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Abstract: A thrust balance characterization of a low poweredQuad Confinement
Thruster is presented for high levels of propellantflow. The nominal flow rate for this
device is between 1sccm and 2sccm of Xenon propalia This study extends the operating
range, and investigates the performance at two higfiow conditions of 10sccm and 20sccm.
Power is varied incrementally between 20W and 200Wn order to characterize the
performance versus power trends of the device. Ivas found that for these high flow
regimes the propellant is underutilized, and a proprtion of the increased thrust can likely
be attributed to a hot gas expansion of the neutraKenon rather than the generation of
additional accelerated ions. The thrust was incresed from 1mN (nominal) to 3.3mN at
200W of input power for the 20sccm condition. Howeer, the performance penalty in terms
of the specific impulse was considerable. The spic impulse under these conditions
dropped below 200s, where the nominal condition i9000s. A compromise between
increased thrust and decreased performance was fodrat 10sccm of flow: 3mN of thrust at
300s specific impulse.

Nomenclature

magnetic field strength

electric field strength

force measured by the thrust stand

gravity of earth

length of the pendulum arm suspending the cdldmaveight
mass of the calibration weight

horizontal displacement distance of the calibratveight

m§_© mmWm
L | A | R T T AT |

! Lecturer, Surrey Space Centre, email: a.knoll@suac.uk

2 Research Student, Surrey Space Centre, emaihphtai@surrey.ac.uk

% Professor, Surrey Space Centre, email: v.lappas@sac.uk

* Senior Propulsion Engineer, Propulsion Group, Emapollard@sstl.co.uk

® ENS Electric Propulsion Engineering Team Leaderlectic Propulsion Department, email:
paolo.bianco@astrium.eads.net

1
The 33st International Electric Propulsion ConfecenThe George Washington University, USA
October 6 — 10, 2013



I. Introduction

HE Quad Confinement Thruster (QCT) is =

new concept in electric propulsion with a ke Magnet A
benefit of being able to vector the direction
thrust without the use of moving components. T
principle of operation is similar to a Hall Effec
Thruster (HET). A magnetic field is impose
between an anode and an external hollow cath Magnet D Magnet B
neutralizer. An electric field is sustained acrtiss S N
magnetic barrier, which acts to accelerate a be S N
of ions from the device. Thrust vectoring
accomplished by manipulating the topology of tl
imposed magnetic field barrier, which is formed |
a quadrupole arrangement of eight electromagr N S
spaced around the periphery of the thrust N S
Previous experiments have shown a thn
vectoring capability of approximately 11 degre:
off of the thruster axis (22 degree total angu
range) The magnetic topology for ¢
symmetrically imposed field is illustrated in Fi.

Although a relative newcomer in the field ¢
electric propulsion (invented in 2009), the QCT h Magnet C

been receiving much commercial interest afjgure 1. Magnetic field topology for the Quad

support leading to a rapid progression of tconfinement Thruster.
technology. A joint program is currently underway

between the Surrey Space Centre (SSC), SurreyligafBéchnology Ltd. (SSTL), and Astrium to designd
qualify a flight version of the 200W thruster. Thigzaper presents the results of experimental thhetince
measurements of the 200W QCT device over an exterategge of high flow rates. Previous thrust measents
have focused on optimizing the specific impulsehsf device at low powefs. The emphasis on achieving high
specific impulse has steered previous experimentié direction of low flow rates. However, a waoff exists
between specific impulse and the thrust to powo.raDuring certain phases of a mission, satedligdity can be a
higher priority than propellant utilization. Th#tudy considers higher mass flow rates aimed atimiaixg the
thrust to power ratio of the device. These expents are conducted in the SSC propulsion testitiacising a lab
model design that closely matches the flight md@@€IT-200 under development at SSTL (see Fig. 2)e ddta
gathered in this study provides valuable insigtd the performance of the QCT operating in highvflegimes, and
whether these modes of operation should be corsidburing a flight campaign.

Figure 2. 200W Flight Model QCT-200.
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II.  Experimental Setup

A. Thruster

The thruster investigated in this study is a 20@MY !
model that was designed and constructed within
SSC. This device is referred to internally as @@€T-
Il. A cut-away view of the QCT-Il is shown in Fi§. oo HE o
The acceleration channel is constructed of Bol
Nitride ceramic and has a square cross section \ e Hollow
dimensions 35mm x 35mm x 55mm. The anode B Cathode
made of Tantalum and has a square cross sectibnaw Electromagnet
25mm side length. A

The magnetic field extends the full axial length 1
the acceleration channel, and is produced usingte = o
electromagnets arranged into four quadrants asrsiow Propellant %/} 7 __h
Fig. 1. The topology of the magnetic field is egidly Gas é4 e
a quadrupole, with the field focused into four custeed I Anode
using soft iron rails. Aluminum wire, rather tha \
copper, was selected for the electromagnets inrdode
reduce the mass of the device. Since the stresfgtie
magnetic field varies as a function of positionhiitthe ﬁ_‘
channel, the magnetic field referenced in experise —
refers to the magnitude as measured in the coffreo ]
acceleration channel. For all of the experimel
undertaken in this study, a magnetic field strength
250 Gauss was used.

Hollow Cathode Gas Feed

\{\'§x
Iy

et

Electromagnet

A hollow cathode is used to neutralize the outgoi A -
ion beam and provide an electron current to sustan
discharge. The hollow cathode used for this stweg Figure 3. Cross section of the QCT-IL.

developed and constructed internally within SS@ ian

the same design as the hollow cathode being flomn

the TechDemoSat (TDS) missidnXenon is used as propellant for the QCT-II aslwslthe supply gas for the
hollow cathode.

Unlike the Hall Effect Thruster, the ExB drift ofeetrons does not form a closed path. The direatity of the
ExB drift is illustrated in Fig. 4. Electrons adeawn to the center of the channel along the hat@glane, and
expelled to the channel walls along the verticahpl This brings both an advantage and disadvamtetpe device.
The disadvantage is that the open drift of elecianits the efficiency of the thruster. Howevieecause electrons
are being drawn to the center of the channel wtherg have a clear path to the anode, the operatiltgge tends to
be significantly lower than other EP alternativd$ie QCT typically runs at anode voltages lowentfi@V. This is
a significant advantage when considering the desfgime power supply electronics because the anottage is

ExB D

Figure 4. ExB electron drift orientation in the channel of the QCT.
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Figure 5. QCT-II plus power and control electronicsboard.

relatively close to the spacecraft bus voltagee &lectronics can therefore be lighter, smalled, more efficient.
An Engineering Model (EM) version of the power slypgnd control electronics are shown alongsideQT -1 in

Fig. 5. These electronics provide the power amirobfor the anode, electromagnets, and two redohtollow
cathodes.

B. Thrust Stand and Vacuum Facility

Thrust measurements were collected using the S86ttktand shown schematically in Fig. 6. Thisis
inverted pendulum design, which displaces horidbntader an applied force. The displacement issneed using
a commercial laser displacement sensor (Micro-Bpsihodel ILD 1700-2), which operates over a 2mngeanThe
laser sensor is fixed to a rigid base while therddarget is suspended from the moving platfornie $SC thrust
stand has been used for a number of previous empetal campaigits and has a precision of approximately
+0.1mN.

Thruster

Pulley

Flexures

Calibration weight

Laser Laser
target displacement
sensor
Figure 6. Schematic of the SSC thrust stand.
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The thrust stand is calibrated prior to ea

experiment by displacing a 5g mass by a fixed dista 100
The horizontal force applied to the thrust stand ba 1 scem
determined geometrically by -
s *
1“-s T 10 sccm

whereF is the horizontal component of foram,is the & P
mass of the calibration weiglg,is the gravity of earth, £ ____Q...-O)-(--Q;'G‘;o":’ A
s is the horizontal displacement distance of t 8 4o} -
calibration weight, andl is the length of the pendulun 2 20 scem
thread suspending the weight. <

The large SSC vacuum chamber (Daedalus) \ 20}
used for these experiments. This is a cylindneasel
with a diameter of 2.5m and a length of 3.5m. TI
vacuum chamber uses two pumps operated in pare 00 3 5 n )

a cryogenic and turbomolecular pump with a combir
capacity of 12,000 liters per second (air). Theun
chamber reaches a pressure of mid T@rr without
propellant flow, and mid I® Torr while experiments
are in progress.

2
Anode Current (A)

Figure 7. Anode voltage versus current at 1, 10, @0
sccm flow rates.

"I, Results

Three propellant flow rates were considered is #iidy: 1sccm, 10sccm, and 20sccm of Xenon piangellThe
10sccm and 20sccm conditions represent signifigahiyher flow rates than previously investigatedrior
experiments have focused on flow rates up to 6sedmere the performance of the thruster is knowbetigher?
The 1sccm condition represents the baseline pediocsof the thruster, and was also included ingtidy in order
to compare directly between the high and low flegimes.

The current and voltage characteristics of the Q@Tprovided in Fig. 7 for the three flow conditso For the
1sccm flow rate, the voltage increases in proportithe square of the current. For the 10sccim flte there is a
slow linear increase in voltage with increasingrent, and for the 20sccm flow rate the voltage dastant for
currents up to 4A.

4 y y : g 1200
3.5/ 20 sccm | ]
X 10001
3 .
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Figure 8. Thrust versus anode power at 1, 10, and2 Figure 9. Specific impulse versus anode power at 10,
sccm flow rates. and 20 sccm flow rates.
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The thrust and specific impulse of the device a
function of anode power are provided in Fig. 8 &c 250
respectively. We can observe a difference in 1 sccm
behavior of the thruster between the high and low f
rate conditions. For the 1sccm flow rate the thri 200
plateaus, whereas for the 10sccm and 20sc
conditions the thrust continues to increase linead
to 200W. Consequently, for higher levels of power
can achieve a significant increase in the levehafist
produced by moving to 10sccm of propellant floy
However, for flow rates higher than 10sccm, tl - 10 scem
increase in thrust is far smaller: only a 17% iaseein 5 | *—"% = sl
thrust is achieved at 200W by increasing the ptapel 50l _ O g """ < %% |

" : ) - X
flow to 20sccm. Examining the increase in thrt oTX X 20 sccm
between the 10sccm and 20sccm conditions, we X
see a roughly uniform increase of approximate 0 ; . : :
0.5mN. This compares to a cold gas contributioemfr 0 50 100 150 200
Xenon alone that is approximately 0.2mN per 10sc Anode Power (W)
of flow. Therefore, the increase in thrust maglkbe
accounted for by a hot gas expansion of the nev Figure 10. Power to thrust ratio versus anode powe
Xenon propellant and points to the fact that t at 1, 10, and 20 sccm flow rates.
propellant is being underutilized in high flow rewgs.

The trade-off between the thruster performancepaogellant flow rate can be further examined bysidering
the power to thrust ratio for the three flow comatis (see Fig. 10). The improvement in the powehtust ratio is
significant when increasing the flow rate from 11® sccm: at 100W of anode power we can see aroiement
of 45%. However, when increasing the flow fromdda to 20sccm we can only achieve a further impro of
18%, which is likely outweighed by the relative dease in the specific impulse.

150}

100¢

Power/Thrust (W/mN)

V. Conclusion

The purpose of this study was to establish whetieQCT device could be run off-design, with higleels of
propellant flow, for occasions during satellite ogg@®n where the requirements for increased thoustveigh the
demand for effective propellant utilization. Famgparison, we considered a nominal QCT operatirigt jpd 1000s
specific impulse, 75W of power, 1mN of thrust, drsttcm of propellant flow.

The findings of this study clearly show that thefpemance of the QCT is highest with low propelldiotw
rates. However, some improvement to the thrustbeaachieved by increasing the flow rate to 10sc@ime thrust
was found to increase from 1mN to 3mN at 200W sedpbower. Unfortunately, this gain in thrust féset by a
reduction in specific impulse from 1000s to 30@sfurther increase to the flow from 10sccm to 2@sagesulted in
only a marginal increase in the thrust (up to 3.3naxd a further decrease in the specific imputetofv 200s). It
is likely that for these higher levels of flow tipeopellant is being underutilized, and the increladwust can be
attributed to a hot gas expansion of the neutraoXepropellant rather than the production of addai accelerated
ions.
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