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A Introduction:

I What is a Colloid Propulsi@ystem

I Why is it useful

I The difference between Colloid and FEEPS propulsion
A Electrospray Physics

I Maxwell stress and surface tension

i A brief history

I Modes of electrospray

I Scaling laws: a driver in specific charge

A Alternative System Concepts
I Porous systems and external wetting
I Internal flows and capillary emitters
I Comparison

A Conclusions
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What is Colloid Propulsion?

lons

A Direct charging from the liquid
phase of ions or droplets

Neutralization

A Negativeand positive propellant
species can be generated from the
same source

Why is it useful (advantages)?

A Liquid propellant=> Simple)
propellant handling

A lonization efficiency inot scale
dependent=x) low thrust g
CubeSath ISA); ii) Scalable thrust

A Bipolar operation uses all propellant
propulsively => high efficiency

Colloid and FEEPS?
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Schematic typical of most electrostatic electric
propulsion systems
A A source of ions
L A An electric field

A A method of ensuring plasma neutrality

A Both based on electrbydrodynamic atomization but FEEPS requires additional neutralization
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Propulsion systems: key parameters:

Thruster System parameters
1. Thrust"Y & 8o M, Spacecrafmass
g Surface gravity acceleration
. . V, Exhaust velocity
2. Specific ImpulseO & Propellant masfow rate

M. Mass after fuel burn

Mission T, Propulsion system burn time
1. Total Impulse’Oda n 6 a i A wQo Electric propulsion parameters

_ : ' q Charge on ionized species
2. DeltaV. 3w wd& {_] m  Mass of charged species

_ _ U Effective accelerating potential
For Electrostatic propulsion

Exhaust velocity is found from balance of potential energy of the charge species

and kinetic energy after acceleration w /—8

0 o0 [
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Electrospray physics:
The lonization source

~ o Ve ~ V4

Pantancet al J. Aerosol S&5,1065 (1994)

Electrospray can generate either ionisions and charged droplets just charged droplets hence
t Colloid propulsion
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Continuous electrospray: the stable Cowlet
R

1]

/ The transition regign
- T T T~ wherein charge eqpilibrium
- ~
0 57 6 — c.E, c.fEs may not be assumed and
1 it ,3:\ \ electrostatic shear |
L / 2 () X accelerates fluid |
aplie SO C
c( d
anilla _ nterachor

Lhetween! st
char"ge and electric
High \Voltage field

A Analysis and modelling of electrospray process generally based on the- Taylor

Melcher leaky dielectric model * although frequent adoption of simplification
such as perfect conductivity in fluid.

* SavilleD. A. Electrohydrodynamicghe TaylofMelcher leaky dielectric modeAnnu Rev. Fluid Mech., 1997, 29,84
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Jets and Charged Jets: a historical perspective

First published work on charged jets wagAbbeNolletA Y mMT n Y 0 NBI |
to tiny subjets
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Lenard P 188Ann. Phys. CherB0209

Jets are always unstabje
Firstdetailed work by Plateau and Lorffs
Rayleighwho identified the breakup is
driven by the growth rate of théastest
growing instability frequently called
the RayleigkPlateau Instability

Image Here the fastest growing

Nollet A 174Recherches Sur les Causes

Particuleregles instability is the axisymmetri¢aricose
CP;hefD_ome‘nesEdbctriques(Paris: le§re res instability. Rayleigl1891Nature 44
o 249354
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Early systematic study of electrified jets/ electrospray waZdlgnyl1915, 1917

Fig. 3.

Oscillations of meniscus during intermittent discharge.

ZelenyPhysical Review 1914, 1917

JOHN ZELENY,

Figure 3 above captures the main mode®lefictrospraywithout the advantages of modern
high speed, high resolution imaging systems!
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Quiescent modes

Dripping Meniscus: Semi-spherical.
— Drop: simple spherical
{with trailing thread or sibling).

Microdripping Meniscus: cone/hemispherical.
Dirop: small, simple spherncal

(in some cases with trailing/leading thread).
fal

Spindle Meniscus: cone/semi-sphencal.
Drop: elongated fragment of
g liguid (spindle) (with trailing thread).

Electric field increasing

v U
Evolution during spindle mode

T

All imagescurtesy H Xia

Continuous Modes

Cone-jet Meniscus: cone (linear, concave, convex, skewed)
Jet: simple straight linear.
Y
Muliyet Meniscus: flat, with small cones on the rim.
Jet: linear, multiple.
1
I, Ramified-jet Meniscus: cone.
% Jet: linear, ramified in random directions.
E
.ﬂ

v Cone jet MuHjeet Whipping jet

4

PhD thesis QMUL 2018
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Scaling Laws:

The relationship between spray currdrdand flow rateQ : this depends on thenode

Colloid Thrusters:

A Stable operation require€onejet % [X enhanced dripping Multi-jet— 160
mode +transitlicm region C ) { 1 140
A Accepted scaling law is that b3 -EE;'E::;” onejet < .
associated withFernandezle la % o multijet ’ <
Moraz: ¢ o7 | —emitter current Pulsatio ] mDE..
‘o 0" ! a0 %
Hence: oo
{40 E
oo [To [P .,,
a U d {2
U Low flow rates for high 15 m— - . : : 0
0 05 1 15 2 25 3 35

performance
U System typically has low thrust

extractor voltage, kV

Recent result showing influence of voltage on all modes

2Fernandez de la Mora Roscertales.Fluid electrospra§/

Mech. (1994) 260, 15484

[ Queen Wy

'Ryanret al ApplPhysLetts104, 084101 (2014

Y Queen ey
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Scaling Lawspnt)

The scaling laws also identify an approximate value for the minimum stable flow rate
for a fluid of density having a conductivity surface tensiofi and permittivity-
for an electrospray system F

0 -

U For high performance a high conductivity liquid is required

AS5Aa020SNBR (KIFIGi gAGK SEGNBYSte& KAIK
contain substantial fraction of pure (molecular) iagshigh iconicity

A Suitable liquids identified dsnic Liquidgas they combine high conductivity and
verylow vapour pressure (no evaporation in space). A typical ligid BE
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Example behaviour*: ENBF, averageflow rate vs spray current in vacuum
Note: Flow rate controlled by voltage alone

1000 0.45
900 - * Spray Current . Z 104
A Flow Rate
500 1 . 10.35
700 - ¢ A
< A 103 &
= 600 - A 2
§ 500 | A + 0.25 O_‘
5 [
3 | . +0.2 §
> 400 A -
& 200 . 4 7015 2 . :
] . : lon emitting regime:
200 1 ' ) - 104 significantly higher emission
100 - éf o +0.05 current than expected from
0 7 YN ’ | | | 0 scaling law
2 5 3 35 4 4.5

Applied Voltage, Vapp [kV]

* Stark et aB87h HeraeusSeminar Statics and Dynamics of Electrified Liquids: Droplets, Cones &
Jets 2007
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Colloid Thruster Implications
A Theaverage specific charge is

dependent upon the operating
conditions, such as voltage and any
upstream pressure

A Specific charge is dominated by the

need to maintain a stable flow at very
low flow rate

A This requires a system with high

hydraulic impedance

Options:

1.

An externally wetted needle or a
porous needle

[ S SO0 A scans o Sample s (1500 o e oranae 250207 it
a=3.569341°

< m/z=111.18

9h?rged Droplets

. AI\IMW
1400 16

200 400 600 800 1000 1200

™
00 1800 2000 2200 2400 2600 2800 3000 3200

2. Internal capillary flow with high roplet spectrum: <m/z> ~ 8000
impedance such as achieved with /91 '
high aspect ratio (length/diameter)
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Colloid system realizations
Option 1: Externally wetted/shaped porous needle

A This development has been led by MIT who work Bitisek_td and have spin
out companyAccionSystems Ltd

Basic concept: porous emitter structure
Pore size gradient capillarity self wetting

Structure of emitter shape critical

Produce very high iconicity

Do Po Do Do Io

Single electrode structure to achielsp

Fig. 1 Electrospray principle with charged particle extraction from
menisci on top of porous emitter structures.

Krejciet al J. Spacecraft & Rockets 2017
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Option 1: Externally wetted/shaped poronsedle ¢ont)

Extractor grid: voltage
will control extraction
conditions andsp

Porous needle array

Krejciet al J. Spacecraft & Rockets 2017
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Option 1: Externally wetted/shaped porous needle (cont.)

Busekdesign for 100uN

In this design a dual grid is
used: higher flow
rate/lower specific charge

—Particle beam

i W—Accel. grid
Formation of needle tip shape is i — O G
critical to operation: the tip can TVoun Taylor cone
have pores at different angles A
beam divergence
Emitter

Porous needle with pore size /

gradient to use capillarity to
feed the needle

Flow regulation

-Propellant reservoir
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Colloid systenrealizations
Option 2: Internally wetted capillary system

A Approach has been led by QMUL group

A Capillary flow leads to higher flow rate and lower specific charge than in the porous
systems

U Require dual electrode system to achidsp Acclerator Electrospray

electrode
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Internallywetted capillarysystem ¢ont)

A In this realization the emitters are
manufactured in silicon using deep reactive ion
etching techniques

A Major challenge achieving the high hydraulic
impedance simply through the capillary aspect
ratio

Images from research carried out under FP7
Programme

Ryan et al IEPC 208327 (2013)
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