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ABSTRACT

The presented work studied thermal interactions between laminated, metal-foil, hot-wire igniters and
exothermic solid-state, composite chemical systems in order to demonstrate precise timing control of
a thermal ignition process. The study includes FEA modeling, device fabrication, and characterization
to demonstrate control microthruster ignition delays to within 2 ms. The modeling included studies of
total ignition delay as well as the ignition delay variation versus process variations. Microthrusters were
then fabricated via printed circuit board lamination, and the ignition performance was characterized.
The characterization showed agreement with modeling to within 2-sigma for most cases. And the char-
acterization demonstrated that the ignition delay could be controlled to within 0.36 and 0.84 ms for the
best case. Furthermore, this performance was demonstrated with a small battery supply (200-600 mAh)
and minimal electronics in the ignition system. This work extends the use of current microthrusters to
short-lifetime applications that need high forces delivered in millisecond time intervals.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Microthrusters are sub-cm scale devices that generate high-
kinetic-energy exhausts to cause precise momentum impulses.
Several devices have been developed in previous efforts using solid
propellant [1-4], liquid propellant [1], electrostatic [2], or cold
gas [3], among others. These are typically used for position con-
trol, such as station keeping, attitude control, and maneuvering
of microsatellites [4-6], or for maneuvering of micro unmanned
aerial vehicles and “Smart Dust” sensors [7]. In these applications,
microthrusters are advantageous because they have a high spe-
cific impulse (impulse per unit weight) compared to traditional
MEMS actuators. This is extremely important in flight vehicles
where weight and volume are restricted. In addition, the various
approaches enable fine tuning of the impulse profile with time,
e.g., large forces over short durations or vice versa. This allows
microthrusters to be tailored to specific applications and flight
movements. Precise impulse, low weight, and low volume make
microthrusters an attractive actuator technology as air and space
vehicles become smaller and smaller.

The mission duration, size, and stabilization of the flight vehicle
often determine which microthruster technology is most suitable.
For example, the mission duration sets the lower limit on the
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amount of impulse that must be carried on the vehicle. Long mis-
sion durations favor high specific impulse microthrusters, such
as electrostatic. Simple microthrusters, such as solid propellant,
are more practical in small vehicles where added volume of sup-
port systems is not available. Finally, stabilization of the vehicle
is important because it determines the impulse control vs. time,
favoring microthrusters that can be stopped and restarted.

To show how vehicle stabilization influences actuator timing,
Fig. 1 illustrates three stabilization techniques - fin, internal gyro,
and spin. In all three cases, the direction of travel is along the axis
of the body. Microthrusters are placed around the perimeter of the
cylindrical body and the thrust directions are outward from the
body in the maneuver plane. Fin- and gyro-stabilized vehicles have
negligible rotation, w, about the travel axis. In these cases, impulses
are simply applied in an appropriate direction for maneuvering.
Spin-stabilized vehicles are much more challenging for impulse
control because the orientation of the microthruster rotates in
the maneuver plane. This places stringent timing requirements on
the onset and duration of each microthruster impulse. In addition,
control systems are required to track the angular position of the
vehicle in order to apply impulses in the appropriate direction.
For reference, a 60 Hz spin rate with 4 steering directions requires
4.16 ms control of the microthruster. High spin rates require even
greater timing control of the microthruster. With appropriate tim-
ing, microthrusters can be used for maneuvers in these spinning
systems.

A particular application of interest is the control of short-flight,
spin-stabilized bodies. The vehicle for this investigation had a spin
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Fig. 1. Control surfaces that act in the maneuver plane must account for body rota-
tion.

Spin-stabilized

rate of 60Hz and flight time of less than 10s. Also, vehicle pay-
load constrained constrained the microthruster array and power
supply to 30mm long by 14 mm in radius and less than 100g
(10% of the flight vehicle weight). The ignition system design of
microthrusters in these vehicles influences critical performance
parameters, such as ignition delay, ignition delay variation, initia-
tor energy consumption, power supply volume, and power supply
weight. The ignition delay and delay variation determines how reli-
ably the combustion force will begin on time. The igniter energy
consumption affects the power supply design and volume.

Previous microthrusters igniters have been demonstrated with
deposited metal [6,8] and polysilicon bridges [4,5,7], having resis-
tances on the order of 100s or 1000s of Ohms, respectively.
These ignition systems were well-suited for their missions, but
did not require precise control of the ignition timing. For exam-
ple, polysilicon bridges with a 50 ws ignition delay required a
100V, 47 W power supply [1]. Depending on the required actua-
tion rate, a power supply at this voltage could become impractical
for sub-kg vehicles due to weight and volume constraints. Polysil-
icon igniters requiring smaller power supplies (80-150 mW) were
demonstrated but ignition delays ranged between 17 and 750 ms
[2]. Moreover, the ignition delays for these devices varied by at least
50 ms. Many of these previous microthruster igniters, while ideal
for microsatellite applications, were limited to non-spinning bodies
where precise timing was not critical. Other ignition systems which
use laminated metal foil demonstrated reduced voltages and sig-
nificantly reduced ignition delays [9,10]. These systems utilized 8
and 12V supplies (2 and 3 cell 200 mAh lithium polymer batteries)
and achieved mean ignition delays as low as 1 ms, ranging between
0.65 and 2.62 ms.

The presented work studied thermal interactions between lam-
inated, metal-foil, hot-wire igniters and exothermic solid-state,
composite chemical systems in order to demonstrate precise tim-
ing control of a thermal ignition process. The chemical system used
was a composite propellant consisting of 25-45 radius oxidizer par-
ticles in a urethane binder and heating times were on the order of
1ms.

The thermalinteraction study of the laminated metal filmigniter
included analysis, fabrication, and characterization. The analysis
included both a finite difference analysis and a finite element anal-
ysis. The finite difference analysis referenced a US Navy report that
studied ignition times for nichrome wire igniters with constant
current power supplies. This report demonstrated less than 3%
error between the finite difference model and extensive testing
[11], but does not explain why the chemical reaction is negligible.
This analysis was modified for battery supplies assuming a constant
voltage with an effective series resistance. Then, a finite element
model was developed for the same assumptions as the reference
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Fig. 2. Finite-difference heat-transfer model of hot wire and propellant.

simulation. The fabrication process included lamination,
laser patterning, and photolithography to fabricate igniters
and microthrusters. The fabrication enabled the use of the
microthrusters in high-shock applications, and the microthrusters
were demonstrated in a gun-launched, spin-stabilized flight
system with an initial setback acceleration of 10,000g [9]. The
characterization of the ignition process includes voltage and cur-
rent measurements for the metal-foil igniter of the microthrusters.
The experimental results were compared with transient elec-
trothermal models to determine sources of variation in the
hot-wire system.

2. Modeling

Ignition is an initial, transient period of a combustion pro-
cess that begins with the application of a stimulus, such as heat,
impact, or friction, and ends when the combustion process is self-
sustaining. The ignition system should initiate combustion in a
controlled, predictable manner, and ignition is successful when
combustion continues after the removal of the initial stimulus. The
modeling presented focused on the interaction between the power
supply and the laminated metal-foil igniters to achieve ignition. For
a given propellant, the ignition system affected the following per-
formance variables: ignition delay, ignition delay variation, ignition
energy, and pulse power. The control variables in the electrical sys-
tem included the igniter geometry, power supply voltage, and the
power supply internal resistance. The ignition model was used to
determine design points for the hot-wire geometry and to deter-
mine how these variables facilitated minimizing the weight and
volume of the power supply.

2.1. Simulation setup

A voltage source model of the igniter, power supply, and fuel
bead was developed based on an existing current-source model
(NWL1919) [11]. NWL1919 is an implicit-step, finite-difference
conduction model that demonstrated less than 3% error com-
pared to extensive characterization using 45-wm radius, 2.85-mm
long nichrome hot-wires and 0.4-mm radius potassium perchlo-
rate/zinc propellant beads. This previous work was similar to the
microthruster in terms of size and propellant chemistry, so it
was chosen as a suitable modeling reference. The voltage-source
model presented increased the number of discrete points to allow
increased propellant thickness and increased igniter lengths com-
pared to the NWL1919 model. Also, the electrical modeling was
adapted to represent a constant voltage battery supply with a finite
internal resistance.

Fig. 2 represents the numerical model used to estimate the pro-
pellant temperature, T{x,r,t), during ignition. The model assumed
the system was axisymmetric around the x-axis and symmetrical
across the r-axis. Ambient temperature, Ty, was assumed uniform
and constant at points where x=6 and where y =4. Thermal trans-
fer in the x direction at points where x=0 were assumed to be
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Fig. 3. Finite-difference electrical model of hot wire.

negligible due to symmetry. Heat generation was assumed to be
negligible before ignition. Finally, the thermal diffusivity of the
propellant, oy, was assumed to be constant. With these assump-
tions, the temperature in the propellant normalized to the ambient
temperature, 0y=(T; —Tg), was:

005
ot

In order to couple the thermal system with the electrical input
system, the hot-wire temperature was modeled as a series of resis-
tive heating elements with, as shown in Fig. 3. The resistance of
each igniter element, R;, was calculated for the local temperature,
T;, at each time step using the following equation:

_ A(1+TCR-T;)
= A

2
= afV 9f

R; :
ig
where A is the resistivity of the hot-wire at 25 °C, TCR is the ther-
mal coefficient of resistivity, and Ajg is the cross-sectional area of
the hot-wire.

Accurate accounting of total resistance, Ry, Was important
because the igniter resistance was on the order of 1 2. The system
resistance, Rps, was measured and includes the internal resistance
of the batteries, contact resistances, and line resistance, as seen in
the following equation:

Rtot = Rps + Ro + 2ZR,‘
i=1

The open-circuit battery voltage was divided by this total resis-
tance to yield the hot-wire current at each time step. This current
was then substituted into the heat equation for the hot-wire. The
heat equation included Joule heating (Term 3) and radial conduc-
tion (Term 4) from the igniter to the propellant, as seen in the
following equation:

80ig tz(l + TCR - Oig) Pigh

= atjgV20is + -
ot N € PighigCighig PighigCig

(Oig — 05)

where Pj is the heated perimeter of the hot-wire, 8; is the temper-
ature of the propellant at the propellant-igniter interface, h is heat
transfer coefficient at the interface, and other variables are defined
in Table 1. The defined numerical model was used to determine
hot-wire design points for spin-stabilized vehicles. The model was
solved for a copper-nickel alloy (70 wt.% Cu) with properties listed
in Table 1.

Table 1

Properties of 70/30 wt.% copper-nickel alloy hot wire [12].
Density, pig 8.913 g/cc
Specific heat, cig 400]/kg-K
Resistivity, ;g 41.2 p2-cm
Thermal coeff. of resistivity, TCR 10-41/K
Thermal conductivity 29.4W/m-K
Melting temperature 1170°C
Thickness 16.4 pm

1170°C
1000°C

800°C
600°C
400°C
200°C
25°C

Fig. 4. FEA solution at 2.21 ms for 56-pum diameter, 1.8-mm long CuNi igniter.
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CuNi was advantageous as a hot wire material because it heated
rapidly due to a smaller heat capacity compared to other resis-
tive heating metals. Propellant values of the convection coefficient
(0.4368 W/cm?/K), specific heat (1.030]/gK), propellant density
(2.52 g/cc), and thermal conductivity (2.113 x 103 J/cm/K) were
assumed to be equivalent to the reference model because the sys-
tems and propellant were similar. In addition to this model, a FEA
analysis was of this system was solved where the fuel was in con-
tact with the igniter wire with zero thermal contact resistance.
This assumption eliminates the artificial use of the heat transfer
coefficient, h, and reduces the analysis to a coupled transient con-
duction/Joule heating system. Both models were in agreement for
the size scales of igniters tested, and these results will be discussed
further in subsequent sections.

2.2. Simulation results

The laminated metal-foil igniter was heated when a voltage was
applied. The voltage at any given time was dependent on the igniter
resistance, which changed with temperature, and the internal resis-
tance of the power supply. Fig. 4 represents the temperature profile
in the propellant bead and the igniter when the metal foil began
to melt at 1170°C at 2.21 ms. This particular case, referred to as
the “control case”, was a 1.8-mm long, 28-m radius CuNi igniter
with an 8.2 VDC, 1 2 power supply. Fig. 4 shows that much of the
propellant bead was unheated during the ignition process and the
temperature in the igniter was uniform over much of its length.
The temperature gradient at the wire-propellant interface corre-
sponded to heating rates of 6.1 W, and the temperature gradient
at the igniter wire ends represented heat loss rates of 1.6 W due
to conduction out of the ends of the igniter. To illustrate the igni-
tion process, Fig. 5 shows the temperature profile vs. time in the
propellant. The red line represents when the hot-wire reached its
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Fig. 5. Simulated temperature profile in hot-wire and propellant as time increases.
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Fig. 6. Hot-wire design for 8.2V, 1 2 power supply.

melting temperature and electrical heating input ended. To show
scale of the heating depth when the hot-wire melts, a hot-wire
and an oxidizer particle were drawn on the plot. From the draw-
ings on the plot, it is clear that the oxidizer salt was partially
heated when ignition occurs. This small heated volume of pro-
pellant reacts, generates heat, and then propagates the reaction
through the bulk of the propellant without additional heat input
from the hot-wire. Optimization of the heat-transfer process at
the hot-wire/propellant interface is dependent on the proximity
of the oxidizer particles to the igniter surface and the geometry
of the hot-wire. Efficient igniter design should then minimize the
energy required from the power supply while generating sufficient
chemical reactions to sustain the combustion of the propellant.

2.3. Metal-foil igniter design

The igniter design, i.e., length and width, was varied in the sim-
ulation to predict effects on the fuse delay and the heating depth.
The fuse delay was important for determining control delays during
microthruster actuation. The heating depth represents inefficien-
cies that could require larger power supplies. A solution set for this
analysis is shown in Fig. 6 for an 8.2 VDC power supply witha 1 2
internal resistance. With this power supply, 1.8-mm long hot-wires
with radii of 25, 30, and 36-pm fused in 1.5, 2.8, and 5.5 ms, respec-
tively. Also, 30-pm radius hot-wires with lengths of 1.8, 3.0, and
4.2 mm fused in 2.8, 4.0, and 5.7 ms, respectively. Reducing either
the igniter radius or length reduced the fuse delay to milliseconds,
and the size scales represented are well-suited to standard micro-
fabrication or laser patterning techniques. Fig. 7 shows the distance
where the propellant reaches 250°C from the propellant-igniter
interface, i.e., the heated depth above the ignition temperature, and
higher values represent energy loss to unnecessarily heated propel-
lant. The energy used to heat the extra propellant must be supplied
by an incrementally larger power supply.

If short delays and efficient igniters were the only goal of igniter
design, then this study would simply identify the shortest, thinnest
igniter as the optimal choice. However, igniter design must account
for the anticipated burn profile of the propellant. For example, in
applications requiring a large initial flame front, an igniter with
more area would be required. Two techniques to achieve a larger
ignition area are to increase the radius or length of the igniter. The
simulation showed that increasing the length of the igniter was
preferable to increasing the radius because increasing the length
minimized the ignition delay and minimized conductive heating
losses into the propellant depth and out of the ends of the igniter.

80
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(7] $
< <

20 -t 1.8 mm
- 3.0 mm
10 --4.2 mm
- 5.4 mm
0
25 30 35 40 45 50 55

Hot-wire Radius [microns|

Fig. 7. Propellant depth (jwum) where temperature is 250 °C.

2.4. Power supply design

Sensitivity analysis of the ignition delay vs. the power sup-
ply design was used to achieve controllable ignition delays with
sub-100 g battery supplies. The power supply design, i.e., the open
circuit voltage and equivalent series resistance (ESR), was varied
to determine their effects on fuse delay. The weight and volume
of a battery supply typically increases with increasing voltage and
with decreasing ESR. The voltages simulated in Fig. 8 represents a
two and three cell lithium-polymer battery pack. Increasing the
voltage in the control case significantly reduced the fuse delay,
especially as the igniter radius was increased. Also, as the battery
voltage decreased during use, the fuse delay would increase. For
example, at 8V a 3% drop in voltage caused the ignition delay to
increase 0.21 and 0.68 ms for the 28 and 35-pwm radius igniters,
respectively. In Fig. 9, 20% changes to the power supply ESR gen-
erated large changes in the igniter fuse delay. For example, a 20%
increase in ESR increased the fuse delay 1ms and 3 ms for 28 and
36-m radius igniters, respectively. Lowering the ESR is primar-
ily accomplished with larger batteries or by connecting batteries in
parallel; however, both solutions require that increased volume for
the power supply. From Fig. 9, reducing the igniter width minimizes
unacceptable fuse delay variation and maximizes volume savings in
the power supply. The power supply study suggests that increasing
power output improves control of the fuse delay variation. How-
ever, this has limited use in many applications because the power

25
Power Supply Voltage
=2=8.2 V (Control)
20 aq23v

Fuse Time [ms]

25 30 35 40 45 50

Hot-wire Radius [microns]

Fig. 8. Fuse delay vs. 1 Q2 power supply voltage for 1.8-mm long igniters.
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Fig. 9. Fuse delay vs. 8.2V power supply resistance for 1.8-mm long igniters.

supply volume and weight will increase with power output, and
volume must be balanced with control needs.

2.5. Ignition delay variation

Finally, sensitivity analysis of ignition delay vs. processing and
system variations were further explored to determine which design
variables should be controlled to minimize variations in the ignition
delay.

To study the effects of processing and system variations in
detail, a polynomial fit of the numerical results was calculated and
then differentiated with respect to the input variables. This analy-
sis of ignition delay variation versus variations in igniter radius,
igniter length, system resistance, and power supply voltage are
shown in Fig. 10. This analysis was solved for input perturba-
tions to a system where the igniter length was 3 mm, the supply
voltage was 8V, the system resistance was 1€2, and the igniter
radius was 27.4 or 35.3 wm. The variations listed in the caption
were observed standard deviations. As seen in Fig. 10 the sys-
tem resistance and hot-wire width had the greatest effect on the
input variation for the design points evaluated. These effects were
mitigated by decreasing the igniter width or better controlling
the igniter width. From these results, the ignition delay variation
was best controlled by minimizing the igniter width and estab-
lishing secure electrical connections. Efforts to increase the power
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OSetB: R274 pmx 3 mm L ——

2 3.0
o
2
]
>
g
-

0.0 1 )

Hot-wire  Hot-wire Supply System
length radius voltage  resistance

Fig. 10. Fuse delay sensitivity to processing and supply variations. Length
(3+20wm), width (£20uwm), supply voltage (8+0.25V), system resistance
(1+£02Q).

supply were less desirable because they could lead to larger elec-
trical components.

3. Fabrication

The fabrication process included propellant processing, actu-
ator fabrication, and actuator array assembly. Beginning with
the propellant, KCIO4 and K3Fe(CN)g were first dried in a Shel-
Lab vacuum oven at 200°C for 12h. Then the powders were
ground in separate 28.5mm radius ball mill at 120rpm using
1/2in. ceramic, cylindrical grinding media. Powders were then
separately sorted using stacked sieves and a motorized shaker.
Sieve sizes were 500, 212, 90 and 53 wm; 53-90 wm powders
were used to fill the microthrusters. After sorting, powders
were again dried for 12h at 200°C. Next, powders were man-
ually mixed in 2g batches. The propellant was diluted with
acetone to facilitate loading of the composite propellant with
a 0.419-mm radius syringe. The loaded actuators were then
cured for 12h at room temperature at 7% relative humid-
ity. The propellant was finally sealed within the combustion
chamber.

The actuator fabrication was based on printed circuit board
(PCB) fabrication techniques. The fabrication process is shown in
Fig. 11. Actuator fabrication began with patterning of backing and
chamber layers of cured epoxy core (Isola FR406), Fig. 11a. FR406
was patterned by conventional machining. 16.4-pm thick metal foil
(HPMetals CuNi715) was bonded to the base layer with uncured,
low-flow, prepreg epoxy (Isola FR406). The igniter layer was pat-
terned using photoresist and a wet FeCl etch. The combustion
chamber was then bonded to the igniter and substrate, Fig. 11c,
using uncured, low-flow, prepreg epoxy (Isola FR406). Next,
Fig. 11d, composite propellant (KClO4/K3Fe(CN)g/nitrocellulose
laquer) was thinned using acetone and piped by syringe into
the combustion chambers. The bonding surfaces were manually
cleaned with acetone and methanol. Finally, Fig. 11e, layers of
prepreg and epoxy core were laminated to seal the combustion
chamber.

Fabrication processing results are shown in Fig. 12. The
microthruster design was panelized into 24 disks of eight 17.2 mm?3
microthrusters. The upper volume of the propellant is limited by
the need to exhaust the generated gas quickly. The number of
microthrusters within the array is limited by the need to indi-
vidually address each device. Propellant was diluted with acetone
to reduce the viscosity, loaded into the combustion chamber, and
allowed to dry. Propellant that filled the nozzles was cleaned with
a razor blade after drying. The combustion chambers shown were
0.69-mm thick with a nozzle throat area of 0.70 mm?. The nozzle
divergence angle was 17°. The image of the panelized arrays shows
the process after propellant filling. The microthruster disk in Fig. 12
(right) shows the completed fabrication with the microthrusters
soldered to a PCB connector substrate.

After fabrication, the microthrusters were detached from the
panel and mounted to connector boards. The final fabrication,
Fig. 13, shows a stack of 4, 15-mm radius, microthruster disks.
The microthruster stack was 6-mm tall, and the connector board
was sized to enable a compression fit within the final flight vehi-
cle. MOSFETs were embedded within cutouts in the microthruster
disk to facilitated addressing of the 32 microthrusters. Power
and signal pathways were soldered, providing electrical connec-
tivity and also connecting microthruster disks to one another.
These devices were completely finished and ready to be loaded
into the flight vehicle. Microthruster fabrication demonstrated
mass manufacture of microthruster arrays using PCB technology
and assembly of microthruster arrays using common soldering
techniques.
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Fig. 11. Fabrication process for radial-thruster, laminated microthruster array.
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Fig. 12. Image of microthrusters after propellant filling and image of completed fabrication of single 30-mm diameter microthruster disk.

4. Characterization 4.1. Experimental setup
The microthrusters were characterized to determine the actual The circuit shown in Fig. 14 is used to characterize the hot-
fuse delay and ignition energies with respect to the design space wire effects on the ignition delay and ignition delay variation. The
predicted by the simulation. batteries (Ultralife 641730, 200 mAh lithium polymer) charged a
Connector board

Power and signal ~ Alignment slot
pathways

Fig. 13. Completed assembly and fabrication, (a) top view and (b) bottom view.
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Fig. 15. Electrical measurements for 150-pwm wide, 3-mm long, CuNi715 hot-wire.

capacitor (Evanscap THQA2) and powered the microthruster. A 5
volt input from a pulse generator to the gate of a power MOSFET
(International Rectifier IRFP254, Max ratings: 250V, 23 A), closed
the circuit. Voltage was sampled at 120kHz using a DAQ-board
(National Instruments MIO-16E), a BNC break-out box (National
Instruments 2090), an AMD 433 MHz PC, and Labview 6.0. The volt-
age measurements were taken at positions immediately before and
after the combustor using the voltage divider circuits shown.

A sample electrical trace is presented in Fig. 15 for a 2-cell
power supply and a 150-pm wide by 3-mm long CuNi715 hot-wire.
The microthruster voltage was calculated by doubling the mea-
sured voltage difference between Vg, and Viq,,. The microthruster
current was calculated by doubling the measured voltage at Vg,
and then dividing by the 0.1 2 on-resistance of the MOSFET. This
constant resistance was assumed because drain-source voltage
was fully in the linear regime of the MOSFET performance curve.
Expectedly, the microthruster voltage and current decreased as the
capacitor drains, Fig. 15. The current decreased more rapidly than
the voltage as the igniter metal resistivity increased with tem-
perature. With respect to ignition, the igniter ceased to conduct
(i.e., it fuses) at 1.3 ms, ending the electrical input to the ignition
system.

4.2. Experimental results

The characterization of the igniter and power supply was com-
pleted for several igniter geometries. The igniters were patterned

Table 2
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Fig. 16. Experimental results for CuNi715 igniters with 8.3 V 0.8 2 power supply.

from 16.4-pm thick CuNi foil. The rectangular wires were com-
pared to the circular models by equating the cross-sectional area
of the igniters. Fig. 16 shows the characterization results for 0.15
and 0.25-mm wide igniters of varying lengths. The fuse delay varia-
tion was assumed to behave with a lognormal distribution to avoid
distributions with negative fuse delays. The marker positions in
Fig. 16 represent the lognormal mean of the igniter fuse delays, and
the error bars represent 2¢ variation of the natural log for each set
of data points. As presented in this figure, each marker represents
only one propellant composition, so the propellant formulation is
not the same within each series. It was possible that varying the
fuel formulation altered the heat transfer rate between the wire
and the fuel, but the heat transfer coefficient was assumed constant
because same nitrocellulose binder was used for all trials.

The first series of experiments compares igniters of varying
length and width for a single power supply. The data showed that
increasing either the igniter width or length increased the ignition
delay. These experimental results were compared with the ignition
model for an 8.2V, 0.8 2 battery supply. The finite difference model
under-predicts the mean fuse time in all cases, e.g., by 0.5 ms for the
0.15-mm series. The difference between the model and the results
can be attributed to two reasons. First, the battery voltage varied
with time between 8.3 and 8.0V, so the reduced voltage would
cause an increased fuse time as seen in Fig. 8. Second, the actual
power supply resistance was estimated based on resistance mea-
surements across the microthruster assembly and technical data for
the battery. As seen in Fig. 9, errors in the power supply resistance
input to the model would lead to fuse time predictions that were
shorter than observed. With respect to ignition delay variation, the
fuse delay variation was less than 2 ms for all cases in the 0.15-
mm series, and the 0.25-mm model variation ranged from 41 ms
to £2.2 ms. This supported the modeling conclusion that thinner
igniters enable better control of the ignition timing.

Finally, the experiments compared the performance of a single
hot-wire geometry for a two and three-cell power supply with a
single propellant formulations. The igniter was the 150-pm wide,
16.4-p.m thick, 1.8-mm long CuNi715. The power supply was a two

Lognormal fuse delay distribution of final CuNi715 hot-wire design. Igniter dimensions were 150-pwm wide, 1.8-mm long.

Two-cell supply

Three-cell supply

Atgyse (MS) Eign (m]) Trials Atgyse (MS) Eign (m]) Trials
Max: exp(Ln(X) + 207,x)) 2.62 125 0.84 127
Mean: exp(Ln(X)) 1.30 929 50 0.55 88 72
Min: exp(m —201(x)) 0.65 78 0.36 62
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or three-cell supply consisting of 200 mAh lithium polymer batter-
ies and a 5mF capacitor. The results of this experiment, Table 2,
showed that the two-cell supply could be used to control the
ignition delay to within 1.97 ms (Max — Min), with a mean delay
of 1.3 ms. The estimated fuse delay for the 8.2V, 0.82 power
supply was 1.46 ms. By comparison, the larger three-cell supply
reduced the ignition delay 57% to 0.55 ms and controlled the hot-
wire fuse time to within 0.48 ms. The estimated fuse delay for
the 12.3V, 0.8 2 power supply was 0.56 ms. Increasing the power
supply also reduced the fuse energy by 11% from 99 to 88 mJ by
reducing the heat loss to non-reacting regions of solid propel-
lant. This is a small reduction in ignition energy, so increasing the
power supply should be reserved for applications requiring greater
ignition delay control rather than applications requiring less
energy.

5. Conclusions

The study of the laminated metal-foil igniter demonstrated
design simulations, fabrication techniques, and experimental evi-
dence to control of ignition timing for microthrusters. The
microthruster ignition was controllable to within 0.50 ms using
a low-volume, low-voltage battery supplies. Also, ignition tim-
ing variation was minimized through control of the power supply
lead resistance and through control of the hot-wire width. Accu-
rate and precise timing as well as low volume power supplies
are necessary to extend the use of existing microthrusters into
spin-stabilized, sub-kilogram flight systems. The experimental
devices were fabricated using inexpensive printed-circuit board
fabrication, leveraging low-cost manufacturing and batch fab-
rication. This would be useful for non-consumer applications,
where comparatively low-volume fabrication is needed for cus-
tom control systems. The fabrication and timing study together
demonstrates that microthrusters are suitable for flight systems
with spin-rates of 120 Hz using a two-cell 200 mAh lithium poly-
mer supply and 500 Hz using a three-cell 200 mAh lithium polymer
supply.
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