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A B S T R A C T

A Hall Effect Thruster propelled by water vapour is investigated at the Imperial Plasma Propulsion Laboratory.
For that purpose, a water vapour feed system is designed, optimized and tested, with the major objective of
keeping water in vapour state at all times. This system primarily consists of a mass flow controller, a flow
restrictor, and a heating and pressure monitor system capable of identifying under which conditions water
condensation occurs. A hanging pendulum thrust balance is used to measure the thrust on the power range
of 𝑃𝑑 = 600–1600 W. Different magnetic field strengths and mass flows are investigated to determine the
conditions in which the highest efficiency can be achieved. Then, a comparison between water vapour and
oxygen (intended to be the propellant of a water electrolysis Hall Effect Thruster) is included. The results show
that oxygen is approximately 20% more efficient than water vapour under the same operating conditions.
Overall, the highest thrust measurement recorded with water vapour was 20.0 ± 0.2 mN; with a specific
impulse of 2039 ± 20 s and an anode efficiency of 12.5 ± 0.3% at the largest discharge power of investigation
(𝑃𝑑 = 1600 ± 1 W).
1. Introduction

Since the first space programmes in the 1960s, Electric Propul-
sion (EP) technologies have been widely used to propel spacecraft
in space [1]. Not surprisingly, the extensive international research
efforts in this technology have resulted in very sophisticated and ef-
ficient methods for moving any kind of space vehicle. From high
power Gridded Ion Engines (GIE) and Hall Effect Thrusters (HETs) to
miniaturized electrospray devices, the EP market has revolutionized the
space sector and influenced the global population. Within this variety
of technologies, HETs are strategically placed in Geostationary Orbits
(GEOs) and mainly selected for telecommunications missions where
the EP subsystem is in charge of different operations, such as North-
South Station Keeping (NSSK), East West Station Keeping (EWSK) or
momentum management [2]. In fact, 70% of space propulsion systems
for GEOs mission use HETs [3].

Water propulsion stands out as a promising choice for EP devices
and specially HETs, featuring several traits which can make them
competitive compared to the state of the art HETs (which use xenon as
a propellant in the majority of the cases). Some of them are their low
price, non-toxicity, ease of handling and the presence in the vicinities of
the Solar System, which can unlock future In-Situ Resource Utilization
(ISRU) missions [4]. As an example, the Moon could be used as a
fuelling station by extracting water from its surface. which is then used
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as a propellant to visit other planets. This strategy will alleviate the
high cost of transporting propellant from Earth, enhancing the mission
objectives. These future asteroid, rendezvous or planetary exploration
missions will require high specific impulse (𝐼𝑠𝑝) thrusters, which is
something commonly granted by utilizing lightweight propellants (like
water). At the same time, the synergies of water with other subsystems,
such as thermal management, life support systems in manned mis-
sions or inertia distribution enable hybrid architectures which no other
propellant can [5]. Even more importantly: water is environmentally
friendly, and its use does not compromise the Earth, favouring the
sustainability of the space sector.

On the contrary, although xenon is sometimes referred to as a
green propellant when compared to hydrazine, the high environmental
carbon footprint of the processes used to generate it makes it far from
a green propellant. This is mainly due to the low concentration of
xenon on the Earth which makes its extraction and purification a very
difficult and energy intensive process [6]. Previous studies on the same
topic have calculated that just the extraction of xenon from a Primary
Krypton Concentrate (a mix obtained after some other processes of
air purification) can need up to 4353 kWhs per each kg of xenon
produced [5,7]. An analysis based on greenhouse gas reports estimates
that producing this amount generates just over 1000 kg of CO2 [8]. Its
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high price and associated volatility [9,10] also create a strong economic
barrier for small companies which want to play a role in the electric
propulsion field [11].

Looking to tackle these problems and make use of its benefits, the
prospects of water as an alternative propellant in the community of
EP, (and more specifically, in HETs) are encouraging for medium-term
space mission. Within water propulsion HETs, two different alternatives
are conceptualized: water vapour and water electrolysis.

1.1. Water electrolysis (oxygen and hydrogen)

In water electrolysis HETs propulsion, it is proposed that an elec-
trolyzer onboard of the spacecraft could separate water into oxygen
(propellant used for the thruster) and hydrogen (for the cathode). The
exploration of the thruster working with oxygen has been the focus of
several years of experimentation at the Imperial College London Plasma
Propulsion Laboratory (IPPL). There, several systematic studies have
explored the computational [12] and experimental performance of a
Water Electrolysis Hall Effect Thruster under diverse magnetic field
configurations, mass flows and discharge chamber axial lengths [11,
13,14]. All the lessons learnt from these experiments are considered
when testing under the new conditions presented in this paper, using
water vapour.

1.2. Water vapour

In water vapour HETs, direct water in the gaseous phase would be
fed into the thruster. Because of that, water vapour technologies do
not need an electrolyzer on board of the spacecraft, which signifies
less mass, volume and complexity penalties. In the literature, water
vapour has been investigated for other types of EP systems, such as
Helicon Thrusters [15], Electrodeless ECR thrusters [16,17] and Ion
Thrusters [18,19]; although no profound study has yet been carried out
in HETs.

Using this research, it is possible to bring deeper insights into water
vapour HETs technology and to compare them against water electroly-
sis HETs, using the lessons learnt over the last years of experimentation
working with these technologies.

Section 2 gives an overview of the hardware used for the experimen-
tal investigation: facilities, thruster, thrust balance (see Fig. 1), water
feed system and water condensation control system. Section 3 compares
the physical properties of water vapour and oxygen, considering their
respective reactive model and their collisional cross-section. Section 4
shows the results of the water vapour tests (mass flow dependence,
magnetic field dependence and power dependence compared to oxy-
gen). In Section 5, a trade-off analysis between water vapour and
water electrolysis is performed, based on the lessons learnt from the
experimentation and previous analyses. Making use of all of this, it is
possible to study which technology might be more suitable depending
on the space mission requirements. Lastly, Section 6 gives the final
remarks, discussions and future work of this technology.

2. Materials and methods

2.1. Testing facilities

The experimental campaigns were carried out at the Boltzmann
vacuum chamber facilities of the IPPL. Three vacuum stages allowed
to have vacuum levels in the order of 10−5 mbar during operation,
conditions which are maintained throughout all the tests. More infor-
mation about these vacuum pumps is available in previous work [14]).
Appendix shows the schematic setup of these systems in the laboratory.
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Fig. 1. The laboratory HET and cathode mounted in the thrust balance at IPPL vacuum
chamber facilities.

2.2. Laboratory HET

The HET used for the experimentation is shown in Fig. 1. In related
investigations, this HET is known as the Water Electrolysis Hall Effect
Thruster (the WET-HET ), making reference to a HET optimized to work
with molecular propellants such as oxygen (see Section 1.1) [11,13,14].
The mechanical and thermal properties of the thruster can be found
in previous work of A. Schwertheim [20]. In this paper, this thruster
is used to conduct water vapour experiments. The idea is to replicate
the same setup as with water electrolysis testing, such that a fair com-
parison between oxygen and water vapour can be conducted. To start
with, previous research on this thruster experimentally demonstrated
that, for molecular propellants, longer channels do not improve the
performance of the thruster [14]. The best performing case was found
with a channel length of around 13 mm, and therefore this geometrical
parameter is fixed throughout all testing campaigns. These studies also
found the most suitable ceramic wall material (a Boron Nitride Silicon
compound BNSiO2 Grade M26), due to its low secondary electron
emission (SEE) and hydrophobic characteristics, with help to absorb
moisture from water vapour (either from oxygen and hydrogen coming
from the water electrolyzer itself, or for the water vapour feed in this
case) [14]. The anode material is made of stainless steel, as tungsten,
despite its good thermal properties, was found to develop an oxidation
layer when in contact with the oxygen plasma, preventing long-term
testing [14]. With this fixed geometrical configuration, it is possible to
determine the quantity of water vapor particles injected per second per
anode area for two distinct mass flow rates (0.7 𝑚𝑔∕𝑠 and 1.0 𝑚𝑔∕𝑠, as
presented in Table 1 for a comprehensive compilation of the thruster’s
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Table 1
Experimental configuration of the HET used during water vapour testing.
Variable Value

Channel width, [mm] 5
Channel outer diameter, [mm] 25
Channel length, [mm] 13
Magnetic topology Fig. 2
Mass flow rate [mg/s] 0.7–1.0
Particles injected per second per area [# / (s mm2) ] 7.4 × 1016 – 1.1 × 1017

Power Range [W] 600–1600
Channel walls BNSiO2 (Grade M26)
Anode material Stainless Steel

Fig. 2. Magnetic field topology of the laboratory HET as a function of the current
driven throughout the electromagnets. The dots represent experimental measurements.

mechanical characteristics). Comparatively, these values are approxi-
mately sevenfold greater than those encountered when utilizing this
HET with xenon, operating at the same mass flow rate and geometrical
configuration.

Moreover, in the case of the WET-HET, the number of particles
njected per second per anode area is significantly higher than the
uantities employed, for instance, in the geometrical configuration of
he SPT-100 when running on xenon. By considering the two mass
low rate limits of 3.4 𝑚𝑔∕𝑠 and 6.6 𝑚𝑔∕𝑠 [21,22], it becomes evident
hat approximately ten to twenty times more particles are introduced
er second per anode area in the case of the WET-HET. This serves
s tangible evidence of the inherent inefficiencies associated with the
tilization of alternative propellants in HETs.

Under these conditions, several studies over different magnetic field
trength, propellant mass flow and power dependence are carried out.
he magnetic field is generated by means of electromagnets. Fig. 2
hows the relationship between the current flowing through the coils
nd the magnetic field strength. At the maximum current (1.5 A) the
ower used by the electrocoils is 𝑃𝑚 = 27 W.

The location of the anode plane with respect to the exit plane
13 mm) is also represented. This plot is obtained from Finite Element
ethod Magnetics simulations [20] and corrected using experimental

ata (represented by dots on Fig. 2).
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Table 2
Description of the water feed system elements used to test the HET with
water vapour.
A H20 bottle container
B Manual Valve (to control water flow)
C Manual Valve (to evacuate bubbles)
D Liquid Mass Flow Controller (Bronkhorst L13V12)
E Flow restrictor (liquid to vapour water transition)
F Pressure transducer
G Heating system
H Transparent feedline (to check condensation)
I Manual Valves set

2.3. Thrust balance

The thrust measurements were collected using a hanging pendulum
thrust balance. This device has been widely used during previous exper-
imental campaigns [11,13,14] and validated in different laboratories.
A detailed description of the functionality of the trust balance and its
principles for acquiring thrust measurements can be found in [23].
Fig. 1 shows the thruster mounted on the thrust balance prior to testing.

2.4. Laboratory cathode

For the cathode, a plasma filament bridge neutralizer [24] was used
(see [14] for more information about its working principle). The edge
of the cathode is located approximately 42 mm from the exit plane,
and the centreline at 60 mm (see Fig. 1); consistent with previous
campaigns [11,13,14]). For both, water electrolysis and water vapour,
there are technical challenges in the operation of hollow cathodes with
reactive gases, due to the poisoning of the Lanthanum Hexaboride
(LaB6) insert [25]. Diverse studies show that, for water electrolysis, hy-
drogen counteracts poisoning [26,27], although its practical feasibility
needs to be further explored. However, in water-vapour propulsion, the
most suitable propellant selection for the hollow cathode remains an
open question.

One possible approach would be the use of a microwave cathode,
where the use of alternative propellants such as water vapour does
not compromise the integrity of the same. The use of a microwave
water vapour cathode in ion thrusters has been already explored and
experimentally tested by T. Motoki et al. [28]. In this paper, the main
focus resides on the characterization and feasibility evaluation of the
thruster, and deeper cathode compatibility studies are set as the next
phases of the investigation. The propellant used for the experiments is
Krypton, with mass flow rates between 5–15 sccm. Experimentally, it
is tested that the cathode mass flow rate had no significant impact on
the thrust measurements.

2.5. Water vapour feed system

Table 2 and Fig. 3 show the components of the water vapour feed
system. The actual representation during testing is displayed in Fig. 4.
Lastly, Fig. 5 shows the HET with the water vapour feed system in
an open-out configuration (FlatSat). A full depiction of the experimen-
tal setup, including the rest of the hardware and electronics of the
experiment, is included in Appendix.

The starting point of the water vapour feed system is a water tank
[A] where distilled water is stored at atmospheric pressure. The tank is
arranged so that it does not leak water but allows air to enter. By doing
so, the air pushes the water down and helps the water travel through
the rest of the line. A manual valve [B] controls the flow of water from
the container. Further down the line, there is another valve [C] that
is open to evacuate trapped bubbles in the feedline. Once the feedline
between B and C is free of bubbles, the valve [C] is closed. Next to it,
there is a liquid mass flow controller [D] (model Bronkhorst L13V12).

The reason behind selecting a liquid mass flow controller instead of
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Fig. 3. Diagram of the water feed system used for the HET electric propulsion testing at the IPPL facilities.
Fig. 4. Water feed system disposition during testing at IPPL facilities.

Fig. 5. Water feed system and HET in Opened-out ‘FlatSat’ configuration.

a gas flow controller is to have a higher precision of the flow that is
coming to the thruster. Notice that up to this point (from [A] to [D]),
the water is still in the liquid phase. The phase change occurs not until
the flow restrictor [E].

At this point (just before the flow restrictor), it is recommended
to add a particle filter, such that the line does not get clogged at
705
any point during the operation. The flow restrictor itself consists of
a polyetheretherketone (PEEK) capillary tube with a very thin orifice
(100 μm) and an outer diameter of 1/16"; together with a set of perfluo-
roalkoxy (PFA) fittings, 1/4-28 unions and ethylene tetrafluoroethylene
(ETFE) flangeless ferrules. This set ensures a compatible fit between
the capillary tube and a standard Swagenlok 1/8’’ tube. This hardware
was acquired from Darwin Microfluidics [29]. The phase transition from
liquid to water vapour comes as follows: at the entrance of the flow
restrictor, the water sees a very high resistance when trying to flow
over the thin orifice. Notice that the smaller the orifice of the tube, the
higher the fluidic resistance. After crossing the 100 μ m tube, the water,
still in the liquid phase, suddenly expands back into the feedline tube
(1/8"). This sudden expansion causes a subsequent phase change. The
pressure at this point is controlled by a pressure transducer [F] which is
monitored by computer software. As it will be explained in Section 2.6,
this is the part of the line with the highest pressure and consequently
the one where water condensation is more likely to occur, hence the
placement of the pressure transducer there. To maintain the water gas,
a heating system warms the feedline [G]. A transparent tube section [H]
sits after the heating line to visually check if water condensation has
happened. Finally, a strategic set of valves [I] is placed to allow the
possibility of using krypton (gas used for the cathode) to trigger the
thruster plasma discharge before swapping to water vapour. Although
not necessary in all cases, this methodology prevents an initial sparking
of the thruster due to the inherent difficulties of ignition with water
vapour compared to krypton. Other ignition strategies can be found in
previous work [14].

2.6. Water condensation control system

The water condensation control system consists of a pressure [F]
and temperature [G] monitor system, together with a transparent feed-
line tube [H] to visually inspect if water condensation has occurred.
The readings of the pressure transducer over time for two different
mass flows (1 mg/s and 3 mg/s) are displayed in Fig. 6. Notice that,
during these readings, the heating system is activated, which warms
the feedline and helps to mitigate water condensation. The theoretical
values for water condensation at a certain pressure and temperature
(300K, 302 K and 304 K) are also displayed. These values are obtained
using the open source programme CoolProp [30]. For 1 mg/s of water
vapour mass flow, the readings of the pressure transducer stay constant
between 20 to 25 mbar, way below any water condensation for tem-
peratures above 300 K. However, for mass flows of 3 mg/s, peaks on
the pressure reading appear after some time of operation. These peaks
correspond to sudden pressure losses resulting from condensation of
water on the line. Consequently, mass flows of 3 mg/s or higher end
up with water condensation and cannot be used to test the thruster
with the current set-up. Mass flows of 2 mg/s or below are suitable



Acta Astronautica 211 (2023) 702–715J.M. Tejeda and A. Knoll

f
b
p
r
t
I
r
s
t
t
n

i

𝛥

T
p
m
a
E
t
a
𝐷
g
l
l

f
f
t

Fig. 6. Water pressure in the feedline just after the flow restrictor, for various mass flow rates and a heating system activated. The experimental data is compared with the
theoretical condensation pressures for water condensation at 300 K, 302 K and 300 K.
for use because no condensation was detected during operation. This
limitation in mass flow does not have an impact on the investigation,
as the nominal operation of the thruster investigated (the WET-HET ) is
1 mg/s [11].

The results of this setup came after several iterations of the feedline,
so minimum pressure losses arose during operation. In fact, from the
first tests, condensation was spotted at 1 mg/s and below; therefore the
eedline design needed to be changed. The feedline optimization was
ased on the Darcy–Weisbach equation, commonly used to calculate
ressure losses in pipes [31]. Note that, throughout this text, when
eferring to the path from the flow restrictor to the chamber (from right
o left in Fig. 7), the pipelines are referred to create ‘‘pressure losses’’.
f the reference frame is inverted, now from the chamber to the flow
estrictor (from left to right in Fig. 7), the feedline introduces ‘‘pressure
urges’’ or ‘‘a pressure rise’’ instead. In any case, the main objective is
o lessen the pressure at the flow restrictor (point of the feedline with
he highest pressure, see Fig. 7) to ensure that water condensation does
ot occur during the tests.

For a laminar flow, the Darcy–Weisbach equation can be rewritten
n terms of known quantities and expressed as [31–33]:

𝑝 = 𝐿
128𝜇𝑄
𝜋𝐷4

𝑐
(1)

here, 𝛥𝑝 represents the pressure loss in the pipe, 𝐿 is the length of the
ipe, 𝜇 is the dynamic viscosity of the water vapour, 𝑄 is the volumetric
ass flow rate (value derived from the mass flow rate of the propellant)

nd 𝐷𝑐 is the diameter of the pipe through which the water travels.
q. (1) concludes that, given a mass flow rate, it is possible to reduce
he pressure losses by using a shorter length of the pipes (decrease 𝐿)
nd/or by using a thicker pipeline diameter (increase 𝐷𝑐). As the term
𝑐 is a fourth order term, increasing the pipe diameter has a much
reater impact on the pressure than reducing the feedline, although the
atest is also important to minimize as much as possible the pressure
osses.

In the latest iteration of the feedline, the pipe diameter was changed
rom 1∕8’’ to 1∕4’’ for the majority of the line (see Fig. 7), and the total
eedline length was reduced from 5.0 m to 3.5 m (see Fig. 7). Only
hanks to these changes, mass flows up to 2 mg/s were able to be tested
706
Fig. 7. Calculated pressure as a function of the feedline length. From vacuum
conditions, the pressure rises at the thruster inlet and throughout the 1∕4ε and 1∕8ε
sections due to pressure losses, until the water vapour reaches the flow restrictor (point
of maximum pressure).

without creating water condensation. Notice that in Fig. 7, an average
of the pressure readings is taken at the start point on the flow restrictor.

The pressure rise in the thruster inlet is calculated by setting the
boundary condition of the pressure of the vacuum chamber (≈ 10−5

mBar) at its exit. This comes from the way the propellant is introduced
into the thruster: in the WET-HET, the propellant injection strategy
consists of a 1/8" tube ending in a reservoir where the gas finds its
way towards the discharge chamber by travelling through a small gap
(0.5 mm) between the inner ceramic wall and the anode [13,14]. This
strategy, although suitable for water electrolysis testing because the
gases are naturally in vapour form, is not the most optimal for water
vapour experimentation, as it develops a substantial rise in pressure
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Fig. 8. Comparison of the cross-sections of water vapour and oxygen molecules, as a function of the electron energy.
Source: Data taken from experimental results coming from diverse studies. This data is compiled and analysed by Y.
Itikawa in [34,35].
(Fig. 7) which can lead to water condensation if the flow rate is too high
(higher or equal to 3 mg/s in this experimentation). Other strategies in
which the propellant is injected from relatively thick-diameter holes
might create a lower pressure rise and allow testing under higher mass
flow conditions. Even then, a pressure rise at the thruster inlet will
always be present due to the small diameter of the propellant holes
used to distribute the flow, typical in HETs operation. For that matter,
the use of short and thick pipelines during the vapour phase is still a
recommended strategy. Lastly, note that due to the incompressibility of
liquid water and the small pressure drop on the liquid mass flow meter
(1 mBar), liquid water is expected to be under atmospheric conditions
upstream of the flow restrictor.

3. Wapor vapour and oxygen plasmas

Before proceeding to evaluate and discuss the results obtained dur-
ing the experimentation, a comparison between the physical properties
of water vapour and oxygen plasmas is addressed. The main purpose
of this study is to broaden the understanding of their impact in the
performance of a HET by looking at how different these two molecules
behave with respect to each other.

To start with, the mass and Van der Waals radius of these two
molecules are shown in Table 3. The mass of the particle plays an
important role for two principal reasons: first, the higher the mass
expelled, the higher the thrust of the HET. Second, a lighter molecule
will be further accelerated, so the 𝐼𝑠𝑝 is expected to increase. Notice that
the ion mass is practically the same as the mass of the neutral particle,
due to the small electron mass (9.109 × 10−31 kg). From these data, it
is seen that the oxygen mass is 44% greater than the water vapour so,
for the same ionization conditions, a higher 𝐼𝑠𝑝 but lower thrust from
the water vapour is expected. The Van der Waals radius also affects
the collision rate of the particles. For the water vapour, data is directly
taken from the literature [36]. For the oxygen molecule, an average
is taken between the transverse (1.88 Å) and the longitudinal Van der
Waals radius (1.66 Å) is taken (value equal to 1.77 Å, or 1.77 × 10−10

m) [37]. As can be seen, these values are very similar to each other.
Another important factor to consider lies on the intrinsic reactive

model of these two molecules. Contrary to xenon, water vapour and
oxygen molecules not only can undergo ionization, but also disso-
ciation, double ionization and attachment events. For the thrusters’
707

perspective, to simply ionize the plasma is the most efficient process
to generate thrust. This is because the energy deposited in dissociating
the particle (or ionizing it twice) is energy which does not directly
contribute to the thrust. Attachment processes generate negative ions,
which are accelerated inwards the channel and should be avoided.
Finally, the lower the ionization potential, the higher the propellant
utilization, as most of the neutral particles will be ionized and will
contribute to a higher thrust.

In Fig. 8, the reactive model of water vapour is compared to the one
of oxygen, using data collected once again by Y. Itikawa [34,35]. Notice
that, for the water vapour model, there are different dissociation, ion
dissociation and attachment events. For example, an electron collision
can dissociate the water molecule obtaining OH and H, but also 𝑂 and
H2. The ion dissociation events can generate ions of OH+, O+, H+

2 or
H+. For attachment, negative ions of OH−, O− or even an attachment
dissociative process that creates H− and H can take place. The sum of
these cross-sections is taken when displaying these reactions in Fig. 8.
This is not the case for the oxygen molecule, where the products are
unique for each type of reaction. Explicit information about every
singular water vapour reaction can be found in the literature [34].

For a HET, the electron temperature varies within the channel,
generally peaking at the end of the channel [38] and being a function of
the discharge power, geometry and operating mass flow [1]. A general
rule of thumb is to estimate the plasma temperature within the channel
as one-tenth of the discharge voltage (𝑉𝑑), which is a prediction that has
also been observed experimentally [1,39,40]. Considering a discharge
voltage of 𝑉𝑑 ≈ 300 V, the range of interest in the electron temperature
would have a Maxwellian distribution centred at around 30 eV. On
the one hand, by inspecting Fig. 8, it can be observed that, for water
vapour, the dissociation cross-section is higher than the ionization
cross-section (regardless of the electron energy). On the other hand,
the ionization cross-section of oxygen outweighs the dissociation cross-
section for electron energies above ≈15 eV. This is an indication that,
for water vapour, a greater amount of energy will be used to dissociate
the molecule instead of directly ionizing it, which can be a deficiency
sink compared to oxygen. Attachment reactions appear for electron
energies between 4–10 eV, but their cross-section is generally an order
of magnitude lower than the ionization and dissociation events. A
similar case occurs with double ionization processes; these reactions
are mainly relevant above 100 eV, being an order of magnitude less

than the ionization and dissociation events.
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Table 3
Mass and Van der Waals radius of the water vapour and oxygen molecules. The ratio is obtained
using the molecule of oxygen as a baseline to compare against.

Water vapour [H2O] Oxygen [O2] Ratio

Molecular Mass [u] 18 32 56%
Van der Waals Radius [m] 1.70 × 10−10 1.77 × 10−10 96%
Fig. 9. Plasma plumes of the HET working with water vapour, oxygen, air (from the laboratory) and krypton.
4. Results

In order to obtain performance measurements, the HET propulsive
thrust (𝑇 ) is obtained from the thrust balance readings. Then, the mass
flow controller and the set point of the power supply are used to obtain
the mass flow rate (�̇�) and the discharge power (𝑃𝑑), respectively. From
them, 𝐼𝑠𝑝 and thrust efficiency (𝜂) are calculated as follows:

𝐼𝑠𝑝 =
𝑇
�̇�

(2)

𝜂 = 𝑇 2

2�̇�𝑃𝑑
(3)

The uncertainty in the thrust measurements come from the thrust
balance. The propagation of the error from these measurements is
calculated as in previous work [23]. The thruster in operation can be
seen in Fig. 9. Apart from water vapour, the thruster working with
oxygen, air and krypton is shown. Further details of the electronics
used for the experiment can be found in Appendix. The geometrical
configuration (channel width, diameter and length) is maintained con-
stant as shown in Table 1. Notice that, as explained in Section 2.2, this
material selection and geometrical choice is taken from the outcomes of
the previous research presented, which resulted in the best performing
configuration for lightweight propellants, such as oxygen [14]. How-
ever, this configuration might not necessarily need to be the best one
for traditional propellants such as krypton and xenon. To get a realistic
view on how a traditional HET compares to the results of this thruster
operating with these lightweight propellants, the SPT-100 will be taken
as a Ref. [21,22].

Lastly, note that, for consistency with the previous experimental
campaigns [13,14], the performance measurements are obtained using
the anode power supply in current control mode. The discharge voltage
could vary 10 V between experiments due to factors not under control
such as: the ceramics’ walls temperature, the oxidation of the anode
surface or the coupling mode of the cathode.

4.1. Mass flow dependence

In this section, the mass flow performance dependence of the HET
operating with water vapour is explored. Fig. 10 shows the results
obtained from the experiments. Specifically, Fig. 10(a) presents the
IV curve for two different mass flow rates: 1.0 mg/s and 2.0 mg/s.
Thrust to Power Ratio (TTPR) as a function of the 𝐼𝑠𝑝 is calculated
in Fig. 10(b). Thrust (Fig. 10(c)), 𝐼𝑠𝑝 (Fig. 10(d)) and thrust efficiency
(Fig. 10(e)) of the thruster over the mass flow range of �̇� = 0.7 − 1.0
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mg/s are also shown. The discharge power at which these measure-
ments are taken is 𝑃𝑑 = 1100 ± 50 W, as it was experimentally tested
to be the most stable. A magnetic field topology correspondent to an
electromagnet current strength of 1.5 A is selected (see Fig. 11 and
Section 4.2). Notice that the discharge power obtained when running
2.0 mg/s is not the target (𝑃𝑑 = 1100 ± 50 W) due to the low discharge
voltage obtained in these measurements; therefore it is not included in
Figs. 10(c), 10(d) nor 10(e).

From the results obtained, it can be seen that low mass flow
rates, although generating less thrust (Fig. 10(c)), result in higher 𝐼𝑠𝑝
(Fig. 10(d)) which is ultimately reflected in higher efficiency
(Fig. 10(e)). This performance could be an indication of a low propel-
lant utilization: the thruster does not effectively use the extra mass flow
provided when a higher water vapour flow is served. As discussed in
Section 3, this could be due to the dissociation and ion dissociation
reactions which water vapour undergo. The amount of energy used in
these reactions supposes losses compare to single ionization events. In
the past, the same mass flow trend was observed when testing with
oxygen with this thruster [11]. Therefore, for both propellants, the
lower the mass flow rate, the greater the thrust efficiency. Also, it can
be seen how the TTPR is greater for the mass flow rate of 1.0 mg/s
versus 2.0 mg/s. The TTPR seems to be pretty stable within the 𝐼𝑠𝑝
range investigated.

Plasma stability decreases when mass flow decreases, which pre-
vented testing below mass flow rates of �̇� = 0.7 mg/s. Mass flow rates
greater than �̇� = 2.0 mg/s ended in water condensation and could
not be fully explored in full detail. However, some tests in this range
suggested that the same trend of decreasing thrust efficiency can be
expected, as in Fig. 10. In terms of stability and thrust performance, the
most stable regime of the thruster is �̇� = 1.0 mg/s, conditions which
will be kept for the rest of the experimentation.

4.2. Magnetic field dependence

Now that the preferable mass flow condition has been determined
(�̇� = 1.0 mg/s), the thruster performance is tested under different
magnetic field strengths. Fig. 11 compiles the results from these exper-
iments in terms of voltage (Fig. 11(a)), TTPR versus 𝐼𝑠𝑝 (Fig. 11(b)),
thrust (Fig. 11(c)), 𝐼𝑠𝑝 (Fig. 11(d)) and thrust efficiency (Fig. 11(e)).
The performance plots are represented as a function of the peak mag-
netic field, according to Fig. 2, in the range of 𝐵 = 0.024 − 0.061
T. Higher magnetic field strengths could not be tested because of
the difficulties for the thruster to operate stably. This is because the
resistance path of the electrons towards the anode increases as the
magnetic field does. When the resistance is too high, the plasma is not
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Fig. 10. Experimental measurements of a water vapour HET over different mass flow rates. Thrust, 𝐼𝑠𝑝 and thrust efficiency values are presented for a discharge power of
𝑃𝑑 = 1100 ± 50 W, a maximum magnetic field strength of 0.06 T (corresponding to an electromagnet current strength of 1.5 A, Fig. 11) and the geometrical configuration of
Table 1.

Fig. 11. Experimental measurements of a water vapour HET over a maximum magnetic field strength of 𝐵 = 0.024 − 0.061 T, corresponding to the Gaussian magnetic topologies
of Fig. 11. Values presented for a discharge power of 𝑃𝑑 = 1170 ± 50 W, mass flow �̇� = 1.0 mg/s and geometrical configuration of Table 1.
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Fig. 12. Experimental measurements of a water vapour HET, for a discharge power range of 𝑃𝑑 = 600− 1600 W. Values presented for a mass flow of �̇� = 1.0 mg/s, peak magnetic
field strength of 0.06 T (correspondent to an electromagnet current of 1.5 A, Fig. 11) and geometrical configuration of Table 1. Values compared with oxygen [14] under the
same conditions.
sustained and, therefore, is extinguished. The discharge power used to
compare these thrust measurements was 𝑃𝑑 = 1170±50 W, similarly as
in Section 4.1.

From the results obtained, it can be seen that, the higher the mag-
netic field strength, the higher the thrust (Fig. 11(c)), 𝐼𝑠𝑝 (Fig. 11(d))
and thrust efficiency (Fig. 11(e)). The maximum performance was
obtained with a peak magnetic field strength of 𝐵 = 0.061 T. Notice that
this value is significantly larger than those typically used in standard
xenon fuelled HETs. For comparison, the SPT-100 uses a Gaussian
magnetic field topology whose maximum strength peaks at 𝐵 = 0.016
T [41] (almost 4 times weaker). In previous work with oxygen, a very
similar behaviour was found [11,13] where these strong magnetic fields
were preferential. In the TTPR representation, it can also be seen how
higher 𝐼𝑠𝑝 and efficiencies are achieved when a stronger magnetic field
is used.

4.3. Power range dependence

Fig. 12 shows the current intensity–voltage (IV) curve (Fig. 12(a)),
TTPR versus 𝐼𝑠𝑝 (Fig. 12(b)), thrust (Fig. 12(c)), 𝐼𝑠𝑝 (Fig. 10(d)) and
thrust efficiency (Fig. 12(e)) of the HET working with water vapour
throughout the discharge power range of 𝑃𝑑 = 600 − 1600 W. For these
tests, the mass flow is set to 1.0 mg/s, since it is the most stable to
operate the thruster with (Section 4.1). The magnetic field strength is
set to the one correspondent to a peak value of 𝐵 = 0.061 T (see Fig. 11
and Section 4.2).

The performance of the thruster operating with water vapour is
now compared to that of oxygen (expected to be the result of a water
electrolysis HET [14]), under the same magnetic field configuration
and mass flow operating point; as resulted to be the most beneficial
710

conditions in both cases. The main idea behind this comparison is to
understand how these two propellants compare with each other when
analysing them under the same conditions. This not only considers the
same thruster geometrical and physical configuration and operating
points, but also with the same cathode propellant (krypton). Only in
this way, it is possible to have a direct comparison between these
two gases that fuel the thruster without introducing other uncertainty
sources which might affect this comparison. Notice, however, that in a
flight-level system, the cathode propellant might be different in water
vapour technology and water electrolysis. As remarked in Section 2.4,
whereas the choice of cathode propellant for water electrolysis is clear
(hydrogen), the best cathode propellant choice for water vapour yet
needs to be further investigated (see Section 5). Although the cathode
propellant is expected to have a non-substantial effect on the thruster
operation (which is mainly governed by the thruster propellant), this
point should still be noted when analysing these results.

From Fig. 12(a), it is appreciated that the discharge voltage of the
thruster when operating with water vapour is lower than when working
with oxygen. That could be an indication that the ionization rate of
water vapour is lower compared to the one of oxygen, as discussed in
Section 3. For both cases and throughout the entire power range of
investigation, the voltage linearly keeps increasing as does the current.
This behaviour would correspond to the ‘‘low voltage mode’’ of a HET
working with xenon. For xenon however, it is experimentally seen that
at a knee point (situated at a certain discharge current, 1.6 A in other
studies [40]), the IV curve slope abruptly raises (enabling a ‘‘high
voltage mode’’ of the thruster). This is something that is not appreciated
either in water vapour or oxygen, where only one operating regime
appears.

From the TTPR versus 𝐼𝑠𝑝 analysis (Fig. 12(b)), it is observed that
TTPR remains pretty stable as a function of 𝐼𝑠𝑝. However, there seems
to be an indication of a sweep spot where the TTPR peaks, found on

efficiencies of around 𝜂 = 11%, for both oxygen and water vapour.
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Table 4
Comparison of the WET-HET running with lightweight propellants versus the SPT-100, running with xenon. The relative performance difference taking the SPT-100 as a
baseline is also shown.

Propellant Power [W] Mass flow [mg/s] Thrust [mN] 𝐼𝑠𝑝 [s] Anode efficiency [%]

SPT-100 [42.43] Xenon 1520 4.93 87.6 (–) 1720 (–) 51.2% (–)
WET-HET Water Vapour 1600 ± 1 1.00 ± 0.01 20.0 ± 0.2 (-77%) 2039 ± 20 (+19%) 12.5 ± 0.3 (-76%)
WET-HET Oxygen 1534 ± 1 1.00 ± 0.01 22.0 ± 0.2 (-75%) 2243 ± 25 (+30%) 15.8 ± 0.3 (-69%)
WET-HET Air 1525 ± 1 1.00 ± 0.01 21.3 ± 0.2 (-76%) 2267 ± 25 (+32%) 15.1 ± 0.3 (-70%)
Table 5
Representative Trade-off table between Water Vapour propulsion and Water Electrolysis HET propulsion.

Factor weight Water vapour
(# Points)

Water electrolysis
(# Points)

Description

Performance High Low Medium

According to the research presented in this article, the performance
of water electrolysis surpasses the one of water vapour for the
investigated conditions. On average, water electrolysis is 20% more
efficient considering the same geometrical configuration, cathode
propellant and operating point.

Cathode
Compatibility High Low Medium

For water electrolysis, the selection of the propellant for the
cathode is more straightforward: the electrolyzer separates water
into oxygen (for the thruster) and hydrogen (for the cathode).
Hydrogen is set to eliminate poisoning and is compatible with
cathodes [26,27], although it still needs to be experimentally tested.
For water vapour propulsion however, the right choice of propellant
for the cathode remains an open question: a separate tank of
krypton or xenon can be used to feed the cathode or a microwave
cathode can be used to include water vapour [28], among others.
This choice is part of the future investigation of this research.

Mass and
Volume budget Medium Medium High

Water vapour does not need an electrolyzer on board of the
spacecraft, which lessens the amount of mass on board, overall cost
and the technical difficulties of qualifying extra hardware. However,
water electrolysis propulsion depends on the use of the electrolyzer
and increases the mass and volume onboard.

Power
budget

Medium Low Low

Water electrolysis needs heating systems to keep the electrolyzers
under the operating temperature range (around 80 ◦C), and whose
efficiency increases with the operating temperature. Water vapour
propulsion also needs heating systems to keep the gas in vapour
form. However, these amounts of power (≈50 W) are relatively low
compared to the discharge power of the thruster (≈1500 W).
The thrust (Fig. 12(c)) linearly raises as the discharge power does,
ame for the 𝐼𝑠𝑝. In both cases, water vapour does not perform as well as
xygen, which is something ultimately reflected in the thrust efficiency
Fig. 12(e)). Taking an average throughout all the discharge power, it is
alculated that oxygen is roughly 20% more efficient than water vapour
nder the same testing conditions.

To put the performance of this thruster into perspective with other
ropellants, Table 4 shows the performance of the WET-HET with
ightweight propellants against the SPT-100 running with xenon.1 The
xperimental results show how the WET-HET is able to provide a
etter 𝐼𝑠𝑝 in exchange of a considerably lower thrust. As expected,
he performance of the thruster running with alternative propellants is
onsiderably lower than with xenon. The WET-HET operating with air
ehaves very similarly as with oxygen, as seen in Table 4. However, the
hruster is able to stably sustain the discharge at lower mass flow rates
hen using air, which increased the total performance (a similar trend
s in the case of water, see Fig. 10). The best performance obtained
as at a discharge power of 𝑃𝑑 = 1485 W and mass flow rate of �̇� = 0.9
g/s. This set point ended up in a performance corresponding to a

hrust of 21.0 ± 0.2 mN, 𝐼𝑠𝑝 of 2433 ± 29 s and thrust efficiency of
6.9 ± 0.3%.

Fig. 13 also shows the propellant utilization efficiency of the WET-
ET running with water vapour and oxygen, in comparison with

1 The WET-HET is not taken as a comparison due to the fact that this
hruster is solely optimized for lightweight propellants. Therefore, using this
hruster as a reference to compare with heavy traditional propellants might
ot give a realistic comparison of the full potential of these thrusters operating
ith krypton and xenon.
711
Fig. 13. Propellant utilization.

the SPT-100 running with xenon (data taken from the literature [13,
21,22,42]). Notice that the propellant utilization efficiency does not
come from direct measurements of the ion beam energy but from an
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analytical formulation computed as follows [13,42]:

𝛼 =
𝐼𝑖
𝐼�̇�

= 𝑇
�̇�
√

𝑉𝑑 (1 − 𝛿)2𝑒∕𝑚𝑛
(4)

here 𝐼𝑖 is the ion current, 𝐼�̇� = 𝑒�̇�∕𝑚𝑛 is equivalent current for
he injected mass flow for the elementary charge 𝑒 and neutral mass
𝑛 and 𝛿 is a parameter related to the discharge efficiency which

ypically varies from 0.1–0.3 [43]. Being conservative, the coefficient
is supposed to vary between 0 < 𝛿 < 0.5 [13]. Hence, the error bars

re calculated by either taking 𝛿 = 0 (lower error bar) or 𝛿 = 0.5 (upper
error bar). As expected, the propellant utilization efficiency for xenon
thrusters like the SPT-100 is greater than any other HET working with
alternative propellants. Due to the uncertainty in the parameter 𝛿, and
due to the fact that this is an analytical calculation, it is not possible
to assess whether if water vapour or oxygen has a higher propellant
utilization. However, it gives an indication about the percentage loss
and the comparison with the state-of-the-art HETs.

Finally, in some measurements when experimenting with water
vapour, an ‘‘anomalous’’ mode of operation was found, characterized
by a substantially lower discharge voltage (𝑉𝑑 < 200 V). Under these
conditions, the performance of the thruster was poor, with efficiency
levels lower than 6% which, did not increase with power, but rather
remained flat throughout the discharge power investigated (𝑃𝑑 = 600−
1600 W). It is believed that this mode is triggered when the heating
power of the plasma filament cathode is excessive. This extra heating
creates an electron release which makes the plume of the thruster
and the cathode to merge together, and then the thruster actuates in
this lower impedance mode with poor performance. By decreasing the
power of the cathode heating, this phenomenon was avoided.

Now that the performance of these technologies has been shown, a
system level analysis comparing water vapour and oxygen is addressed
hereafter.

5. Trade off between water electrolysis and water vapour fuelled
HETs

The previous sections have shown how the performance of water
vapour changes under different mass flows, magnetic field strengths
and discharge powers. These data were compared with oxygen data in
the same testing scenario (see Section 4.3). From these results, oxygen
(from water electrolysis) is roughly 20% more efficient than water
vapour in HETs. However, the trade-off between water vapour and
water electrolysis is not just limited to the performance of the thruster.
The cathode compatibility and mass, volume and power budgets need
to be addressed to get the full picture of how these technologies
compare to each other.

Table 5 compares water vapour and water electrolysis HET propul-
sion using the lessons learnt from the last years of experimentation and
the results obtained in this paper. A qualitative estimation is presented.
There, water vapour and water electrolysis are compared for each
category selected: performance [1], cathode compatibility [2], mass
and volume budget [3] and power budget [4]. This comparison shows
some of the advantages and disadvantages of these technologies. In
terms of performance and cathode compatibility (factors chosen as the
most important ones), water electrolysis outweighs water vapour. The
contrary happens when looking at the mass and volume budgets. There,
water vapour HETs are preferred due to the independence from a water
electrolyser to function. Powerwise, these two system require little
extra power to work, compared to the amount needed for a standard
HET to run. Note that these two technologies are still evolving, and
future results can modify the discussion shown in Table 5. To further
exploration would be the assessment of the possible contamination of
the satellite when in contact with water vapour, whose condensation
712

might create ice around some critical components when being in space. l
6. Conclusions and future work

In this work, a HET operating with water vapour is investigated. A
bespoke water feed system is used to allow for a liquid-vapour phase
change and to fuel the thruster. A liquid mass flow meter sets the
operating point, and, downstream, a capillary tube is used to increase
the fluidic resistance of water and create a sudden expansion at the
end of the tube; which ultimately causes the evaporation of water. A
heating system is used to raise the temperature of the pipelines and
prevent water condensation. By means of a pressure transducer, the
pressure of the line is monitored to determine if water condensation
has occurred. Following an analysis of the pipe losses using the Darcy-
Weisbach equation, the total length of the line was reduced and the
diameter of the pipe thickened, reducing pressure losses throughout the
line from the thruster exit to the flow restrictor. After these iterations
on the water feedline, mass flows below 2 mg/s could be used without
condensation. As the nominal operating point of the thruster is 1
mg/s, this set-up permits the experimentation with no restrictions. By
taking pressure measurements at the flow restrictor and computing
the pressure surges coming from the Darcy–Weisbach equation, the
pressure levels throughout the line are estimated. The location of
highest pressure within the feedline is found at the thruster injection
point, due to the small gaps used to transport the propellant to the
discharge channel.

The experimental campaigns have investigated the HET under the
mass flow range of 0.7–1.0 mg/s. From these results, it is observed
hat although by using a lower mass flow the thrust is reduced, the
hrust efficiency is higher. For stability reasons however, a mass flow
f 1.0 mg/s is preferable. Experimental results in this operating point
ave analysed the performance of the thruster under different magnetic
ields strengths in the range 0.024–0.061 T. A Gaussian magnetic field
opology peaking at 0.061 T is the most beneficial one in terms of thrust
fficiency. Higher magnetic fields strengths could not be tested due
o the high resistance of the electrons in the magnetized zone, which
ltimately destabilizes and extinguishes the plasma. With that magnetic
ield topology, the thruster performance was measured in the discharge
ower range of 𝑃𝑑 = 600–1600 W and compared with oxygen.

By looking at the reactive model of these two molecules, a poorer
erformance for water vapour was predicted. This was thought to be
ecause, in the case of water vapour, the cross-section of the OH
issociative reaction (H2O + e → OH + H + e) is higher than any
onization process. The energy used when dissociating the molecule
oes not contribute to the thrust as it does not generate ions, and
herefore, it is an energy loss in the system. In the case of oxygen,
he opposite situation is found: for most of the electron energies, the
onizing reaction O+

2 is more statistically more probable than the disso-
iating one. The experiments conducted with both propellants under
he same thruster and operating conditions ratified this prediction,
howing the oxygen is approximately 20% more efficient than water
apour. On the basis of these results, a representative trade-off analysis
etween water vapour and water electrolysis propulsion is conducted.
erformance, cathode compatibility, mass, volume and power budgets
re the factors selected to make this comparison. The mass and volume
udgets of water vapour are less than those with water electrolysis,
erely because of the lack of an electrolyzer onboard of the spacecraft.

n terms of the power requirements, although both technologies need
xtra power to accommodate a heating system and/or an electrolyzer,
hese requirements are not significant compared to the discharge power
f the thruster. All in all, the type of space mission and its require-
ents will ultimately decide which propulsion technology is the most

avourable.
In future work, it is expected to characterize the plume of the HET

perating with these propellants using an E × B probe and perform
xperiments with a hydrogen cathode (for water electrolysis). A revised
ersion of the HET will be characterized and tested using the lessons

earnt from this experimentation.
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Fig. A.14. Main schematics of the Water Vapour Electric Space Propulsion testing at the Imperial Plasma Propulsion Laboratory, IPPL (Department of Aeronautics, Imperial College
London).
Table A.6
Description of the elements depicted in Fig. A.14.

1 Pressure regulator (cathode)
2 Cathode propellant bottle (Krypton)
3 Door (vacuum load-lock hatch chamber)
4 Electronics box
5 Turbopump (load-lock hatch chamber)
6 De-pressurizing valve (load-lock hatch chamber)
7 Pressure gauge (to load-lock hatch chamber)
8 Vacuum feedthrough (auxiliary)
9 Computer station
10 Anode power supply [master] (Sorenson SGA 1K0X5S-0AA)
11 Anode power supply [slave] (Sorenson SGA 1K0X5S-0AA R)
12 Heater power supply (Electro-Automatik EA-PSI 8080-60 DT )
13 Keeper power supply (Glassman PS/ET05R400-200)
14 Magnet power supply (GW INSTEK SPS-3610)
15 Mass flow controller (cathode)
16 Grounding connection
17 Vacuum load-lock hatch chamber
18 Vacuum feedthrough (window)
19 Pressure readings display
20 Control panel of vacuum systems
21 Parallelizing line (anode power supplies)

(continued on next page)
713
Table A.6 (continued).
22 Inductor
23 Gate valve
24 Vacuum feedthrough (auxiliary)
25 Vacuum feedthrough (power and feedlines)
26 Vacuum feedthrough (signals, D-Sub connector)
27 Cryohead (connected to a cryocompressor)
28 Cryohead (connected to a cryocompressor)
29 Laser ILD1750
30 Thermocouple (to thrust balance)
31 Servomotor (for calibration)
32 Thrust balance
33 Water Electrolysis HET
34 Grounding connection
35 Cathode (double filament)
36 Main vacuum chamber
37 Vacuum feedthrough (window)
38 Door (main vacuum chamber)
39 Camera Nikon D-5000 (front)
40 Pressure gauge (to roughing pump)
41 De-pressurizing valve (main chamber)
42 Roughing pump (Stage 1)

(continued on next page)
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Table A.6 (continued).
43 Turbopump #1 (Stage 2, Leybold)
44 Pneumatic valve #1
45 Pressure gauge (to main chamber)
46 Pneumatic valve #2
47 Turbopump #2 (Stage 2, Leybold)
48 Camera Nikon D-5000 (side)
49 Vacuum feedthrough (window)
50 Imperial College London Plasma Laboratory
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The following diagram (Fig. A.14) shows the complete set of hard-
are, electronics and fluidics used for the experimentation. The de-

cription of the elements depicted in Fig. A.14 is listed in Table A.6.
ore information about the set-up can be found in previous work [14].
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