
Contents lists available at SciVerse ScienceDirect
Acta Astronautica

Acta Astronautica 93 (2014) 77–83
0094-57
http://d

☆ This
n Corr
E-m

dimitri.
ulrich.g
yann.ba
hakan.jo
vpk@np
r.j.wiege
journal homepage: www.elsevier.com/locate/actaastro
First results of PRECISE—Development of a MEMS-based
monopropellant micro chemical propulsion system$

Markus Gauer a,n, Dimitri Telitschkin b, Ulrich Gotzig b, Yann Batonneau c,
Hakan Johansson d, Mikhail Ivanov e, Phil Palmer f, Remco Wiegerink g

a Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR), Germany
b EADS Astrium Space Transportation GmbH, Germany
c CNRS, University of Poitiers, Poitiers, IC2MP, France
d NanoSpace AB, Uppsala, Sweden
e NPO Mashinostroyenia, Moscow, Russia
f Surrey Space Centre, University of Surrey, Surrey, GU, United Kingdom
g MESA+Institute for Nanotechnology, University of Twente, Enschede, The Netherlands
a r t i c l e i n f o

Article history:
Received 10 December 2012
Received in revised form
4 June 2013
Accepted 15 June 2013
Available online 21 June 2013

Keywords:
Monopropellant
Chemical micropropulsion
MEMS
FP7
AOCS Cubesats
65/$ - see front matter & 2013 IAA. Publishe
x.doi.org/10.1016/j.actaastro.2013.06.010

paper was presented during the 63rd IAC i
esponding author. Tel.: +49 6298 28 734.
ail addresses: markus.gauer@dlr.de (M. Gaue
telitschkin@astrium.eads.net (D. Telitschkin)
otzig@astrium.eads.net (U. Gotzig),
tonneau@univ-poitiers.fr (Y. Batonneau),
hansson@sscspace.com (H. Johansson),
omash.ru (M. Ivanov), P.Palmer@surrey.ac.uk
rink@ewi.utwente.nl (R. Wiegerink).
a b s t r a c t

PRECISE focuses on the research and development of a MEMS-based monopropellant
micro chemical propulsion system for highly accurate attitude control of satellites. The
availability of such propulsion systems forms the basis for defining new mission concepts
such as formation flying and rendezvous manoeuvres. These concepts require propulsion
systems for precise attitude and orbit control manoeuvrability. Application-oriented
aspects are addressed by two end-users who are planning a formation flying mission
for which the propulsion system is crucial. Basic research is conducted aiming at
improving crucial MEMS technologies required for the propulsion system. Research and
development also focuses on the efficiency and reliability of critical system components.
System analysis tools are enhanced to complement the development stages. Finally, the
propulsion system will be tested in a simulated space vacuum environment. These
experiments will deliver data for the validation of the numerical models.

& 2013 IAA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

PRECISE [1] (chemical mPRopulsion for an Efficient and
accurate Control of Satellites for Space Exploration) aims for
the advancement of research and technologies needed for
the development, manufacturing and operation of Micro
d by Elsevier Ltd. All rights

n Naples.

r),
,

(P. Palmer),
Electro Mechanical Systems (MEMS) based monopropellant
Micro Chemical Propulsion Systems (mCPS). PRECISE com-
bines European capabilities and know-how from universities,
research organisations and experienced space companies for
the research and development of a μCPS for future market
demands. μCPS has been identified to fill the gap between
state-of-the-art electrical and chemical propulsion due to its
compactness, low power requirements and low system
weight. Due to these reasons the MEMS-based mCPS is
considered as one of the key technologies for future satellite
missions.

All partners in the consortium possess a sound experi-
ence in the topics they are called for and they can all look
back on various successful projects in their company's
history. Two universities are involved, the University of
Twente and the Surrey Space Center of the University of
reserved.
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Fig. 1. Illustration of a mThruster in comparison to a one Cent coin.
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Surrey. In addition, two large research organisations are
participating, the National Center for Scientific Research
(CNRS) and the German Aerospace Center (DLR) who is
coordinating the project. Finally, three industrial partners
namely EADS Astrium Space Transportation, NanoSpace
and NPO Mashinostroyenia are completing the consortium.

The term chemical micro propulsion is used for propul-
sion systems with thrust levels in the order of microNew-
tons (μN) up to several milliNewtons (mN) and generating
thrust primarily by means of chemical energy of the
propellant itself. A revolutionary feature is the highly
compact, lightweight and modular architecture. The micro
thruster weighs only few grams and is etched on a silicon
wafer as illustrated in Fig. 1. The thrust range is targeted to
lie within F¼1–10 mN with a minimum specific impulse of
Isp¼180 s. This results in a mass flow rate of approximately
6 mg/s per thruster. The primary objective is the develop-
ment of a mCPS necessary for highly accurate attitude
control maneuvers of satellites as they were not feasible
until today with propulsion systems of this size.

Several aspects need to be considered for a consistent
development of the mCPS:
−
 Definition of requirements and specifications, compris-
ing S/C demands.
−
 Research of critical propulsion aspects.

−
 Development of crucial components.

−
 Elaboration of the test facility infrastructure.

−
 Development of diagnostic tools.

−
 Further development of numerical flow simulation

tools and comparison.

−
 Manufacturing, assembly, integration and testing of the

mCPS.
The thoughts for a dedicated approach to build up a mCPS
network were initiated in 2005 since potential application
fields were recognized and the feasibility of MEMS technolo-
gies for space propulsion was demonstrated. The mCPS devel-
opment roadmap was elaborated by ESA in the European
Space Technology Harmonisation on Chemical Propulsion and
Micro-Propulsion, with main emphasis on the harmonization
of running European activities under the technical coordina-
tion of an industrial partner. On this basis the set-up of a
competence network to advance the development of mCPS in
Europe was started. Key partners were identified holding
know-how and infrastructures for MEMS technologies and
components, system aspects, satellites and mission design.
Astrium has established a close cooperation with the con-
sortium partners and aims to extend the collaboration with
research and development initiatives along the mCPS roadmap
to unite the activities and create synergies within one large
mCPS European Technology Network.
2. Necessity of micro chemical propulsion systems

Formation flying on LEO and GEO trajectories as well as
deep space missions for the realization of novel telecom-
munication concepts, utilization of flexible space based
instruments or even earth observation are some typical
applications which address the need for new approaches
and place new demands on the propulsion system. Com-
pared with the current technology of mono-spacecraft the
realization of distributed systems entails obvious benefits
like increasing reliability, flexibility, low cost solutions and
a reduced development time. All these aspects are
reflected in the current growth of satellites with masses
in the range between 10 and 50 kg. Small satellite plat-
forms as well as distributed formation flying require
precise control capacities especially for:
−
 attitude control and de-orbiting.

−
 precise positioning of spacecraft(s) within satellite

constellations and formation flying ‘swarms’, e.g. to
provide the required fine adjustment of space based
instruments.
−
 realization of precise proximity maneuvers for inspec-
tion and rendezvous.
Therefore, low thrust levels in the milli-Newton range
and low impulse bits are required. For micro- and nano-
spacecraft, the severe mass and volume limitations act as
“bottlenecks” to the spacecraft capability. By developing a
propulsion system that increases the impulse whilst at the
same time decreasing the mass of the technology, the
capability of the whole spacecraft can be immensely
increased.

The need of propulsion systems capable of thrust levels
in the range of a few mN to 1 N is emerging and has also
been identified by ESA. Due to this reason, the roadmap for
chemical propulsion/micropropulsion [1], was defined
which specifies the proposed development approach. It is
emphasized that the logical way of pursuing the develop-
ment of high performance (MEMS) propulsion is to gra-
dually increase the complexity by going from cold gas to
hot gas to catalytic decomposition (monopropellant) and
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in the long run to more advanced miniaturized bipropellant
systems.

Cold gas propulsion systems have some disadvantages
due to
−
 the low energy density.

−
 the high specific mass.

−
 the large system complexity due to the high system

pressure.

With monopropellant propulsion systems using hydra-
zine as propellant the specific impulse can almost be
doubled due to the chemical energy of the liquid propel-
lant. Thereby, the chemical decomposition can be initiated
using suitable catalyst techniques. The efficient catalytic
decomposition on micro scales is one challenge which
mCPS have to cope with and is therefore addressed in
PRECISE.

To improve the overall performance of the mCPS, further
development on component level is necessary. Currently,
the valves of hydrazine thrusters may take up more than
50% of the complete thruster weight. This fact clearly
points out the opportunity for further weight reductions
of the system. Therefore, component research and thus
optimisation of the propulsion system is an important
research pillar of this project.

Furthermore, the micro-fluidics and the fluid behaviour
in the catalyst bed are investigated. Numerical flow solvers
will be enhanced with applicable methods to simulate the
flow in the mCPS and in addition to model the plume
expansion.

3. First results

3.1. Model mission

The University of Surrey and NPO Mashinostroyenia
complete the concept of PRECISE with their collaborative
formation flight mission. For the realization of this mission
the availability of a mCPS is crucial. The mission consists of
two satellites where one of which carries a solar sail and
the other is orbiting the solar sail unit for observation and
inspection as illustrated in Fig. 2.
© University of Surrey

Fig. 2. Schematic of the solar sail spacecraft and the InspectorSat.
For the relative formation flying a sun-synchronous
orbit is foreseen. Therefore, it is proposed that the mission
orbit should be between 1500 and 2000 km to minimise
propellant demands for atmospheric drag compensation.
Additionally, minimisation of the effects of atmospheric
drag is desirable in order to improve characterisation of
solar radiation pressure (SRP). Characterisation of pertur-
bations due to drag is accomplished by analysis of the
relative motion of the two spacecraft. Assuming the solar
sail spacecraft (SSSC) orbit is circular or nearly circular, by
using a 2–1 safety ellipse trajectory relative to the SSSC the
InspectorSat will remain within a range defined by its
orbit. Successful execution of the SSSC observation will
also allow the examination of the deployment dynamics
and mechanical behaviours of the solar sail and study of
the SRP effect on orbital motion.

It is proposed that the mCPS is used for all stages of the
mission, this includes attitude manoeuvres including
detumbling after launch vehicle separation, for rendezvous
and orbital maintenance manoeuvres, thus demonstrating
long thruster burns in addition to the shorter bursts
required for attitude control. Finally, analysis of orbit
maintenance and drift compensation manoeuvres will
allow SRP on the solar sail spacecraft to be determined.

Analyses have shown that a ΔV budget which totals up
to approximately 27 m/s for the whole mission results in a
propellant requirement which is feasible within the space-
craft masses. The analyses indicated that the use of the
mCPS thruster will provide an accurate, precise AOCS
actuator with performance characteristics which are ideal
for the on-orbit examination of co-orbital targets

3.2. mComponents

The technology of mValves is one of the key compo-
nents providing reliable operation in terms of required fast
response characteristics, constant injection quantities, high
number of activations, tightness and propellant resistance.
Furthermore, the components have to sustain chemically
reactive liquids instead of inert gases. Despite known con-
cepts of mValves based on MEMS techniques no prototypes
for operation with liquid hydrazine in ultra-small dimen-
sions exist. This requires significant development efforts in
materials and manufacturing methods. Components which
have to face high temperatures from combustion or decom-
position of the propellant are another challenge that calls for
radical design changes compared with the current state of
the art.

A highly integrated mCPS is the most efficient way of
achieving an extremely small and lightweight system that
can meet the propulsion needs for future missions with
advanced micro-, nano- and possibly even picosatellites.
The Swedish consortium partner NanoSpace is responsible
for the component development within PRECISE.

After the assessment of different mValve concepts it is
concluded to continue and modify the Phase Change
Material (PCM) actuated mValves with heritage from the
cold gas (PRISMA [2]) project. PCM actuation mechanism is
evidently a technique that can provide both large forces
(>N) and displacements (>100 mm). The mValve will be
normally-closed and weighs between 1 and 5 g. In a PCM
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actuator the volume change in the materials phase transi-
tion is used for an actuator function. Paraffin has been the
active material in a number of fine-mechanical actuators.
Compared to other miniature actuators such as e.g. piezo-
electric materials or shape memory alloys used to create
motion in mValves there is a need for miniature actuators
which can deliver both large strokes and large forces. Here,
dealing with a future miniaturized feed system in mind,
the PCM-actuators may fulfil the criteria combining large
flows and high pressures.

A crucial point will be the thermal insolation of the
mValve from components having a higher temperature
such as the mChamber. An insulation layer could be
intercalated in order to reduce the heat flux. This kind of
layer may drop the heat flux by more than 70% since the
heat transfer at the microscale level is mainly generated by
heat conduction [3].

Furthermore, the implementation of a μHeater to heat
the μChamber is investigated to improve the performance
during the start phases of a micro thruster at low opera-
tional temperatures. The primary selection criterion for
mHeaters is not the melting point of the resistor material
rather the compatibility with the rest of the fabrication
steps. The heaters can be applied on the external surface of
the MEMS component or inside the actual flow path or
between component layers. The latter is referred to as
internal heaters. These concepts are currently investigated.
The final choice, however, depends strongly on the
selected catalysis concept of hydrazine and the layout of
the mThruster Fig. 3.

3.3. MEMS based mass flow sensors

In order to ensure the reliable characterization of micro
propulsion systems generating the required ultra low thrust
levels and impulse bits it is necessary to accurately measure
and control the propellant mass flow. Therefore, a fluid
© NanoSpace

Fig. 3. Examples of MEMS-based fluid control components with the
patented circular isolation valve (Φ¼12 mm).
channel technology is needed that is compatible with the
used propellant hydrazine and that allows the integration of
flow sensors in these channels. A suitable candidate is the
so-called surface channel technology [4] which was devel-
oped at the University of Twente and results in channels
with an almost circular cross-section and a channel wall of
silicon nitride. The nearly circular cross-section results in
low pressure drops. Furthermore, the thin silicon nitride
wall (1 μm) allows integration of sensor and actuator
structures very close to the fluid but without actual contact
to the fluid. Fig. 4 shows a cross-section of a fabricated
channel. Channel diameters ranging from 5 to 40 μm have
been successfully demonstrated.

For propellant mass flow measurement, a particularly
interesting solution is the so-called Coriolis flow sensor. An
important advantage of Coriolis sensors is their sensitivity
to the true mass flow, independent of flow profile, pres-
sure, temperature and properties of the fluid (density,
viscosity, etc.). Recently, significant effort has been put in
the realization of a micro Coriolis flow sensor at the
University of Twente. Fig. 5 shows a SEM photograph of
Fig. 4. SEM photograph of a fabricated surface channel with a diameter
of about 20 μm and a silicon nitride wall thickness of 1 μm.

© University of Twente

Fig. 5. SEM photograph of the micro Coriolis flow sensor fabricated at
University of Twente.



Fig. 6. Operating principle of the Coriolis mass flow sensor.
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a realized Coriolis sensor based on a rectangular tube
shape.

Fig. 6 shows a schematic drawing of a Coriolis sensor
based on a rectangular tube shape [5]. The tube is actuated
in a torsional mode indicated by ωam, using the Lorentz
force on an electrical ac-current ia flowing through a metal
track on top of the tube and a static external magnetic field
B imposed by two permanent magnets. A mass flow Φm

inside the tube results in a Coriolis force Fc. The Coriolis
force is capacitively detected by its induced out of plane
vibration mode with an amplitude proportional to the
mass flow.

Up to this day, this sensor is the only micro Coriolis
flow sensor ever presented which is capable of measuring
such low mass flow levels ( _mo1 μg=s). Within PRECISE,
the micro Coriolis sensor will be redesigned and optimized
for measuring propellant mass flow in the ground test
facility during the hot firing tests.
3.4. Micro fluidics and hydrazine catalysis

The state of the art techniques of catalyst manufactur-
ing as well as currently used configurations are not
suitable to micro propulsion applications. Classical sys-
tems typically use three-dimensional components in con-
trary to the two-dimensional chip design of the proposed
mCPS. When moving to a MEMS-based hydrazine mCPS, the
size of the decomposition chamber and feeding part has to
be decreased by at least one order of magnitude and some
drawbacks can be identified when these aspects are
considered:
−
 the current grain-based catalysts cannot be used in the
decomposition chamber with diameter less than 1 mm.
−
 a reduction of the average size of the catalyst to about
50 μm will increase the pressure drop.
−
 micro-fluidic effects have to be taken into account.

These criteria demand for a radically new catalyst
concept and design to implement the effective hydrazine
decomposition processes in micro volumes. To trigger
these problems special focus is on
−
 the decomposition process of hydrazine.

−
 the design of the decomposition chamber.

−
 the material compatibility.
−
 the surface coating techniques.
Hydrazine decomposition initiation is a key point for
the operation of the mCatalyst. Various possibilities have to

be taken into consideration:
−
 heat up of liquid hydrazine.

−
 direct vaporisation of gaseous hydrazine in the decom-

position chamber.

−
 heat up and catalytic/thermal decomposition of gas-

eous hydrazine.

These different approaches to initiate the hydrazine
decomposition are investigated within PRECISE. During
the hydrazine decomposition process, hydrazine is decom-
posed into ammonia and nitrogen followed by a further
decomposition of ammonia into hydrogen and nitrogen.
Thus, it can basically be distinguished between a catalytic
decomposition, a thermal decomposition or a mixture of
the aforementioned processes. Thermal decomposition of
liquid hydrazine alone, occurs at much higher tempera-
tures than a catalytic decomposition. This requires more
energy input compared to a catalytic decomposition since
the liquid hydrazine must be pre-heated.

In order to minimise the energy catalytic decomposi-
tion appears to be a better choice. However, from a
technological point of view this process implies several
coatings and thus a challenging manufacturing process. On
the other hand, high initial temperatures can be avoided
from which the overall system might benefit and the
efficiency of the catalyst is increased.

In order to maximize the reacting catalytic surface area
the mCatalyst bed unit might be designed with either micro
pillars or micro channels. The residual stresses and thus
the stability of the final mCatalyst is highly dependent on
the materials used for the coatings and on their deposition
method. The coatings have to be deposited in different
layers, e.g. catalyst and catalyst supporting layer, protec-
tive and adhesion layer. The PRECISE consortium partner
IC2MP is investigating and testing various concepts in
order to identify the best procedure, material and deposi-
tion method to produce the mCatalyst by ensuring both
mechanical and thermal stabilities.

3.5. Numerical flow modelling of mCPS

Considering the integration of the monopropellant
mCPS on a spacecraft, basically two different flow regimes
can be identified:
−
 the internal continuum flow path and.

−
 the expansion of the thruster plume into space vacuum.

The continuum flow regime can be treated with the
Navier-Stokes equations (NSE) whereas the expansion into
vacuum requires the solution of the Boltzmann equations
since the degree of rarefaction is too large for the Navier-
Stokes-equations to be applicable.

The DLR TAU code will be utilised as the Computational
Fluid Dynamics (CFD) platform for the internal mCPS flow path
modelling, see Fig. 7. This hybrid structured/unstructured



Fig. 7. CFD simulation of the flow in the mNozzle with Mach number
contours (DLR TAU Code).

Fig. 8. Vacuum chamber STG-MT at DLR in Göttingen.
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Euler/Navier-Stokes solver was validated for a wide range of
steady and unsteady sub-, trans- and hypersonic flow cases
[6–8]. The investigation of chemically reacting external and
internal flows can be performed with the TAU code including
the treatment of surface catalysity.

The physical phenomena that dominate the fluid
dynamics in a mCPS have been defined and from this as a
basis a roadmap for extending the available computational
tools to model the fluid flow in such a system has been
suggested.

The Reynolds numbers in the plenum and the throat
indicate that turbulence modelling must be considered.
Furthermore, internal friction in the fluid must be accu-
rately modelled to investigate the boundary layer growth
at the nozzle walls and its influence.

With Knudsen numbers well below a critical value of
0.01, it is safe to assume continuum flow at least up to the
throat. How quickly the Knudsen number will rise in the
nozzle depends on its geometry and is under investigation.

The focus of the numerical computations lies currently
on the investigation of nozzle designs and the flow
modelling through the catalyst. Initial computations have
shown that the nozzle flow strongly depends on the
hydrazine decomposition products.

3.6. Hot firing of the mCPS

The hot firings with hydrazine will be performed in the
vacuum chamber STG-MT at the German Aerospace Center
in Göttingen. The vacuum chamber has a volume of 1000 l
which is a suitable size to accommodate the mCPS, the
thrust measurement balance and plume measurement
diagnostics. The chamber has a good accessibility through
a big front door which eases the installation of the
equipment as illustrated in Fig. 8.

Several pumps, including turbomolecular pumps, main-
tain a chamber pressure of 10−6 mbar. Optionally, a liquid
helium cryo pump can be activated.

A thrust measurement balance will be developed by
Astrium to measure the thrust during the hot firings in one
axis. To obtain representative thrust histories, damping of
vibrations and perturbations resulting from e.g. vacuum
pumps, environment (traffic, building, other test stands,
etc.) must be compensated since their amplitudes may be
within the order of the displacements caused by the thrust
forces. A system trade-off of various thrust measurement
concepts has been performed and the selected concept is
currently being finalised.

In addition, a sensor chip with thermistors based on the
Pitot tube principle is designed by the University of
Twente and will be employed for plume measurements
during the hot firings. A MEMS-based Pitot tube sensor
does not yet exist. One chip will consist of two sensors,
one of which is used for the higher pressure range
(⪢1 mbar) as expected at nozzle exit or inside the plume.
The second sensor is used for the lower pressure range
(o1 mbar) as expected in the backflow. First prototypes
are currently manufactured.

The test infrastructure with the vacuum chamber STG-
MT will allow a very close link between numerical model-
ling and experimental investigations of the mCPS prototype.

4. Summary

PRECISE aims for the development of a micro Chemical
Propulsion System (mCPS) necessary for highly accurate
attitude control of satellites.

The incorporated mission, which requires an AOCS
capable of accurate and agile pointing of the spacecraft,
has been defined in terms of high level objectives to
demonstrate the utility of the PRECISE mCPS. The analyses
indicate that the use of the mCPS thruster provides an
accurate, precise attitude and orbit control actuator
with performance characteristics which are ideal for the
on-orbit examination of co-orbital targets.
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Research and development focuses on critical MEMS-
based system components, such as the mValve, the mHeater
and the mCatalyst. mValves based on PCM actuation are
investigated. The phase change mechanism is evidently a
technique that can provide both large forces (>N) and
displacements (>100 mm). Various heater concepts are
analysed whose selection depend strongly on the catalyst
and the decomposition process.

Furthermore, micro fluidic and hydrazine catalysis
aspects are of great importance to select an efficient layout
of the mCatalyst and its coatings by ensuring both mechan-
ical and thermal stabilities. Different designs are proposed
for the decomposition chamber and each system is cur-
rently investigated.

The numerical support for developing a mCPS aims at
evaluating system performance and then optimising spe-
cific components with respect to performance. A roadmap
is elaborated towards numerical modelling of the flow
inside a micro-propulsive device. Step by step, extensions
to the numerical capabilities are suggested and evaluated
with regards to arising additional modelling capabilities.

The requirements for the test infrastructure and key
diagnostic tools have been described at the very beginning
of the project. From this as basis key diagnostic tools such
as mass flow and plume measurement sensors and the
thrust measurement balance are developed. The novel
MEMS-based Coriolis mass flow and plume measurement
sensors are currently manufactured. This equipment will be
used during the final hot firings of the mCPS demonstrator
in the vacuum chamber STG-MT at DLR in Göttingen.
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