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I. Introduction

HE miniaturization of space systems, such as microsatellites,

has become an important development trend. Using a cluster of
microspacecraft with a constellational architecture to replace a
traditional spacecraft can greatly reduce the costs of production and
launch, increase flexibility, and disperse the risks of a mission.
Miniaturized spacecraft are classified based on mass, power, and
dimensions. Spacecraft with a mass of less than 20 kg are classified as
class I microspacecraft [1] and require millinewton-level thrusts for
spacecraft control. For microspacecraft, the onboard thrusters must
be extremely small and lightweight; microelectromechanical
systems (MEMS) are thus employed in microthruster design and
fabrication [2].

A number of micropropulsion systems have been proposed. Micro
cold-gas systems have been constructed and used in practice [3.4];
however, a rather low specific impulse (60-80 s) limits their usage.
Micro electric-type thrusters provide a high specific impulse [3], but
the requirement of high power for operation limits them to larger
spacecraft. Miniaturized solid-propellant thrusters have a simple
structure and a high specific impulse [6], but their relatively high
thrust level (10'=10> mN) and single use restrict their application.

Monopropellant thrusters are appropriate for miniaturization due
to their simplicity and acceptable working temperatures [7]. The
catalytic reaction of monopropellant systems mitigates the
constraints of radical quenching and mixing prohibition found in
the microcombustion of bipropellant systems. Although hydrogen
peroxide/silver systems have been tested and effectively reacted in
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microreactors, hydrazine is considered a better monopropellant for
actual microthruster design and operation [7].

A millinewton hydrazine (N,H,;) monopropellant thruster is
presented in this work. MEMS technologies are employed in the
design. The design considerations and component fabrication are
discussed. The vacuum thrust of the designed thruster was measured
and its propulsive performance was analyzed.

II. System and Component Designs

Materials commonly adopted for MEMS devices, silicon and
silicon dioxide, are not suitable for working temperatures higher than
1200 K. Structural problems such as bonding failure also limit the
working pressure of MEMS devices. Under these constraints, the
designed operation temperature and pressure of the micro hydrazine
thruster were set to 900 K and 690 kPa (~100 psi), respectively.
Using one-dimensional ideal rocket theory [8], the corresponding
propellant flow rate was calculated to be 0.48 mg/s. Ata 1 mN thrust
output, the thruster is expected to have an ideal specific impulse 7, of
214.6s.

For N,H, dissociation, the reactions are considered to be N,H,
dissociating into NH; and N,, followed by NH; dissociating into N,
and H,. Since NHj; dissociation is endothermic, the overall heat
release depends on the extent of ammonia dissociation (x). Although
typical x values are controlled to be in the range 0.4-0.7 in
conventional hydrazine thrusters [9], in order to reduce the chamber
temperature, a higher x was preferable in the present research.

The designed MEMS-based microthruster weighs 0.18 g and has
dimensions of 8.48 x 4.0 x 2.0 mm. It consists of an insulator, a
microreactor, and a micronozzle, as shown in Fig. 1. Since hydrazine
is highly corrosive to silicon-based materials, a layer of titanium was
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Fig. 1 Diagram of the designed microthruster.
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Fig. 2 Views of the reactor unit: a) diagram of the unit, b) SEM image
of the inlet and the distributor, and ¢) SEM image of the catalyst bed.

deposited on all surfaces of devices in contact with hydrazine to
prevent corrosion [10].

The insulator was designed to reduce heat loss from the reactor. It
was fabricated by using inductively coupled plasma etching. The
insulator reduced the contact surface with the reactor by 72%. To
control x, the microreactor was designed to comprise one or multiple
reactor units (see Fig. 2a). In each reactor unit, the propellant enters
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Fig. 3 SEM image of the fabricated micronozzle.
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the catalyst bed through a multichannel distributor (see Fig. 2b). The
catalyst bed was shaped into closely packed circular pillars (14 pm)
to maximize the reaction surface. The spacing between pillars was
15 wm, and the depth of the pillars was about 160 m (see Fig. 2¢),
which provides a flow-channel depth-to-width ratio of over 10 to
minimize the endwall boundary-layer effect [3]. The design provides
a reactor surface-to-volume ratio of 84 mm?/mm?>.

Before the deposition of iridium onto the bed surface, a layer of
Si0O, was deposited onto the silicon substrate using plasma-enhanced
chemical-vapor deposition, followed by the deposition of a titanium
thin film as a supporting layer. The SiO, was deposited to prevent
silicidation between silicon and titanium. Iridium, with an extremely
high melting point (~2466°C) and high activity with hydrazine [11],
was then deposited on the titanium film using electron beam
evaporation. Annealing processes were then conducted to increase
the bonding strength between iridium and titanium.

Considering the momentum loss in the gas flow [12], the throat of
the converging/diverging micronozzle was designed to be
60-77 pum, which is much larger than that (32 um-77 pm)
obtained from the ideal nozzle calculation. The diverging half-angle
of the nozzle was 22.5 deg with an expansion ratio of 12; the
converging area ratio was 3.3. Figure 3 shows a scanning electron
micrograph (SEM) image of the designed micronozzle. To reduce
heat loss, an 80-77 pm ditch envelops the nozzle; in addition, 74%
of the contact surface of the nozzle with the reactor was etched away.
Layers were bonded by TiSi solid-state amorphization [13] under a
downforce of 19.6 N on the target chips. The bonding temperature
was over 570 K and the bonding time was over 4 h.

III. Experimental Setup

The performance of the designed microthruster assembly was
tested in this study. The dissociations of hydrazine at various flow
rates (0.34-0.91 mg/s) and various numbers of reactor units were
determined before the thrust tests. The exhaust from the reactor was
collected by a syringe and injected into a gas chromatograph to
determine x values of the reactions.

A millinewton-level thrust stand was constructed as shown in
Fig. 4. Four strain gauges were attached on both sides of a flexible
steel plate with a bridge-type connection to compensate for the
thermal effect on the test system. The microthruster was glued to the
steel plate at aright angle and calibrated against weights equivalent to
0-2.06 mN. The linear calibration curve with a standard deviation of
0.18 mN is shown in Fig. 5. The calibration results show that
although the thrust stand exhibited relatively low sensitivity and
precision, it had a linear response to the thrust in the range of interest.
The thrust measurements were performed in a vacuum chamber at
1.0 torr.

IV. Experimental Results and Discussion

For the hydrazine flow rates (0.43—1.20 mg/s) investigated, the
ammonia dissociations of the reacted gases from the microreactors
were in a small range of 92.3-94.6%, as shown in Fig. 6. The
distribution of x indicates that a reactor with a single unit provides
sufficient reaction surface area. Although not obvious, x decreased
with increasing hydrazine flow rate. The fluctuation of the measured
x was caused by the inevitable leakage of the surrounding air into the
syringe while sampling.

The chamber pressure in the microreactor was not measured
directly; instead, the pseudo chamber pressure, defined as the
monitored feed-line pressure minus the estimated pressure drop
between the feed-line pressure transducer location and the inlet of the
catalyst bed, was used for analysis. The pressure drops at various
experimental flow rates were estimated by flow simulation using the
FLUENT software package. As shown in Fig. 7, since the pressure
drops were relatively small, the pseudo chamber pressures are
adequate substitutes for the chamber pressures for analysis. The
typical onsets of pseudo chamber pressure and measured thrust are
given in Fig. 8. The pressure trace indicates a relatively long startup
delay (134 ms) of the microthruster, which is believed to be due to a
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Fig. 4 Diagram of the microthrust stand. Four strain gauges and a Teflon tube were attached to the steel plate.
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Fig. 5 Calibration of the microthrust stand.

long induction period for microchannel flow to fully develop. The lag
between the thrust rise and the pressure rise is believed to be mainly
caused by the creeping of the Teflon tube used for the hydrazine
supply.

The measured thrusts show a nearly linear response to hydrazine
flow rate, as shown in Fig. 9. The I, values obtained are much lower
than that (~230 s) of conventional macroscale hydrazine thrusters.
Since hydrazine overreacted under all test conditions, an increase in
the hydrazine flow rate resulted in increased chamber temperature,
leading to better thruster performance. However, a peak [, value was
obtained at a hydrazine flow rate of 0.63 mg/s, where the pseudo
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Fig. 6 Extent of ammonia dissociation for various numbers of reactor
units at various N, H, flow rates.

1200 1200
E ® Pseudo-chamber pressure
_\‘_ 1000 A Pressure drop I 1000
e .
]
©
§ 800 &
4 8001 » 8
E a
o 600 Q@
E 600 ° a 5
< ° @
9 . “ e
[e) N F400 o
S 400 s 8
3 .
a A L 200
200 A
T T T T T T 0
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mass Flow Rate, mg/s
Fig. 7 Chamber pressure at various N, H, flow rates.

chamber pressure was 652.3 kPa, the vacuum thrust was 1.01 mN,
and the I, was calculated to be 162 s. At hydrazine flow rates higher
than 0.63 mg/s, there was an obvious decrease in specific impulses.

For microdevices with high surface-to-volume ratios, frictional
and heat losses are generally considerable. FLUENT was used to
simulate the flow in the microreactor to estimate the frictional loss by
simplifying the microreactor as 266—160 pm rectangular channels.
At inlet conditions of 620 kPa and 800 K, the energy loss due to
friction was estimated to be ~0.45% of the total heat release from
dissociation reactions, which is considered insignificant. From the
experimental values of I,, pseudo chamber pressure, and x, the
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Fig. 8 Onset of thrust and chamber pressure at N,H, flow rate of

0.63 mg/s.
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Fig. 9 Measured thrusts and specific impulses at various N,H, flow
rates.

chamber temperatures were estimated to be 400-500 K, which are
much lower than macroscale reaction temperatures (greater than
1000 K). These analyses indicate that the lower Iy, of the
microthruster was mainly due to stray heat loss and that the decrease
of I, at higher propellant flow rates was caused by increasing heat
loss at higher chamber temperatures.

V. Conclusions

The fabrication and performance of a ~1 mN MEMS-based
hydrazine thruster composed of a microreactor and a micronozzle
were presented. The designed catalyst bed (iridium deposited on a
Ti/SiO,/Si support) had a high surface-to-volume ratio of
84 mm?/mm?, yielding a high ammonia dissociation (92.3-94.6%)
for the tested N,H, flow rates (0.43-1.20 mg/s). The peak
performance of the microthruster was obtained at a N,H, flow rate of
0.631 mg/s, at which a vacuum thrust of 1.01 mN was produced
with an I, close to 162 s, which was mainly due to heat loss.
Although a better microthrust stand and more careful measurements
are required to further characterize the designed thruster, the
preliminary test results demonstrate the feasibility of using hydrazine
in MEMS-based microthruster operation.
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