thruster efficiency.

One embod1ment of this arrangement is shown in Flgures 4A and 4B. Here the micro-

nozzle assembly 120 mcludes a gas supply channel 130 for feeding gas to a nozzle 140. - -

_ The mlcro nozzle assembly 1ncludes an extension 125 havmg an extended nozzle

chann'el 150 so as to pass through a magnetic field source 135 and electric field source
145. Such an arrangement appl_‘iejs}a force to the plasma stream so as to maintain the
stream within the bore of the nozzle 150 and so avoid heat loss and other frictional loss
through contact with thenozzle faces (walls). By adding a bias voltage to the MEMS
nozzle, which may be formed of silicon or by adding metallized layers, a repulsive
effect to enhance jon acceleration already inside the divergent part of the supersonic -
nozzle may be achieved. Furthermore, by adding a screen and acceleration'grids outside
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 spac.ecraft design, the use of
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
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Figures 7 and 8 show detailed Vich of a further embodiment of the presenf invention.

Here a micfo-hozzle assembly 195 is mounted to a thrustér body 240. The ‘m_icro—nozzle,

. havi_ng an inlet, throat 225 and:outlet 230 is formed from Ea series of substrates 200, 205,

21 0 The micro-nozzle is positioned along an éxié_ at right angles'to a gas shpply

éhéﬁﬁe], with a cathode 215 within the gas supply channel and an anode 220 external to

" the channel but intermediate t_he channel and the micro-rionzle. In this part_icular

‘ éonﬁguration :th'e:_anode 220 is realized from a coﬁductivé rod 235 extended from the -

sidé. df the assembly.

- The‘r‘elatiqnship between the components can be better illustrated from the sectional

elevation vieW shown in Figure 9. Here the micro-nozzle assembly 245 includes the gas

_supply channel 260 terminating at the inlet 255 of the micro-nozzle 27. A cathode 250 is

Jocated within the channel, with a tip of the cathode proximate to the inlet 255. An

anode 265 is further positioned 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 6f 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 catﬁode tip 290 proximaté_ th‘e anode 295 for cOnicrting the gés ﬂow té plasrha,

for final ejection through outlet 300.

14
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Figufe 12 shows a micro-nozZl§ éSsembly 325 mounted to a thruster 320, with the outlet
330 providing the ejection of pla$ma for the requisite prqpulsion where the upper

element 335 is encapsulating the micro-nozzle for thermal insulation purposes.

Figﬁré 10 .showsz an further erﬁbddiment of the micro-nozzle assembly 270 which

includes a micro-valve and a pfessure sensor and has the nozzle 280 sandwiched

, betweeh the thrus‘ter body 275 and a lid for easy assembly and replacement. The

embodiment using a Cold-Gas configuration may be enhanced by adding a pre-heater
section used as warm-gas or vapoﬁzing unit depending on the choice of propellant. The
samé section may be further imprpved to become a micro-arcjet module to further

increase the gas temperature before nozzle expansion-and possibly initiate the

: idnizétion._ 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
achieye heating by the reaction of the two species such as iﬁ bipropellant thrustefs. In
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.

Embédimenté of the Cold-Gas. and Resistojet may have ‘eilttended values of nominal
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 thruster with various liquids thereby confirming the

potential of Véry high Av.

15
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Gas ionization may be achieved by means of a sustained spark in the nozzle area. Given

the small size of the electrode gap in the arc-jet augmentation module, reasonably low
voltages are expected to be necessary In fact sustaining glow dlscharges can be
achleved w1th as. low as 200V to 4OOV and 0. lmA to 8mA for Argon at atmosphenc

pressure on mlcro-hollow cathode arrangements with holes varying from 200 pm to

11000 um.

The :sustain_ed arc discharge will produce the heating of t}ie propellant gas with
beneficial effect on the specific impulse and the ionization of the gas which will be then
exploited by the acceleration potential to further increase the specific impulse. Typical

spark temperature can be between 3000K and 5000K.

The invention may be illustrated in Figures 3A to 3D, which show a sequential view of
arc ignition inside a dlicro-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 of Nitrogen in Cold-Gas configuration. While N, was
supplied 95 at 3bar with exhaost: in atmosphere (1bar), ighition 100, 105, 11:5' of the arc
has happened at about 1000V with stainless steel electrodes with 200m gap; .current was
limited at 30mA with the power supply available for the experiment ard 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 5SmA to 10mA and with a more

16
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precise and optimised electrode donﬁguration we expect to be able to work at about
500V therefore keeping the arc power in the order of 5W and the total power

requirements below 10W with a minimum power supply éfﬁciency of 50%.

The ».dé'gree of iioh_ization 13 deﬁéndence on the temp’eratufé is described by the Saha-

Eggért-law:' '
i R -
e Lo 3 3 Ug; . .
(2mk ‘riewr

. h2

Which, if n 1s calculated from pressure and temperature with the ideal gas law, can be
-pldt in the praétical range of interest for micro—propﬁlsioh devices (p<10bar,

T<20000K).

A modest, but sufficient degree of ionizatioﬁ can be expéctcd, in the order of 1E-6 to
lVE-S, which corresponds to a plasma density ﬁi=6El 7 to 6E18 ions per cubic meter,
comparable or in excess of what obtained in miniaturized ion thrusters at JPL (48)..
Further acceleration and focusing of the ionized flow is achieved by means of voltage
applied to the shiéld and accelerator grid placed outside the supersonié nozzle.

-For the ion acceleration préiiminary design, the vdltage variation along the nozzle will -
be obtained by the mono-dimenéibﬁal integration of the équation of énergy conservation

and second Maxwell equation:
1 1
Em;u. + g@, = const = Emug‘ + ¢,

@6 _ ng

ax? " &
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Which rearranged will give thé ideal performance of the electrostatic thruster (24):

u 1 g q :
O Y . .
I_?p aﬂ ﬂu _ 2”1 «.@’A ‘ ¢'C) .

Oné;ﬁlrther aspect to be consideréd will be the neutralizafion of the ionized beam
ejec’tcd'By the;thruster. This will be achieved by a s'econd; cathode emitter pléced in

proximity of the nozzle exit.

| Thefmicrb-no_zzlcs may be manufactured by Dcep-Reactivve Ion Etching (D-RIE) on 4 or

8 1nch silicTohiwafers, patterned by UV-lithography, anodically bonded on borosilicate

glassvand precisely diced with diamond saw. Such process guarantees profile and depth

tolerances as low as 1ym for opﬁmal réproducibility of nozzle performances and

efficiency.

Figures 5A, 5B and 6, show the ‘micro-fabricated componénts such as nozzles 160, 180,
sensors, valves, etc. assembled in the precisely machined subsystéms modules 155, 165
with larger machined components such as the propellant tank, mechanical interface
frames, electronic board suppérts to obtain the complete:micro-propulsion' system which

is easily integrated in the spacecraft.

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 prp\%ided within the gas supply channel, having a cathode tip

18
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360 proximate to an anode 350, which together define an arc discharge zone at the inlet

355 of the micro-nozzle. The formed plasma 370 is then ejected from the micro-nozzle
. throﬁgh the ou?tlet 375.
The ni"i'cvro-nozzle assemblj340 of Figure 13 may therefQ'ré be used cooperatively with

the éssembly 325 of Figure 12 thfbugh coarse adjustment:from the co-axial assembly

and ﬁne' édjustrnent from the perpendicularly arranged assembly of Figure 12.

19
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Claims:

vl‘. . ‘A rﬁicr_o-nozzle fhruste;:r: c_dmprising
. a rﬁicré-nozzle havingién;inlet ét a first end -perpéﬁdicularly aligned geis supply

- : 5. B channel at a first end, and a thruster outletjiat a secf'o'nd oppoéed eﬂd; -

: 'éa'id inlet in fluid communication with a gas supply channel, said gas supply
channel pérpendiculariy él;gned with a longitudinal axis of the micro-nozzle;

a catho_de within the gas éﬁpply channel and an anode external to the gas supply

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

| o |

| 2. The micro-nozzle thmster 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 Ion 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.
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5.

The micro-nozzle thruster according to any one of claims 1 to 4, further

including an electrode located within said micro-nozzle intermediate the: inlet

: ' and thruster Outlét, for.accelerating the genéréted _plasma flow.

.. The micro-nozzle thruster vaccording to any one of claims 1 to 4, further

: including a negatively polarized grid located external to said micro-nozzle, for

accelefating the generated plasma flow.

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

~-anode element is posiﬁbnéd internally to the nozzle inlet hole.

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.

10.

11.

The micro-nozzle thruster according to any one of claims 1 to 8, wherein the

cathode includes an electricélly conductive tip.

The micro-nozzle thruster according to any one of claims 1 to 9, wherein said -

cathode is proximate to the inlet.

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.

21



10

15

- 20

WO 2011/096899 PCT/SG2011/000055

12,

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

- inclﬁdihg a resistor positioned proximate to:the caihode for pre-heating the

g :E,cathod'e.

13.

The micro-nozzle thruster according to any one of claims 1 to 12, further

- including a conductive element positioned intermediate the nozzle and the

channe_él such that heat. Iost through the nozzle walls is regenerated By directing

~ said heat to gas within the channel.

14.

15.

16.

The micro-nozzle thrustef accbrding to any one of claims 1 to 13, fqﬁher
including a magnetic ﬁeld source positioned so aé to generate said magnetic
field within the nozzle, said magnetic ﬁeld arrangéd to create a magnetic
confinement of the plasma in a central portion of the nozzle so as t<’) reduce wall

heat losses.

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

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

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 plasma through the nozzle.
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17.

The micro-nozzle thruStef according to claim. 16, Wherein said electric field

o 'sou‘rcegincludes electrodes positioned within faces‘i of the nozzle.

8.

‘The micrgj-nozzle thmsfef iaccording 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

19

paﬂiclés.

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

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

20.

21.

A micro-nozzle thruster comprising

a ﬁicro-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 supply
channel perpendiculaﬂy éligned with a longitudinal axis of the micro-nozzle;

a catildd.e within the gés supply channel and an aﬁode external to thé gas supply

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

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;

. directing said plasma stream along a nozzle perpendicular to the channel, and;
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ejecting said plasma from an outlet of said nozzle.
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